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Introduction 
Grip strength across the life course is associated with disability, morbidity and 
mortality, and forms a key component of the sarcopenia and frailty phenotypes in older 
people. However it is unclear how individual measurements of grip strength should be 
interpreted. My objectives were to produce centile values for grip strength across the 
life course in Great Britain (GB), and then to compare with those in international 
settings. 
 
Methods 
I combined data from 12 general population studies in GB to produce centile curves 
using the Box-Cox Cole and Green distribution. I estimated the prevalence of weak 
grip, defined as at least 2.5 SDs below the gender-specific peak mean. I then did a 
systematic literature search and expressed the resulting international normative data as 
Z-scores relative to my British centiles. I used metaregression to pool these by world 
region. 
 
Results 
I combined 60,803 grip strength observations from GB at ages 4 to 90. I saw an increase 
to a peak median in early adulthood of 51kg in males and 31kg in females, maintenance 
to midlife and then decline. The prevalence of weak grip increased with age, reaching 
23% in males and 27% in females by age 80. My systematic literature search returned 
60 papers containing 730 international normative data items. Those from developed 
regions were similar to my GB centiles, pooled Z-score 0.12 (95% CI: 0.07, 0.17), 
whereas those from developing regions were clearly lower, pooled Z-score -0.86 (95% 
CI: -0.95, -0.77). 
 
Conclusion 
My GB centiles are the first to cover the entire life course. Published normative data 
showed a similar pattern, but with clear differences in magnitude between developing 
and developed regions. The findings have the potential to inform the clinical assessment 
of grip strength, recognised as an important part of the identification of people with 
sarcopenia and frailty. 
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Executive summary 

This executive summary is intended to complement the above abstract by providing 

additional information on the background to the work, including related projects that I 

completed prior to this thesis. I also summarise the strengths, limitations and 

implications of this work. 

A life course perspective for grip strength views function in old age as a combination of 

both the peak obtained in early adult life and the subsequent rate of decline. From 2009 

to 2012, I worked as an NIHR Academic Clinical Fellow in Geriatric Medicine. During 

this time, I combined clinical training with experience of research at the MRC 

Lifecourse Epidemiology Unit. I looked at factors across the life course which may 

affect grip strength including birth weight [1,2] and physical activity during adulthood 

[3,4]. During this time I also collaborated with researchers at the MRC Unit for Lifelong 

Health and Ageing at UCL and attended events on the cross-cohort research being 

carried out by the HALCyon (Healthy Ageing across the Life Course) collaboration. 

I then started my present research fellowship funded by the Wellcome Trust. I identified 

the need for life course normative data for grip strength and the opportunity to establish 

these using both British studies and a systematic review of the international literature. 

The results of this work are summarised in the abstract. 

The main strengths of this work are the use of 12 large British general population 

studies to produce, for the first time, normative data for grip strength which cover the 

whole life course. These data form a reference standard which I use in the second part 

of this thesis to investigate differences in grip strength by world region. I achieve this by 

undertaking a comprehensive literature search for sets of normative data, followed by 

data harmonisation to allow me to pool these data. Finally in both parts of this thesis, I 

carry out sensitivity analyses to demonstrate that the normative data are robust to 

differences in the dynamometer and measurement positions used to collect them. 

Limitations of this work include that the normative data produced are cross-sectional in 

nature and hence should not be used for monitoring individual trajectories of grip 
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strength. The measurements used are also from a recent timeframe (1990 onwards in the 

case of the British centiles) and so while the resulting normative data are appropriate for 

current use, I cannot exclude the possibility that the relationships seen with age partly 

represent cohort effects. 

This work has implications both for future research and clinical practice. In terms of 

research, this thesis confirms the pattern of grip strength across the life course. This is 

important for future research as it suggests we should investigate the determinants of 

both peak grip strength and subsequent age-related decline. The normative data could 

also be used to inform inclusion criteria for intervention studies in older people and to 

explore the possibility of screening individuals for weak grip strength. Finally in terms 

of research it would be possible to develop a function in statistical software so that other 

researchers could apply my reference values to their grip strength data. 

In terms of clinical practice, I have used the life course normative data to suggest 

clinical cut-points for weak grip strength based on normal function in young adulthood. 

This is analogous to the interpretation of bone mineral density measurements in the 

diagnosis of osteoporosis. The normative data could further be used in the assessment of 

the predictive ability of grip strength, perhaps in combination with other factors such as 

medical history, to identify whether an individual is at risk of subsequent adverse 

outcomes such as hospital admission. 
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1. Introduction: context for this work 

In this first chapter, I define grip strength and establish the historical context of its 

measurement. I then review evidence linking weak grip strength to subsequent adverse 

health outcomes before considering the reasons for using a life course perspective for 

grip strength. I describe existing work on normative values for grip strength, including 

evidence of how measurement protocol may influence the values obtained. I finish by 

summarising and stating the objectives of this work. 

1.1 Definition and historical perspective 

The action of gripping requires the contraction of the flexor muscles in the forearm and 

hand as well as the stabilisation of the wrist by the forearm extensors [6]. In general 

terms, a dynamometer is “an instrument designed to measure the torque or force exerted 

by a muscle or muscle group” [7]. Early versions of dynamometers for measuring grip 

strength, such as the Mathieu and Hammond dynamometers shown in Figure 1.a, were 

first used by neurologists during the second half of the 19th century [8].  

Figure 1.a Illustration of early dynamometers 

a b 

 

a. Mathieu dynamometer. b. Hammond dynamometer. Both taken from [8]. 

The Victorian polymath Sir Francis Galton collected grip strength measurements (the 

“strength of squeeze”) as part of a large battery of anthropometric tests carried out at the 

International Health Exhibition held in London in 1885 [9]. He published centile values 

using these data; the medians for the age group 23-26 were 85 and 52 pounds for men 

and women, respectively (around 39 and 24kg). The maximum value recorded for a 

woman was 86 pounds, leading Punch to print “The Squeeze of 86” shortly after Galton 

published his results (taken from [10]): 
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Maiden of the mighty muscles,  
 There recorded, you would be 
Famous in all manly tussles,  
 And it’s very clear to me, 
That if in the dim hereafter 
 Any husband should play tricks, 
You would with derisive laughter, 
 Give a "Squeeze of 86." 

Husbands be it sadly stated, 
 Have been known their wives to whack, 
You, unless you're over-rated, 
 Could give such endearments back. 
Yours the task to try correction, 
 Till your husband and your "chicks,"  
Had a lively recollection 
 Of your "Squeeze of 86." 

1.2 Grip strength and its relationship with current and future 

health 

Grip strength is a measure of overall muscle strength and has been included as part of 

the assessments carried out in many cohort studies. This has allowed associations 

between muscle strength and health to be explored. In this section, I describe findings 

from systematic reviews and subsequent studies which have demonstrated how those 

with weak grip strength are at increased risk of mortality and disability. I also examine 

how grip strength has been related to morbidity and outcomes related to hospitalisation. 

I finish by considering the role of grip strength in the syndrome of sarcopenia and by 

summarising the age-related changes that occur in muscle tissue. 

1.2.1 Mortality 

A systematic review by Cooper et al. [11] reported results from 23 studies which had 

examined the relationship between grip strength and survival times. The studies spanned 

a range of ages, including six with a mean age below 60 at baseline. Following contact 

with authors, Cooper et al. were able to include 19 of these 23 studies into two meta-

analyses: the first examining the effect of a 1kg increase in grip strength (13 studies) 

and the second comparing the lowest to the highest quarters of grip strength (14 

studies), with eight studies contributing to both meta-analyses. After adjustment for age, 

sex and body size (height and weight or body mass index), the summary hazard ratio for 

a 1kg increase in grip strength was 0.97 (95% CI: 0.96, 0.98); the summary hazard ratio 

comparing those in the highest quarter to those in the lowest quarter of grip strength was 

0.60 (95% CI: 0.52, 0.69). 
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The literature search by Cooper et al. covered the period from 1980 to May 2009. I 

therefore ran an interval literature search to look for studies published since that time 

which had looked at the relationship between grip strength and survival timesi. This 

returned six further relevant studies. 

De Buyser et al. [12] found a similar relationship to Cooper et al. between a 1kg 

increase in grip strength and survival in men of mean age 76 at baseline. Hamer et al. 

[13] examined whether a range of factors including weak grip strength might mediate 

the association between depression and increased all-cause mortality rates. I could only 

access the abstract in which they stated that weak grip strength was associated with 

reduced survival times. 

McDermott et al. [14] looked at a group of men and women with peripheral arterial 

disease of mean age 75 at baseline. They found that those in the lowest tertile of grip 

strength were at greater risk of mortality than those in the highest, with hazard ratio of 

1.71 (95% CI: 0.89, 3.32) and P-value for trend across the tertiles of 0.005, after 

adjustment for a range of potential confounders including physical activity. 

A subsequent study by Cooper et al. [15] found a graded relationship between stronger 

grip at age 53 and reduced risk of death over up to 13 years of follow-up, including after 

adjustment for a range of potential confounders such as the presence of chronic illness. 

Moreover the small proportion who had been unable to complete the grip strength 

measurement at age 53 (approximately 2% of the sample) were found to be at the 

greatest risk of subsequent death. 

Hirsch et al. [16] showed that weaker grip strength at mean age 79 years and a greater 

subsequent rate of decline over a follow-up period of up to seven years were both 

associated with an increased risk of mortality. In a similar fashion, Xue et al. [17] found 

                                                 

i Search run July 2014 using MEDLINE and the following search string: 

("mortality".ti,ab. or Mortality/) and "grip”.ti,ab and “strength".ti,ab. 
Limits were a publication date from 2009 onwards, an available abstract and English language. 

N=116 articles returned. 
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that both weaker grip strength at mean age 74 and greater decline over up to ten years 

were associated with increased risk of mortality. 

In summary, there is strong evidence from a systematic review as well as subsequent 

studies that individuals from mid-adulthood onwards with weaker grip strength are at 

increased risk of death. This effect does not appear to be explained by confounding 

factors. There is more recent evidence that repeat measures of grip strength may provide 

greater predictive power than a single measure. 

1.2.2 Disability 

I identified two systematic reviews which were relevant to this outcome [18,19]. Both 

were published in 2011 and reported results of studies which had examined the 

relationship between grip strength and subsequent disability (either incident or 

progression of a disability present at baseline). The outcome measures varied but in 

most cases took the form of questionnaires about participants’ ability to undertake 

activities of daily living (ADLs), such as washing or eating. 

The first review, by den Ouden et al. [18], identified four studies related to grip strength 

whereas the second review, by Vermeulen et al. [19] reported three of these plus seven 

other longitudinal studies. The difference in the number of studies returned may be due 

to the more limited search terms used by den Ouden et al. with regard to the exposure: 

they state using the term “physical performance”, but not terms for specific types of 

physical performance measures including grip strength. 

In both reviews, meta-analyses were not possible but the majority of included studies 

did show that weak grip predicted subsequent disability. Some studies did compare grip 

with other physical performance measures and found that gait speed was more strongly 

associated with subsequent disability [20,21].  
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As the Vermeulen et al. review [19] searched literature to 2010 and the den Ouden et al. 

review [18] searched literature to early 2011, I carried out an interval literature searchii 

to identify any more recent publications on this topic. This returned three further 

relevant studies. In a study of middle-aged and older people (mean (SD) age 62.3 (8.9) 

years), a 10kg stronger baseline grip strength predicted a lower risk of ADL disability 

after ten years, RR 0.72 (95% CI: 0.57, 0.92) including adjustment for number of 

chronic diseases and educational level [22]. Two studies had examined whether 

repeated measurements of grip strength were more useful in predicting disability; one 

study found they were in terms of ADL disability [16], but another found that a single 

measurement was as effective as two for predicting mobility disability [23]. 

1.2.3 Morbidity and hospitalisation 

A systematic review published in 2011 found some evidence that weaker grip strength 

was associated with incident fracture, cognitive decline and cardiovascular disease, 

although concluded that further research was needed [24]. Weak grip strength has also 

been associated in a cross-sectional fashion with the metabolic syndrome [25,26] and 

impaired glucose tolerance [27]. 

As part of a systematic review examining grip strength in relation to a range of health 

outcomes, Bohannon et al. [28] described ten studies that had shown clear associations 

between weak grip strength and increased length of hospital stay or complications 

among those undergoing surgical procedures. 

One study published after the Bohannon et al. review found that older men with a weak 

grip strength at admission to acute care (below 21kg) had an increased likelihood of 

functional decline on discharge [29], although a similar relationship was not found in 

                                                 

ii Search run March 2014 using MEDLINE and the following search string: 

("functional status" or "functional decline" or "disabil*").ti,ab. and  "grip strength".ti,ab. 
Limits were a publication date from 2011 onwards, an available abstract and English language. 

N=234 articles returned. 
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women. Similarly, another subsequent study found evidence of an association between 

stronger grip and an increased likelihood of discharge to usual place of residence 

following a period of in-patient rehabilitation, again among men but not women [30]. 

1.2.4 Sarcopenia and age-related changes in muscle 

The term sarcopenia, from the Greek meaning loss of flesh, was first suggested by 

Rosenberg in 1989 [31] to describe the loss of muscle mass with age. Various 

techniques exist to measure muscle mass including electrical bioimpedance and dual 

energy x-ray absorptiometry. A previous study, based on the prevalence of low muscle 

mass and its association with disability, estimated the healthcare costs of sarcopenia in 

the United States in 2000 to be $18.5 billion [32]. 

More recent definitions for sarcopenia have also included the loss of muscle function, 

such as poor muscle strength, with grip strength being recommended as the most 

practical method of measuring muscle strength in the clinical setting  [33].  There is also 

evidence that muscle strength may be more predictive of the risk of subsequent 

disability [34] and mortality [35] than muscle mass.  

While both muscle strength and muscle mass decline with age, rates of decline in 

muscle strength are approximately three times that of muscle mass. This has led to the 

idea that ageing is associated with a reduction in muscle quality: that is, the strength 

generated per unit of muscle mass [36].  

There are a range of relevant changes in skeletal muscle tissue that occur with ageing. 

These include a gradual loss of muscle fibres, especially type II “fast-twitch” fibres 

required to rapidly generate force, as well as reduced activity of muscle mitochondria 

[37]. Ageing is associated with reduced effectiveness of transmission from muscle 

excitation to contraction and also increasing infiltration of muscle by fat tissue [34]. 

Changes in the neuromuscular system may also play a role, with a decline in the number 

of spinal cord motor neurons. This leads to an increase in the number of muscle fibres 

innervated by a single motor neuron, through a process known as motor unit 

remodelling [37]. 
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It is useful to consider the pathways by which sarcopenia may lead to the adverse 

outcomes described earlier in this section. For example, it seems intuitive that the age-

related loss of muscle mass and function could contribute directly to the onset of 

disability. Muscle tissue also has a range of important metabolic functions [38] and the 

loss of these functions could explain the associations seen with glucose tolerance. 

However aspects of sarcopenia such as weak grip strength are unlikely to directly cause 

increased risk of death. Rather, it seems likely that grip strength is acting as a marker of 

frailty [39] which can be defined as a state of vulnerability to stressor events as a 

consequence of decline across multiple physiological systems [40]. This suggests that 

grip strength may also act as a marker of past exposures and hence why it is helpful to 

adopt a life course approach, as described in the following section. 

1.3 A life course perspective for grip strength 

A life course perspective for grip strength originated from the observation that grip 

strength in later life was positively associated with birth weight [41,42]. A conceptual 

framework for life course epidemiology views characteristics in later life as a 

combination of a peak value obtained in early adult life and a rate of decline thereafter 

[43], as illustrated in Figure 1.b, below [44]. There is evidence that a range of exposures 

across the life course may influence the peak and decline for grip strength: for example, 

a beneficial effect of being more physically active during childhood [45] and mid-

adulthood [3,46]. 
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Figure 1.b A life course approach to sarcopenia 

 
Reproduced from [44], with permission. Please note that for simplicity, the figure 
focusses on the variation observed during older life. Variation in muscle mass and 
strength between individuals during early life is not shown. 

A life course perspective for grip strength with the identification of normative data for 

grip strength across life is important for two main reasons. Firstly, individuals with 

weaker grip strength even in mid-adulthood are at increased risk of adverse health 

outcomes, as described in section 1.2. Measurement of grip strength may therefore have 

a future role in identifying individuals at risk of such outcomes and inform the 

development of interventions earlier in the life course. Secondly, one approach to 

identifying cut-points for weak grip strength at older ages is to use the peak values 

attained in young adult life as a reference. This is analogous to the interpretation of bone 

density measurements, where individuals are considered to have osteoporosis if their 

bone density is found to be two and half standard deviations or more below the young 

adult mean for their gender [47]. 

1.4 Existing normative data for grip strength 

There are no existing studies of normative data for grip strength that cover the life 

course. Rather existing studies have often focussed on specific stages of the life course, 
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such as childhood or older ages. This may reflect the corresponding areas of clinical 

practice for which the normative data are intended such as paediatrics or geriatrics.  

For example, in childhood, Mathiowetz et al. [48] reported grip strength values for ages 

6-19 based on a sample of 471 children from schools in the seven county Milwaukee 

Area in Wisconsin in the United States. The children were seated and the Jamar 

dynamometer was used to measure grip strength. Häger-Ross et al. [49] collected grip 

strength measurements at ages 4-16 from 530 children attending day care centres or 

schools in the municipality of Umeå in northern Sweden. They used the Grippit 

electronic dynamometer, again with the children seated. 

Studies in older people include that by Skelton et al. [50]. They recruited 100 men and 

women aged 65-89 through advertisements in local and national newspapers to 

volunteer to undergo a day of physical performance testing. This included grip strength 

measured with a Takei Kiki Kogyo (TKK) mechanical dynamometer in the standing 

position. 

There have also been multiple studies reporting normative data across adulthood. 

Bohannon et al. [51] carried out a meta-analysis of 12 such studies and produced 

normative values for ages 20 to 75. Eight of the studies were based in the United States 

with Canada, the United Kingdom, Sweden and Australia making up the other four. Ten 

of the twelve included studies were based on convenience samples. They had all used 

the Jamar dynamometer in the seated position.  

The majority of the studies described above were based on convenience samples of 

participants based near the researchers, which may limit how representative they are of 

the general population in the country of interest. This has not been in the case in all 

normative data studies, however. For example, Kenny et al. [52] used random sampling 

from within stratified clusters across Ireland to achieve a nationally-representative 

sample at ages 50 and above. In total 5,819 participants had grip strength measured 

using a Baseline dynamometer in the standing position. 
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The normative data studies described above have used a variety of protocols, with 

differences between studies in the type of dynamometer and measurement position used. 

Across clinical settings there are also likely to be differences in these factors. This leads 

to the question of whether normative data produced from a study using one protocol, 

such as those using a Jamar dynamometer in the seated position, are applicable to 

measurements taken using a different protocol, such as a TKK dynamometer in the 

standing position? As far as I am aware, there have not been studies comparing sets of 

normative data in this regard. However, studies have examined whether grip strength 

measurements taken in the same individual with different protocols are comparable. In 

the following sub-section, I go on to review the findings from these studies. 

1.4.1 The effect of device and position on grip strength measurement 

I considered ten studies which had looked at the agreement between measurements 

taken using two or more different dynamometers [53–62], for four of which only the 

abstract was available [57,58,60,62].  

All the studies had small samples of 100 adult individuals or fewer, except for the one 

by Massy-Westropp et al. [57] which had 476 participants. The majority of comparisons 

were made against the Jamar hydraulic dynamometer. Studies typically asked each 

participant to make their maximum effort with each dynamometer, with the order in 

which the dynamometers were tested being randomised. As shown in Table 1.a on page 

12, the studies’ findings varied, with the conclusion from just over half of the 

comparisons made (seven out of 13) being that the two dynamometers in question were 

exchangeable. Two studies had compared the Jamar and Grippit dynamometers and they 

drew differing conclusions. Svantesson et al. [62] concluded that they were 

exchangeable, although from the abstract this was on the basis of high correlation 

between the two dynamometers’ values (meaning that the actual readings could still 

have differed). Massy-Westropp et al. [57] concluded that they were not exchangeable, 

due to wide limits of agreement from a Bland-Altman analysis. 
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As another example of a study which concluded that two dynamometers were not 

exchangeable, the paper by King et al. [55] compared values from a total of 80 young 

men and women. They had grip measured using both the Jamar electronic and hydraulic 

dynamometers. They found that the hydraulic dynamometer produced values on average 

11% and 9% higher in men and women, respectively. The corresponding ICCs were 

0.62 and 0.74, suggesting poor to moderate reliability. 

One possible explanation I considered for the relatively low ICC values found by King 

et al. [55] is that they represent differences within individuals between each set and not 

the change in dynamometer type, such as fatigue or a change in motivation. However 

studies which have examined reliability between repeat measures of grip strength using 

a constant testing procedure [63–65] have shown high ICCs (0.94 or greater), making 

this possibility seem less likely. 
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Table 1.a Summary of results from studies comparing different dynamometers 
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Three studies have looked at whether being in the seated or standing position affected 

the measured grip strength value. Shechtman et al. [66] compared measurements in the 

two positions using the dynamometer function of the BTE Primus, although the sample 

size was only 13 people.  Balogun et al. [67] (only the abstract was available to me and 

the dynamometer type is not specified) examined grip strength in 61 people in the 

seated and standing positions, with both the elbow flexed and extended; they reported 

that grip strength in the standing position with the elbow extended was significantly 

higher than seated with the elbow flexed. In a similar fashion, Liao et al. [68] reported 

from a sample of 249 using the Jamar dynamometer that standing with an extended 

elbow produced stronger grip measurements than standing or sitting with a flexed 

elbow. In summary, the three studies did not show a clear difference in grip strength 

between the seated and standing positions. 

1.5 Summary 

The measurement of grip strength has its origins in clinical neurology and 

anthropometry in the late 19th century. More recently, many studies across mid-late 

adulthood have suggested that weak grip appears to predict a reduced likelihood of a 

long and healthy old age. There is considerable interest in the related clinical condition, 

sarcopenia, especially in terms of how it can be assessed in the clinical setting and the 

development of potential treatments. In addition, it is recognised that aetiological 

factors for sarcopenia likely exert their effects not only in old age but across the life 

course. This substantially extends the window for potential interventions to prevent 

sarcopenia. 

Existing normative data for grip strength have mainly focussed on early to mid-

adulthood, with studies also considering childhood / adolescence or old age. No one 

study has normative data across the whole life course. Many studies have used 

convenience samples which limits their representativeness of the general population of 

interest. Existing studies for normative data have typically only used a single protocol 

for measurement, while at the same time smaller studies have suggested that aspects of 
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protocol such as dynamometer type may have effects on measurement; the extent of 

these effects and whether they are relevant to clinical practice is unclear. 

1.6 Aims and objectives 

The first aim of this thesis is therefore to produce a single set of normative data for grip 

strength which covers all stages of the life course. Several cohort studies in Great 

Britain have assessed grip strength and since none cover the entire life course, it is 

necessary to combine data from several cohorts. 

The feasibility of undertaking such work is shown by two recent British cross-cohort 

programmes: Healthy Ageing across the Life Course (HALCyon) [69] and the 

measurement and modelling of Function Across the Life Course (FALCon) [70]. 

Several of the general population cohorts included in these programmes contain grip 

strength data. These cohorts form the starting point for the first aim of this thesis. 

The second aim of this thesis is to investigate whether grip strength differs by world 

region. There are a growing number of published studies of normative data for grip 

strength and yet as described in section 1.4, these are often based on samples from a 

single area within a country. There therefore exists the opportunity to pool results and 

for the first time to make comparisons by world region, using my British normative data 

as a reference standard. 

The objectives for this thesis are shown overleaf. 
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1.6.1 Thesis objectives 

The objectives of this thesis are: 

 To produce cross-sectional normative values for grip strength across the life 

course by pooling data from a range of general population studies conducted in 

Great Britain. 

o A secondary objective is to examine the impact of aspects of 

measurement protocol on the normative values obtained. 

 To compare the normative values produced from British studies to those in the 

literature, including investigation of differences in grip strength by world region 

o A secondary objective is to investigate the differences in published grip 

strength by aspects of measurement protocol. 
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2. Normative data from 12 British studies: methods 

2.1 Objectives for this project 

The objectives for this project are as follows: 

 To produce cross-sectional normative values for grip strength across the life 

course by pooling data from a range of general population studies conducted in 

Great Britain. 

o A secondary objective is to examine the impact of aspects of 

measurement protocol on the normative values obtained. 

In the following sections, I describe the studies with data contributing to this thesis and 

the methods used to measure grip strength. I then explain the data management tasks I 

carried out. Finally, I describe the statistical approaches that I used to model the 

relationship between age and grip strength, including sensitivity analyses. 

2.2 Included studies 

Following on from the thesis objectives, I sought to include data on grip strength from 

general population studies conducted in Great Britain (GB). Previous work in the 

Healthy Ageing across the Life Course (HALCyon) research programme had already 

included the assembly of data from five such studies with participants aged 50 or older 

[69], namely the English Longitudinal Study of Ageing [71] (ELSA), the Hertfordshire 

Ageing [72] and Cohort [73] Studies (HAS and HCS) , the Lothian Birth Cohort of 

1921 [74] (LBC1921) and MRC National Survey of Health and Development [75,76] 

(NSHD). I was able to access data for these five studies.  

In a similar way, I was able to access the two general population studies in the 

measurement and modelling of Function Across the Life Course (FALCon) [70] 

programme which had included grip strength. These were the Avon Longitudinal Study 
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of Parents and Children [77] (ALSPAC) and the West of Scotland Twenty-07 Study 

[78] (T-07). 

I identified and then gained access to the data for five related studies, including those 

which had measurements taken in childhood, adolescence and early adult life. These 

were the Allied Dunbar National Fitness Survey [79] (ADNFS), the Lothian Birth 

Cohort of 1936 [74] (LBC1936), the Newcastle 85+ Study [80] (N85), the Southampton 

Women’s Survey [81] (SWS), and Understanding Society: the UK Household Panel 

Study [82] (UKHLS). The means by which I accessed the data for the included studies 

are shown in Table 2.a. 

As also shown in Table 2.a, eight of the twelve studies included individuals from 

specific regions in Great Britain (SWS [81], ALSPAC [77], T-07 [78], HCS [72], HAS 

[73], LBC1936 [74], LBC1921 [74] and N85 [80]) and four drew from one (ELSA [71], 

ADNFS [79]) or all three countries of Great Britain (UKHLS [82], NSHD [75,76]). All 

included both males and females. Three studies had prospectively recruited participants 

at or shortly after birth (SWS, ALSPAC and NSHD) and in SWS, grip strength 

measurements were also available from the mother (SWSm) during her pregnancy and 

from her partner (SWSp). All studies had received relevant ethical approval. 
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Table 2.a Included studies: target populations and means of accessing data  

Name of study and ref(s) Population Data 
access* 

Southampton Women’s Survey 
(SWS) and measurements from 
mother (SWSm) and her partner 
(SWSp) [81] 

Children of women in cohort study, 
Southampton (as well as mother and 
her partner at 19 week antenatal 
visit) 

Internal 

Avon Longitudinal Study of Parents 
and Children (ALSPAC) [77] 

Children of women attending 
antenatal clinics in Bristol and 
District Health Authority 

External 

Allied Dunbar National Fitness 
Survey (ADNFS) [79]  

Random sample of English 
population with subsample having 
physical appraisal 

ESDS 

Understanding Society: the UK 
Household Longitudinal Study 
(UKHLS) [82,83] 

Nationally representative sample of 
UK† 

ESDS 

West of Scotland Twenty-07 Study 
(T-07) [78] 

Stratified sample from Central 
Clydeside, Greater Glasgow, 
Scotland 

External 

English Longitudinal Study of 
Ageing (ELSA) [71] 

Participants from HSE aged 50 or 
older 

ESDS 

MRC National Survey of Health and 
Development (NSHD) [75,76] 

Socially stratified sample of all 
births in England, Scotland and 
Wales in one week in March 1946 

External 

Hertfordshire Cohort Study (HCS) 
[72] 

Those born in North, East and West 
Hertfordshire between 1931-9 and 
still resident when traced 

Internal 

Hertfordshire Ageing Study (HAS) 
[73] 

Those born in North Hertfordshire 
between 1920-30 and still resident 
when traced 

Internal 

Lothian Birth Cohort of 1936 
(LBC1936) [74] Participants of Scottish Mental 

Surveys at age 11 and still resident 
in Lothian area of Scotland 

External 

Lothian Birth Cohort of 1921 
(LBC1921) [74] 

Newcastle 85+ Study (N85) [80] Those registered with a Newcastle / 
North Tyneside general practice 

External 

* Internal: internal agreement within MRC Lifecourse Epidemiology Unit. External: 
data sharing agreement with relevant outside university. ESDS: data freely 
downloadable from ESDS (Economic and Social Data Service) by researchers. 
† The wave 2 nurse health assessment in which grip strength was measured was only 
carried out in England, Scotland and Wales. 
Studies ordered by approximate age of first measurement of grip (see Table 2.b, page 
21).  
HSE, Health Survey for England. 
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2.3 Grip strength measurement  

Information on the timings and protocols of grip strength measurement in the different 

studies is shown in Table 2.b, below. When combined, studies’ grip measurements 

covered all the stages of the life course (from age 4 to 90+ years) with measurements 

occurring within a relatively recent timeframe (between 1990 and 2012). The majority 

(n=10) of studies had measured grip strength at one or two waves, with LBC1921 and 

N85 having data from three and four waves, respectively. 

Seven studies used the Jamar dynamometer (including the second wave of HAS, which 

used the Harpenden dynamometer at the first wave), two studies (ELSA and UKHLS) 

used the Smedley dynamometer, two studies used the Nottingham electronic 

dynamometer (ADNFS and NSHD), and N85 used the Takei dynamometer. Images of 

the different dynamometer types are shown in Figure 2.a on page 22. 

The majority (n=8) of studies measured grip in the seated position for all participants. In 

three of the studies using the standing position (UKHLS, T-07 and ELSA), the data files 

included a variable for when a participant was either unable or unwilling to stand for the 

measurement. In the fourth study, N85 there was not a specific variable, although for a 

single participant in wave 1 (who died before wave 2), the free text field noted that the 

measurement was performed “sitting in bed”. I checked this with Karen Davies, Senior 

Research Nurse Manager for the study, and she confirmed that all other measurements 

were performed in the standing position.  

All studies took measurements from both hands except ADNFS which used the 

dominant hand only (unless injury meant the non-dominant side had to be used), and 

LBC1921 which measured both hands but provided values from only the dominant hand 

for analyses. The majority of studies took three measurements from each hand, except 

for N85 and the first wave of NSHD, which took two measurements. In all cases, I used 

the maximum value for grip strength for my analyses.  
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Table 2.b Included studies: timings and protocols of grip strength measurements 

Study Year(s) 
of wave 

Age 
range 
[y] 

Device(s) 
used; study 
ref(s) 

Position Repetitions / 
hands used 

SWS 2004 – 9 4 – 5 Jamar  
[2] 

Seated Six / both 
2007 – 10 6 – 7 

ALSPAC  2003 – 5 10 – 14 Jamar Seated Six / both 
ADNFS  1990 16 – 74 Nottingham  

[84,85] 
Seated Three / dominant 

(97%)* 
UKHLS  2010 – 12 16 – 102 Smedley Standing 

(83%) 
Six / both 

SWSp 2002 – 5 18 – 58 Jamar [2] Seated Six / both 
SWSm 2002 – 5 21 – 40 Jamar [2] Seated Six / both 
T-07†   2007 – 8 35 – 37 Jamar [86] 

 
Standing 
(99%) 

Six / both 

52 – 62 Standing 
(99%) 

74 – 78 Standing 
(97%) 

ELSA 2004 – 5 52 – 89§ Smedley Standing 
(80%) 

Six / both 

2008 – 9 50 – 89§ Smedley Standing 
(82%) 

Six / both 

NSHD 1999 53 Nottingham  
[87] 

Seated Four  / both 
2006 – 10 60 – 64 Six / both 

HCS 1999 – 04 59 – 73 Jamar Seated Six / both 
2004 – 5 65 – 75 

HAS 1994 – 5 63 – 73 Harpenden Seated Six / both 
2003 – 5 72 – 83 Jamar 

LBC1936 2004 – 7 68 – 70 Jamar Seated Six / both 
2007 – 10 72 – 73 

LBC1921 1999 – 01 78 – 80 Jamar  
[88] 
 

Seated Six / dominant‡ 
2003 – 5 82 – 84 
2007 – 8 86 – 87 

N85 2006 – 7 84 – 86 Takei digital Standing 
(99%) 

Four / both 
2007 – 9 85 – 88 
2009 – 10 87 – 89 
2011 – 12 89 – 91 

Studies ordered by approximate age of first measurement of grip. For study 
abbreviations see Table 2.a on page 19. 
* A further two were taken if the third was 10% above the better of the first two. The 
dominant hand was used except in case of injury. 
† The West of Scotland Twenty-07 consisted of three cohorts of different ages as shown. 
§ In the standard ELSA dataset that was used for this study, the ages of the limited 
number of individuals aged 90 or older are all collapsed to 90 years. 
‡ Measures taken from both hands but only those from dominant hand were available. 
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Figure 2.a Images of dynamometers used in included studies 

 
Key: (a) Jamar dynamometer in the seated position with the arm supported [89]. (b) 
Smedley dynamometer [90]. (c) Nottingham electronic dynamometer (photo courtesy of 
Dr Rachel Cooper, MRC Unit for Lifelong Health and Ageing). (d) Harpenden 
dynamometer [91]. (e) Takei A5401 digital hand grip dynamometer; photo [92] see also 
[93]. 
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2.4 Data management 

I carried out data management tasks using Stata version 12.0 [94], with conversion of 

study data files to Stata format where needed. I reviewed each study’s documentation to 

identify the correct variables to use and to establish where it was necessary to restrict a 

dataset. For example, in ELSA, some partners of study participants asked to have their 

grip strength measured and these values are included in the dataset. However the study 

documentation made clear that the partners’ measures had not been part of the protocol 

and were not suitable for analysis [71]. 

As the number of observations per individual varied (between one and up to four in the 

case of N85), I used long format to store the data for this study, with one record per 

observation in the combined dataset. I extracted the variables listed in Table 2.c (below) 

for each observation from each study. In all cases, datasets either included the 

maximum grip strength value from repeated trials, or I used the maximum when 

individual values were provided. This is in keeping with previously published 

recommendations for the measurement of grip strength in clinical practice [89]. 

In the three studies accessed through the ESDS (Economic and Social Data Service), 

UKHLS, ADNFS and ELSA, only ages in years (not years and months) were available. 

I performed a sensitivity analysis to assess the potential impact of this on the centile 

curves produced (see section 2.5.4 on page 31). 
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Table 2.c Variables extracted for each grip strength measurement 

Variable Comments 
Study The combination of study, study ID and wave 

uniquely identify each observation Unique ID number from study 
Wave of data collection (with grip) 
Sex  
Date of birth – month  
Date of birth – year  
Age at time of measurement (years)  
Type of dynamometer used For example Jamar or Nottingham 
Position of measurement Sitting or standing 
Hands used Both, dominant or non-dominant 
Trials (protocol) Number of trials specified in protocol, e.g. six if 

three for each hand 
Trials (actual) Number of trials used in this instance 
Grip strength (kg) Maximum of available trials 
Height (cm) Values from same wave as grip strength 

measurement, where available Weight (kg) 

2.5 Statistical analyses 

In summary, I produced gender-specific centile curves for grip strength using the Box-

Cox Cole and Green (BCCG) distribution (also known as the LMS method [95], 

described below) implemented in the Generalised Additive Models for Location, Scale 

and Shape (GAMLSS) library [96] for the statistical program, R [97]. I now provide 

some background to this method and describe the specific models that I fitted for this 

thesis, including the sensitivity analyses that I undertook. 

2.5.1 Box-Cox Cole and Green / LMS method 

The LMS method has been widely used in the production of growth charts [98]. It 

models the relationship between a predictor (typically age) and three parameters 

describing the distribution of the outcome variable: the median value (M), an 

approximation to the coefficient of variation (S, sigma) and the Box-Cox power 

transformation to account for any skewness in the data (L, lambda). An illustration of 

the three parameters is shown in Figure 2.b, below. 
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Figure 2.b Illustration of the three Box-Cox Cole and Green parameters  

 
The median value is represented by the green line and four sample centile lines by the 
grey lines. 
* The S parameter is an approximation to the coefficient of variation, defined as the 
standard deviation / mean. (The exception is when L = 1, e.g. when the data is normally 
distributed, and the mean and median are equal, in which case S is equal to the 
coefficient of variation). As shown, as S increases, so does the spread of the data around 
the median. 

Specific centile values for a given age can then be calculated using the L, M and S 

values for that age as shown in Equation 2.a. The Z-score for an individual 

measurement can also be calculated as shown in Equation 2.b. 

Equation 2.a Calculation of centiles using LMS values for a specific age  
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From Cole et al. [98]. A given centile C100 (where 0 <  < 1) at age t can be calculated 
using the L, M, S values at age t and Z, the normal equivalent deviate for the required 
centile value. For example, for the 25th centile, Z0.25 takes the value -0.674 since 25% of 
a normal distribution of mean 0 and standard deviation 1 lies below this value. 
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Equation 2.b Calculation of Z-score for an individual measurement 
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From Cole et al. [98]. The Z-score for an individual measurement, Zind is based on the 
measured value y, and the L, M and S values for the age of the individual, t. 

Following from the assumption that all three parameters for the distribution of any 

biological variable would tend to change smoothly as a function of time, cubic splines 

are the technique typically used to model the relationships between age and each of L, 

M and S. Cubic splines are a non-parametric method which have been defined as: “a 

piecewise third-order polynomial function that passes through a set of m (or degrees of 

freedom) control points; it can have a very simple form locally, yet be globally flexible 

and smooth” (taken from de Onis et al. [99] , page xvi). An advantage of cubic splines 

over parametric methods such as fractional polynomials for fitting growth curves is that 

they typically better accommodate periods of rapid change, such as during the 

pubescent growth spurt [98]. 

Assumptions when using the BCCG distribution to model the relationship between a 

measure and age include that the observations are independent [95,96]. I was aware that 

in this thesis, data may be clustered at the level of the individual, with eight studies 

having more than one wave of data collection. However it is common practice to use 

repeat measures in the production of cross-sectional normative data, albeit with 

consideration of whether repeat measures may have the effect of artificially improving 

results from tests of model fit [99]. One of the sensitivity analyses that I undertook (see 

section 2.5.4) was to restrict the data to the first observation per individual. 
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2.5.2 The GAMLSS library 

The GAMLSS library is a flexible framework for regression analysis which allows the 

response variable to be modelled using a range of distributions. The parameters of each 

distribution can in turn be modelled using a range of parametric and non-parametric 

approaches [96]. I carried out sex-stratified analyses using the Box-Cox Cole and Green 

distribution with cubic splines to describe the relationships between each of the 

distribution parameters for grip strength and age, as summarised in Table 2.d. The set of 

cubic splines for each of the three parameters had a number of degrees of freedom; I 

describe the means by which these were determined in the following section. The 

GAMLSS uses the terminology mu, sigma and nu for the median, spread and skew 

parameters. However for consistency I continue to refer to these as M, S and L, 

respectively. 

Table 2.d Parameters in Box-Cox Cole and Green distribution for grip strength 

Parameter Model 
M (median) cs(x = age, df = dM) 
S (spread) cs(x = age, df = dS) 
L (skew) cs(x = age, df = dL) 

cs: cubic splines. df: degrees of freedom (for further details see section 2.5.2.1, below). 

2.5.2.1 Identification of optimum degrees of freedom for each model parameter 

The selection of a number of degrees of freedom for each model parameter is a balance 

between producing a curve that over-simplifies the relationship, and one that becomes 

overly “data-driven” as the number of degrees of freedom increases as shown in Figure 

2.c on page 29. For this reason, an upper limit of seven degrees of freedom would be 

typical [52] and I used this as the limit in my analyses. I considered that the curve with 

20 degrees of freedom shown in Figure 2.c also modelled essentially the same 

relationship as the curve with seven degrees of freedom, and hence any increase beyond 

the latter value was not justified. 
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I used the GAMLSS command find.hyper to automate the selection of the number of 

degrees of freedom for each model parameter, beginning with the median curve and 

followed by the spread and then finally skew curves. This command uses an iterative 

process to find the model which best fits the data whilst favouring simpler curves over 

more complex ones. To do this, the command attempts to minimise a value known as 

the generalised Akaike information criterion. This combines a measure of how far the 

observed values deviate from the fitted model with a user-defined penalty for each 

degree of freedom. I found that the standard penalty of two was too small to exert an 

influence towards simpler curves, since the deviance values when handling the entire 

dataset were in the order of 200,000. I therefore experimented with different values for 

the penalty and settled on using a value of 30. I found this value avoided the curves for 

the spread and skew parameters from appearing overly “data-driven”, whilst still 

allowing the curve for the median parameter to take the maximum permissible number 

of degrees of freedom, seven. 

2.5.2.2 Assessment of model fit using Z-scores 

In order to assess if the centile curves that I produced using GAMLSS were a good fit 

for the grip strength data from which they were derived, I produced Z-scores for each 

observation using Equation 2.b on page 26. I then examined the distribution of these Z-

scores. I expected that if the centile curves fitted the data well, then the Z-scores would 

be normally distributed with a mean of zero and a standard deviation of one. I also 

examined the Z-scores from each study in the same way, to check that the grip strength 

observations from any individual study were not poorly modelled by the centile curves. 
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Figure 2.c Median cubic splines with varying degrees of freedom 

 
The two graphs compare a curve for median female grip strength with seven degrees of 
freedom to a curve with two (upper graph) and a curve with 20 (lower graph) degrees of 
freedom. The simpler curve is considered to poorly represent the growth period, 
whereas the more complex one adds unnecessary extra detail. 
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2.5.3 Estimates of prevalence of low grip strength 

In addition to the centile curves produced using the BCCG distribution, I explored the 

mean and standard deviation of grip strength across the life course in order to determine 

the gender-specific prevalence of weak grip strength in mid and late adult life. The 

approach I used was analogous to the use of T-scores for bone density measurements in 

the diagnosis of osteoporosis. In that setting, a person’s bone density measurement is 

expressed as a multiple of the number of standard deviations (SDs) below the young 

adult mean value for their gender; values 2.5 or more SDs below the mean are 

consistent with the diagnosis [47]. I therefore produced gender-specific values for the 

mean and SD of grip using the normal distribution, in place of the BCCG distribution, 

in GAMLSS as shown in Table 2.e. I then identified the age at which the peak mean 

value occurred: using the peak value and its associated SD, I was able to calculate cut-

off values 2.5 SDs below the peak mean, as used in osteoporosis, and also 2 SDs below 

the peak mean, as used in previous research on grip strength [100]. 

Table 2.e Parameters in normal distribution for grip strength 

Parameter Model 
Mean cs(x = age, df = 7) 
Standard deviation cs(x = age, df = 7) 

cs: cubic splines. df: degrees of freedom.  

I then estimated how the prevalence of grip strength equal to or below these cut-offs 

changed with age. To do this I used the L, M and S values from the main BCCG models 

in a modified version of Equation 2.b (see page 26) to do this, as shown in Equation 2.c, 

below. 

Equation 2.c Calculation of prevalence of low grip strength 

Prevalence (%) ൌ pnorm൮
ቂc Mሺtሻൗ ቃ

୐ሺ୲ሻ
െ 1

SሺtሻLሺtሻ
൲ ൈ 100 

pnorm: the cumulative normal distribution function, based on a mean of 0 and SD of 1. 
c: cut-off value for grip strength (kg) of interest. L(t) etc.: L, M and S values from the 
BCCG model at age t years for which prevalence is required. 
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2.5.4 Sensitivity analyses 

I carried out a series of sensitivity analyses by producing further sets of centile curves, 

as described below. In all additional models, I used the same number of degrees of 

freedom for each model parameter as I did when I produced the main results. This was 

to prevent differences in the centiles being the result of differences in the model 

specification. I was not aware of any previous techniques for comparing differences 

between set of centiles, so I elected to do this by pre-specifying an upper limit for what I 

considered to be acceptably similar findings across the 10th, median and 90th centiles. 

To account for the variation in the magnitude of grip strength values with age, I elected 

to do this on a percentage basis, setting the upper limit for a difference to be 10 percent 

either side of the centile values from my main results. 

Firstly, I looked for evidence of kurtosis (peakedness) in the grip strength values by 

using the Box-Cox power exponential distribution [101]. This distribution includes a 

fourth parameter (in addition to L, M and S) for kurtosis. I established the optimum 

number of degrees of freedom for this in the same way as for the other parameters (see 

section 2.5.2.1 on page 27). 

Secondly, I restricted the data to the first observation for each individual. I did this to 

see if the repeat measurements included in some studies showed evidence of biasing the 

results. This could occur due to loss-to-follow up bias, with those completing repeat 

measurements presumably being stronger on average than those who did not.  

Thirdly, I produced dynamometer-specific sets of centiles. To do this, I created 

indicator variables for each dynamometer (except Jamar, which formed the baseline 

group). I then included terms related to these variables in the models for the three 

distribution parameters. I allowed the median, spread and skew curves to be shifted 

upwards or downwards by an amount for each dynamometer (intercept terms). I also 

allowed the median curve to be scaled by a factor for each dynamometer (slope terms), 

as shown in Table 2.f. 
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Table 2.f Models for grip strength including dynamometer terms 

Parameter Model 
M (median) (1.d1 + 2.d2 .. ) + cs(x = age, df = 7).(1.d1 + 2.d2 .. ) 
S (spread) (1.d1 + 2.d2 .. ) + cs(x = age, df = 7) 
L (skew) (1.d1 + 2.d2 .. ) + cs(x = age, df = 1) 

cs: cubic splines. df: degrees of freedom. d1 etc.: indicator variables for each 
dynamometer type (with Jamar being baseline group). 1 etc.: intercept terms for each 
dynamometer type. 1 etc.: slope terms (only included for the median parameter). 

As an extension of this third sensitivity analysis, I attempted to produce estimates (with 

95% confidence intervals) for the effect of dynamometer type on grip strength, whilst 

controlling for the effect of other study factors. I did this using multiple linear 

regression of the grip strength Z-scores (as described in section 2.5.2.2 on page 28), 

with explanatory terms for the different types of dynamometer and for the 12 different 

studies. I found that the dynamometer terms dropped out of the models due to 

collinearity with the study terms. 

The fourth sensitivity analysis I carried out looked at the impact of the position of grip 

strength measurement: standing or sitting, with the latter divided into those who were 

sitting as per protocol and those who chose to sit or were unable to stand. I created 

indicator variables for standing and choosing to sit (with sitting as per protocol forming 

the baseline group). I included these in the models for the three parameters in the same 

way as for dynamometer type. Again I attempted to produce estimates using multiple 

linear regression but found that the position terms  were collinear with the study terms. 

In the fifth sensitivity analysis, I examined whether truncating all participants’ ages to 

integer values (as is the case by default for the UKHLS, ADNFS and ELSA studies) 

affected the centile values obtained. 

Finally I checked if any one study was unduly influencing the results obtained by 

creating centile curves based on data which excluded each study in turn. 
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3. Normative data from 12 British studies: results 

In this chapter, I describe the data used for the main analyses and show the results from 

the main set of centile curves, including estimates of the prevalence of weak grip 

strength. I finish by showing the results from the sensitivity analyses, including the 

impact of aspects of measurement protocol and the influence of individual studies. 

3.1 Descriptive statistics 

In total, 60,803 measurements of grip strength (from 49,964 individual participants) 

were available for the analyses. As shown in Table 3.a, these measurements represented 

a high proportion, 94.8% overall, of the potential measurements from all those seen in 

each wave of each study. There did not appear to be a substantially lower proportion of 

those with a valid grip measurement in studies which focused on older people, such as 

N85. In terms of the number of trials completed, the majority of measurements (60,013 

or 98.7%) were based on the full set of trials as required in each study’s protocol. 
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Table 3.a Valid measurements of grip strength from each wave of each study 

Study Age range (y) N seen* N with valid grip measure (%) 
SWS 4 – 5 1,035 968 (93.5) 

6 – 7 522 462 (88.5) 
ALSPAC  10 – 14 7,159 6,701 (93.6) 
ADNFS  16 – 74 3,024 2,602 (86.0) 
UKHLS  16 – 102 15,591 14,678 (94.1) 
SWSp 18 – 58 1,520 1,265 (83.2) 
SWSm 21 – 40 1,634 1,563 (95.7) 
T-07 35 – 37 923 880 (95.3) 

52 – 62 991 913 (92.1) 
74 – 78 654 587 (89.8) 

ELSA 52 – 89 7,666 7,477† (97.5) 
50 – 89 8,210 7,965‡ (97.0) 

NSHD 53 2,984 2,847§ (95.4) 
60 – 64 2,229 2,069 (92.8) 

HCS 59 – 73 2,997 2,987 (99.7) 
65 – 75 642 639 (99.5) 

HAS 63 – 73 717 717 (100) 
72 – 83 294 292 (99.3) 

LBC1936 68 – 70 1,091 1,086 (99.5) 
72 – 73 866 865 (99.9) 

LBC1921 78 – 80 550 544 (98.9) 
82 – 84 321 321 (100) 
86 – 87 237 204 (86.1) 

N85 84 – 86 849 819 (96.5) 
85 – 88 632 603 (95.4) 
87 – 89 486 453 (93.2) 
89 – 91 344 296 (86.0) 

Overall 64,168 60,803 (94.8) 
* The number here refers to the number of participants seen at the stage of the study 
where grip strength would normally be measured (e.g. at a clinic visit). I typically took 
these values from study documentation, or otherwise from the study data file. 
† In the first wave of ELSA to include grip strength, 75 of the 80 participants aged 90+ 
completed a measurement but were not included as their exact age was not available. 
‡ Similarly in the second wave of ELSA to include grip strength, 87 of the 91 
participants aged 90+ had a valid grip strength measurement but were not included. 
§ In this wave of NSHD, there were 2,850 individuals with measurements but three were 
excluded as they were females with grip strength > 60kg (considered to be an error). 
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Eight of the twelve studies had measured grip strength in mid-late adult life, as reflected 

by the age distribution of the observations: median 58 years (IQR 36 – 69 years). There 

was still reasonable coverage of the life course except for some small gaps in childhood 

and adolescence, as shown by the histogram Figure 3.a, below. 

Figure 3.a Frequency of grip strength measurements by age 

Small gaps in the coverage of the life course exist around the two waves of SWS (4-5 
and 6-7 years), ALSPAC (10-14 years) and ADNFS/UKHLS (both age 16 onwards).  

The data collection for the included studies took place in a recent timeframe between 

1990 and 2012. As such, age and birth year were strongly linked with younger 

individuals having been born more recently as shown in Figure 3.b. 
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Figure 3.b Ages and birth years for each grip strength measurement, by study 

 
The data collection for the included studies occurred between 1990 and 2012; as such 
for any given age there is a limited range of birth years, as shown. For studies where the 
data was obtained from the Economic and Social Data Service (ADNFS, ELSA and 
UKHLS), there was no information provided on month of birth hence all ages are 
integer values. 
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3.2 Centile curves for grip strength 

The centile curves for males and females based on the Box-Cox Cole and Green 

(BCCG) distribution are shown in Figure 3.c and Figure 3.d, overleaf, with the 

corresponding normative values shown in Table 3.b on page 40. They suggested three 

overall periods:  an increase to peak in early adult life, broad maintenance through to 

midlife and decline from midlife onwards. Males reached a peak median grip of 51kg 

(rounded to the nearest whole kg) between ages 29 and 39, compared to the peak female 

median grip of 31kg between ages 26 and 42.  
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Figure 3.c Cross-cohort centile curves for male grip strength 

 
Centiles shown 10th, 25th, 50th, 75th and 90th. Studies ordered by age at first grip 
measurement; for abbreviations see Table 2.a on page 19. 
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Figure 3.d Cross-cohort centile curves for female grip strength 

 
Centiles shown 10th, 25th, 50th, 75th and 90th. Studies ordered by age at first grip 
measurement; for abbreviations see Table 2.a on page 19. 
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Table 3.b Normative values for grip strength 

  Grip strength normative values at age shown (kg) 
Age (years) Observations* Centiles Mean (SD) 
  10th 25th 50th 75th 90th  
Males 
5 730   6 7 8 9 10 7.8 (1.9) 
10 3222   12 15 17 20 22 17.2 (3.7) 
15 288   21 25 29 33 38 29.1 (6.5) 
20 354   30 35 40 46 52 40.5 (9.4) 
25 574   36 41 48 55 61 48.0 (10.3) 
30 984   38 44 51 58 64 51.3 (10.0) 
35 1380   39 45 51 58 64 51.5 (9.7) 
40 880   38 44 50 57 63 50.2 (9.6) 
45 798   36 42 49 56 61 48.8 (9.7) 
50 820   35 41 48 54 60 47.6 (10.1) 
55 3743   34 40 47 53 59 46.2 (9.9) 
60 2683   33 39 45 51 56 44.6 (9.3) 
65 3947   31 37 43 48 53 42.3 (8.7) 
70 3286   29 34 39 44 49 39.1 (7.8) 
75 1883   26 31 35 41 45 35.6 (7.4) 
80 1115   23 27 32 37 42 32.2 (7.4) 
85 1134   19 24 29 33 38 28.5 (7.2) 
90 431   16 20 25 29 33 24.7 (6.9) 
95+ 5†      
(Total) (28,257)    
 
Females 
5 700   6 7 8 9 10 7.8 (2.2) 
10 3339   12 14 16 19 21 16.6 (3.6) 
15 345   17 20 24 27 30 23.8 (5.0) 
20 463   21 24 28 32 36 28.4 (5.8) 
25 870   23 26 30 35 38 30.6 (6.0) 
30 1423   24 27 31 35 39 31.4 (6.0) 
35 1785   23 27 31 35 39 31.3 (6.0) 
40 968   23 27 31 35 39 30.7 (6.3) 
45 952   22 26 30 34 38 29.9 (6.1) 
50 1019   21 25 29 33 37 28.7 (6.4) 
55 4250   19 23 28 32 35 27.5 (6.5) 
60 2943   18 22 27 31 34 26.5 (6.2) 
65 4171   17 21 25 29 33 25.3 (6.0) 
70 3473   16 20 24 27 31 23.5 (5.7) 
75 2135   14 18 21 25 28 21.4 (5.4) 
80 1361   13 16 19 23 26 19.1 (5.1) 
85 1632   11 14 17 20 23 16.6 (4.7) 
90 702   9 11 14 17 20 14.2 (4.3) 
95+ 15†          
(Total) (32,546)        

The centiles and mean (SD) values were derived for the exact ages shown. 
* Number of grip strength observations refers to the number of individuals at age shown 
± 2.5 years (to give an indication of the sample size at different ages).  
† Limited data were available in the 95+ years category so centile values are not shown. 
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3.2.1 Gender differences in median grip strength 

Males were stronger on average than females from adolescence onwards; by age 25, 

males’ median strength was 1.6 times that of females and this ratio increased slightly to 

1.7 and remained relatively constant during the decline phase as shown in Figure 3.e. 

The gender difference in median strength is also shown; males’ median strength was 

20kg higher than females’ at age 30. This difference between the genders’ median 

values reduced as they both became proportionately weaker with increasing age. 

Figure 3.e Gender differences in median grip 

 
The two charts on the left side show the ratio and difference between male and female 
median grip strength across the life course. The two on the right focus on the decline 
phase (age 50 onwards). 
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3.2.2 Findings for the other model parameters 

The relationships between age and the spread of grip strength values relative to the 

median (S, the sigma parameter from the BCCG model, an approximation to the 

coefficient of variation), and between age and skew parameter (L) are shown in Figure 

3.f, below. 

Figure 3.f Sigma and skew parameters in relation to age 

 

The sigma parameter increased slightly in later life, from 0.20 in the fourth decade in 

men and women, rising to 0.25 and 0.29 in the ninth decade in men and women, 

respectively. This change translates to a minor increase in the spread of the centile 
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values produced; for example, the 10th and 90th centile values in the ninth decade are 

each approximately 2kg further away from the median than they would be if the sigma 

parameter had remained at 0.20. 

I found no evidence of skew in the grip strength data. The values for the skew parameter 

(L) across the life course had median (IQR) 1.2 (0.8, 1.2) in males and 1.1 (0.9, 1.2) in 

females, consistent with no marked skew. As shown in Figure 3.f, above, the skew 

parameter took a value of approximately 0.5 during childhood, suggesting a skew 

towards higher values of grip strength. However the effect of this skew on the centile 

values observed was minimal, as shown from the centile values for the relevant ages in 

Table 3.b on page 40. 

3.2.3 Z-scores for grip strength observations 

I used the centile curves to produce Z-scores for each of the grip strength observations. 

As I expected, these Z-scores were normally distributed with a mean of 0.0 and standard 

deviation of 1.0 in both males and females. I also examined the Z-scores by study and 

found that they largely followed a similar distribution, with Z-score means of ± 0.3 and 

standard deviations between 0.9 and 1.1. There were two exceptions. Firstly, 

participants in SWSp (the partners of SWS mothers) were stronger than the average 

from my centiles with a mean Z-score of 0.4 (0.9). Secondly, participants in NSHD had 

similar average grip strength to my centiles but a slightly broader spread of values with 

a mean Z-score of 0.1 (1.3). The histograms and results for the Z-scores overall and by 

study are shown in Appendix 1 starting on page 117. 

3.3 Estimates of prevalence of low grip strength 

The values for the mean and standard deviation of grip strength are shown in Table 3.b. 

There was little difference between the mean and median values for grip strength at any 

given age, in keeping with the finding of no evidence of skew in the BCCG model. 
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The estimated prevalences of weak grip strength in mid and late adult life, defined by 

gender-specific T-scores of less than or equal to -2 and -2.5, are shown in Figure 3.g. 

These were derived relative to the peak mean (SD) for grip strength of 51.7 (9.8) kg in 

males and 31.5 (6.0) kg in females, both occurring at age 32. Females and males had 

similar prevalence of weak grip strength during the decline phase. The prevalence of 

weak grip increased rapidly in late adult life; using a T-score of -2.5, my results 

suggested that by age 80, around a quarter of participants had weak grip strength (23% 

of males and 27% of females). 
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Figure 3.g Prevalence of weak grip strength using T-scores of  -2 and -2.5 

 
This figure shows the age range associated with decline (40 onwards). The values 
shown in brackets are the gender-specific cut-off values calculated by subtracting the 
relevant number of standard deviations (2 or 2.5) from the young adult peak mean. 
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3.4 Sensitivity analyses 

In summary, I found that the centile curves were robust across the six types of 

sensitivity analysis that I carried out. The results of each analysis are described below 

and the charts comparing the 10th, median and 90th centiles from the sensitivity analyses 

to the main findings are shown in Figures on pages 48 - 51 and in Appendices 2 and 3. 

The inclusion of a parameter (tau) for kurtosis using the Box-Cox power exponential 

distribution [101] in place of the BCCG distribution revealed slight evidence of 

leptokurtosis (peakedness) in the data, with values for tau below 2 (the value in the case 

of a normal distribution). The median (IQR) for the tau parameter across all ages in 

males was 1.64 (1.61, 1.70) and in females 1.66 (1.61, 1.71). However this made no 

difference to the centile values produced as shown in Figure 3.h. 

Restriction of the dataset to the first observation for each individual led to acceptably 

similar centiles except in the tenth decade of life, where the values approached 10% 

higher than the main findings (see Figure 3.i). The available data are somewhat sparse at 

these ages, being drawn from observations made in UKHLS (n=58) and the fourth wave 

of N85 (n=270). Restriction to the first observation led to the N85 data being excluded; 

the remaining UKHLS values are on average higher than those from N85 and this 

appears to account for the difference in the centiles shown. 

Overall the dynamometer-specific centiles were similar to the main results as shown in 

Figure 3.j. However the 90th centile values for the Nottingham dynamometer in early 

adult life in males were elevated greater than 10% above the main centiles. As no other 

study used the Nottingham dynamometer in this age range, it is unclear if these 

differences are due to the dynamometer or to other study factors. There was some 

evidence that selection bias may have occurred with the ADNFS males in the 16-20 age 

group, towards taller (and hence stronger) individuals. Whereas males in ADNFS in the 

20-40 age group tended to be shorter than those from other studies (typically by around 

2cm), those in the 16-20 age group were around the same height as those seen in the 

data collection for UKHLS which took place around 20 years later. 
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The centiles stratified by position showed similar findings to the main results for 

participants who were seated (as per protocol) or standing (see Figure 3.k). Perhaps 

unsurprisingly, those who chose to sit or were unable to stand tended to be weaker and 

this difference became more pronounced with age until the ninth decade when their 10th 

centile values approached 10 per cent lower than the combined results.  

The truncation of all participants’ ages to integer values had the effect of slightly 

increasing the centile values for grip strength during childhood, as shown in Figure 3.l. 

This is perhaps not surprising since the non-integer portion of an age in childhood (for 

example 0.5 years in the case of a child aged 4 years and 6 months) is a relatively larger 

proportion of their age than in adulthood; removing this therefore makes it appear that 

they have attained a given strength at a younger age. This finding led me to consider 

whether the truncated ages in ADNFS, UKHLS and ELSA might have led to higher grip 

strength centile values, particularly the data from ADNFS and UKHLS and the 

associated centile values during adolescence. In retrospect, it might have been better to 

assume that the non-integer portion of the participants’ ages in these studies was 0.5 

(e.g. six months) on average as opposed to zero. I therefore carried out a further 

sensitivity analysis (see Appendix 3) using this assumption. I did not observe a 

difference in the centiles when I did so. 

Finally, the centiles produced from analyses excluding each study in turn (see Appendix 

2) were acceptably similar except for two instances. The exclusion of N85 data led to 

centiles which were greater than 10% higher than the main findings in the tenth decade 

of life. The exclusion of ALSPAC data also led to centiles in males which were more 

than 10% greater than the main findings during adolescence. Both instances appear to 

be explained by the sparse or absent data in the relevant age ranges when those 

particular studies were excluded. 
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Figure 3.h Centiles comparison: model including kurtosis 

 

 
The lines represent the 10th, median and 90th centiles from the sensitivity analysis which 
included a parameter for kurtosis. The grey areas show the range produced if the values 
from the 10th, median and 90th centiles in the main results are increased or decreased by 
10 per cent. 
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Figure 3.i Centiles comparison: restriction to first observation for each individual 

 

 
The lines represent the 10th, median and 90th centiles from the sensitivity analysis where 
the dataset was restricted to the first observation for each individual. The grey areas 
show the range produced if the values from the 10th, median and 90th centiles in the 
main results are increased or decreased by 10 per cent. 
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Figure 3.j Centiles comparison: stratification by dynamometer type 

 

 
The lines represent the 10th, median and 90th centiles from the sensitivity analysis where 
the centile curves were stratified by dynamometer type. The grey areas show the range 
produced if the values from the 10th, median and 90th centiles in the main results are 
increased or decreased by 10 per cent. 
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Figure 3.k Centiles comparison: stratification by position of measurement 

 

 
The lines represent the 10th, median and 90th centiles from the sensitivity analysis where 
the centile curves were stratified by the position of measurement. The grey areas show 
the range produced if the values from the 10th, median and 90th centiles in the main 
results are increased or decreased by 10 per cent. 
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Figure 3.l Truncation of all participants' ages to integer values 

 
The lines represent the 10th, median and 90th centiles when all ages were truncated to 
integers. The grey areas show the range produced if the values from the 10th, median 
and 90th centiles in the main results are increased or decreased by 10 per cent.



 Normative data from systematic literature review: methods 

 53  





 Systematic literature review: Methods 

 55  

4. Normative data from systematic literature review: 

methods 

4.1 Objectives of this project 

The objectives for this project: 

 To compare the normative values produced from British studies to those in the 

literature, including investigation of differences in grip strength by world region 

o A secondary objective is to investigate the differences in published grip 

strength by aspects of measurement protocol and reporting. 

In the following chapter, I describe how I searched for relevant papers, how I extracted 

data from them and I how stored and analysed those data. 

4.2 Literature search and inclusion criteria 

I developed the terms shown in Table 4.a, below, to carry out a systematic literature 

search of the databases MEDLINE (including in-process citations) and EMBASE. The 

search query returned articles which had at least one of the terms relating to grip 

strength and at least one of the terms relating to normative data. I also added steps to the 

search to remove articles which were duplicates from the two databases, those 

concerning animals only, non-English articles and those published before 1980. I ran the 

search on 11th August 2014 using the Ovid search system. I used Microsoft Excel to 

store the 806 abstracts returned by the search and to record my assessment of each of 

them. 
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Table 4.a Search query used to identify articles 

Step Search string Abstracts 
returned 

1 (Hand Strength/ or Muscle Strength Dynamometer/ or "grip 
strength".ti,ab or "hand strength".ti,ab or "handgrip strength".ti,ab or 
"grip dynamometer".ti,ab) 
 

26480 
 

2 Reference Values/ or "reference values".ti,ab. or "normative".ti,ab. 
or (association* adj2 age).ab. or (relationship adj2 age).ab. or "age 
related".ti. or "age-related".ti. or "normal values".ti,ab 
 

334730 

3 1 and 2 
 

1167 

4 remove duplicates from 3 
(with preference towards MEDLINE) 
 

860 

5 (4 and humans/) or (4 not (humans/ or animals/)) 
 

840 

6 limit 5 to english language 
 

811 

7 limit 6 to yr="1980 -Current" 
 

806 

Search run on 11th August 2014 using databases MEDLINE (including in-process 
citations) and EMBASE. 

A flow diagram summarising my assessment of the 806 abstracts is shown in Figure 4.a, 

below. I did not attempt to include information from conference abstracts in my review, 

although where a conference abstract appeared relevant I did check if a paper on the 

same work had been published subsequently. In all four cases, I was unable to find a 

related paper. 
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Figure 4.a Flow chart showing included papers 

 

* Reasons for normative data not being in the correct form included not presenting data 
in the form of a table, not stratifying normative values by gender, including a mean but 
no measure of spread such as standard deviation, and having an age range wider than 15 
years. 

 

I identified 97 papers where the abstract suggested that the paper might contain 

normative data for grip strength. I was able to obtain 96 of these for further assessment, 

with one paper [102] remaining unavailable despite an inter-library loans request.  

There were two criteria for inclusion in the review. Firstly, papers needed to have 

reported normative data for grip strength from a sample of the general population. 

n = 806 abstracts screened

n = 96 papers retrieved for further assessment

n = 60  papers included in the review

n = 702 not considered relevant

n = 3 seen to be duplicates

n = 4 conference abstracts (no paper found)

n = 709 abstracts excluded:

n = 19 not a normative data study of grip strength

n = 36 papers excluded:

n = 16 normative data not in correct form*

n = 1 same data as an earlier study

n = 1 potentially relevant paper not available
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Secondly, they must have reported normative values for grip strength stratified by age 

and by gender, where the sample contained both males and females. 

Following these criteria, I excluded 36 of the 96 papers that I assessed. These exclusions 

fell into two main groups as described in the two paragraphs below. 

Firstly, I excluded nineteen papers as they were not a study of normative data for grip 

strength of the general population. For example, I excluded papers where the data 

presented concerned specific patient or occupational groups, for example children with 

cystic fibrosis or papers contrasting grip strength between employees with manual and 

non-manual occupations. I also excluded papers that had assessed grip strength using 

the Martin vigorimeter, since this pneumatic device measures grip pressure, not grip 

force. Finally in this group, I excluded review articles on the measurement and 

interpretation of grip strength, although I did check their reference lists. I did not 

identify any further relevant papers for the review by doing this. 

Secondly, I excluded 16 papers as they had not presented normative data for grip 

strength in the correct form. I excluded papers which had used a means other than tables 

stratified by age and gender to present their data, such as graphs or equations. I also 

required papers to include both a measure of average grip, such as mean or median and 

a measure of spread of grip strength values, such as standard deviation or interquartile 

range, for each item of normative data. I also excluded one paper where the age groups 

provided were too broad (in excess of 15 years). 

I also excluded one paper as it contained the same data as an earlier study. This left 60 

papers which I proceeded to extract the normative data from as described in the next 

section. 

4.3 Data extraction 

From each paper I extracted details at the study level, such as the sample and 

measurement protocol used, as well as the details of each item of normative data, such 

as the age range and the mean value for grip strength. I created a database in Microsoft 
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Access to facilitate data-entry and also to allow the overall details of each paper to be 

linked to the normative data items contained within it. 

4.3.1 Study level details 

I extracted information about the sample, protocol and statistical methods described in 

each paper as shown in Table 4.b on page 60. In terms of the sample used, I recorded 

the country and at what level the sample was drawn from such as national or regional. 

To facilitate later analyses, I used the International Organization for Standardisation 

(ISO) 3166 alpha-3 codes [103] to record the country setting such as “GBR” for the 

United Kingdom. This approach to coding also allowed me to plot a map showing the 

countries in which the samples were based, using the library rworldmap [104] for the 

statistical program, R [97].  

I assessed whether the sample was drawn by approaching individuals using a sampling 

frame, such as a national registry or telephone directory, or whether the sample was a 

convenience one such as by recruiting participants at a shopping centre or by displaying 

posters. I recorded the total sample size contributing to the normative data in each 

paper. I did this for two reasons: firstly, to allow me to calculate the number of 

observations lost due to the need to exclude open-ended age ranges (described further in 

section 4.3.2, below), and secondly so that I could calculate an average number of 

observations in each age group where sample sizes for each individual age group were 

not provided in a paper. 

In terms of the protocol used, I recorded the dynamometer make and model. If not 

already stated in the paper, I attempted to determine which type of device the 

dynamometer was: hydraulic, pneumatic or electronic. I also extracted information on 

the position of measurement, hands tested and number of trials, as shown in Table 4.b. 

Where possible, I extracted information on grip strength based on the maximum value 

from several trials of both hands, as recommended in published guidance [89]. Where 

values were stratified by the hand of measurement, I extracted data for the right or 

dominant hand, as available. 
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I classified the statistical methods used to produce the normative values into simple 

descriptive statistics, a parametric method such as linear regression or a non-parametric 

method such as restricted cubic splines. I also noted if each paper stratified grip strength 

by different height groups. 

Table 4.b Study level details extracted 

Variable Comments 
Paper details 
First author (with additional information, e.g. abbreviated 

journal title, if more than one relevant paper by 
same author in the same year) 

Year of publication  
Study sample 
Country  
Sample level Options: national, regional (county or 

equivalent), local (single city), facility (e.g. a 
single university or hospital) 

Sample type Options: sampling frame*, convenience, not 
specified 

Sample description Brief description: e.g. “participants of a 
university-run well-being programme” 

Total sample size (males) Number of participants contributing to normative 
data for grip strength Total sample size (females) 

Year of data collection (earliest) Value zero if not specified 
Year of data collection (latest) 
Study protocol 
Dynamometer make (and model) Model if specified, e.g. Takei 5001 Grip A 
Dynamometer type Options: hydraulic, pneumatic, electronic 
Measurement position Seated or standing 
Arm support Supported or unsupported 
Total repetitions Across both hands if both tested 
Hand(s) tested Both, left, right, dominant or non-dominant 
Hand(s) data extracted for Both, left, right, dominant or non-dominant 
Summary measure Maximum or mean 
Units of measurement Options: newtons, and kg and pounds force. 
Other protocol details Free text for other details regarding protocol 
Statistical methods 
Stratified by height For studies that stratify results by height, number 

of height groups included 
Analysis approach Options: Descriptive statistics, linear regression, 

cubic splines, not specified 

* This refers to any study where the sample was obtained by approaching individuals 
using a sampling frame – whether a national registry or telephone directory, etc. 
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4.3.2 Details for each item of normative data 

For each item of normative data, I extracted details of the gender and age stratum which 

it related to, along with the mean and standard deviation as shown in Table 4.c, below. 

Three papers had further stratified normative data by height categories, either into two 

groups (above and below median height) [52], or into seven [105] or eight [106] 

categories. For the paper using two groups, I extracted the normative data for both 

groups, and for the other two papers, I extracted data for the group containing the 

median height for my British normative data sample at the same age. 

I excluded normative data items where the age range given was open-ended, for 

example “75+ years”. I extracted data in the same format as used in the paper: for 

example, using a separate field to record the upper and lower 95% confidence intervals 

for a mean when these were provided but a standard deviation was not. In a similar way, 

I did not manually convert units to kg force, but rather entered the data as shown in the 

paper and noted as part of the study level details which units had been used. 

Table 4.c Variables extracted concerning each normative data item 

Variable Comments 
Specific sample  
Gender Male or female 
Lower age limit (years)  
Upper age limit (years)  
Sample size Zero if not-specified 
Grip strength values 
Grip strength mean  
Grip strength SD (or standard error 
of sample mean, or IQR, or 5th 
centile, or reference range* or 95% 
CI for mean) 

Where SD not given in the paper but one of the 
values in brackets given, equations† used to 
calculate SD  

Height values (if relevant) 
Height lower limit (cm) If multiple height groups extracted, initial plan 

will be to extract middle group. Height upper limit (cm) 
* Referring to the mean value ± two standard deviations. 
† For equations used, see section 4.4 Data management on page 62. 
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4.3.3 Data entry 

I designed a relational database using Microsoft Access to store the information I 

extracted from each paper in a standardised way ready for data management and 

analysis tasks. A screenshot of the main data-entry form is shown in Figure 4.b. Where 

possible, I designed the form so that details could be selected from drop-down lists such 

as for the hands tested in a given study. The main relationship in the database was that 

each study (the top half of the screenshot) could give rise to multiple normative data 

items (the bottom half of the screenshot). 

Figure 4.b Screenshot of data-entry form in Microsoft Access 

 

4.4 Data management 

I created a query in Access which converted the data to long format, where every item 

of normative data had its own row complete with all the details for the study it was 
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taken from. I then imported the query results into Stata version 12.0 [94] to carry out 

data management tasks as described below. 

As described in the previous section, several studies had not reported the mean, standard 

deviation and number of observations for their normative data, but rather had provided 

other descriptive statistics from which they could be calculated. I show the formulae I 

used to carry out the necessary conversions in Table 4.d. 

Table 4.d Formulae used to produce descriptive statistics from alternatives 
provided 

Descriptive statistic 
not provided 

Alternative provided in paper Formula used for 
conversion 

Mean, ̅ݔ Reference range (lower and upper),  
ܴ௅ ൌ ݔ̅ െ and  ܴ௎  ݏ2 ൌ ݔ̅ ൅  ݏ2
 

ݔ̅ ൌ
ܴ௅ ൅ ܴ௎

2
 

Median*, ହܲ଴ 
 

ݔ̅ ൌ ହܲ଴ 

Standard deviation, ݏ Lower 95 % CI for mean ܫܥ௅ and ݊ 
ݏ ൌ

ሺ̅ݔ െ ௅ܫܥ ሻ ∗ √݊
1.96

 

Standard error of the sample mean ݁ݏ 
and ݊ 
 

ݏ ൌ ݁ݏ ∗ √݊ 

Interquartile range* ଶܲହ and ଻ܲହ 
(based on the N(0,1) distribution, ଶܲହ 
and ଻ܲହ are 0.674 SDs either side of the 
mean, so the difference between them 
represents 1.348 SDs). 

ݏ ൌ ଻ܲହ െ ଶܲହ

1.348
 

Fifth centile ହܲ 
(as above, ହܲ is 1.645 SDs below the 
mean) 

ݏ ൌ
ሺ̅ݔ െ ହܲሻ

1.645
 

Sample size, ݊ Standard error of the sample mean ݁ݏ 
and ݏ 
 

݊ ൌ ݀݊ݑ݋ݎ ൤ቀ
ݏ
݁ݏ
ቁ
ଶ
൨ 

 * From my earlier work on normative data, I considered it reasonable to assume that 
grip strength was normally distributed and indeed on inspection of the data I extracted 
from studies reporting a median and interquartile range for grip strength, there was very 
little evidence of skew. 

Where papers did not present a sample size for individual groups, or a standard error 

and standard deviation from which to calculate one from, I calculated an approximate 
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sample size based on the assumption that the overall sample size for each given gender 

was evenly distributed across the age groups presented: 

݊௔௣௣௥௢௫ ൌ
ܰ
݃

 

Overall sample size for given gender ܰ and number of groups ݃. 

One paper [106] had stratified normative data for each gender into six different age 

groups, and then further stratified each age group into eight height groups. The paper 

only provided the overall sample size for each gender. It was therefore necessary to 

assume that the sample for each gender was evenly distributed across the six age 

groups. Furthermore, I then assumed that the sample within each gender and age 

stratum was evenly distributed across the eight height groups. As described in section 

4.3.2, above, I extracted the normative data for height group containing the median 

height for my British sample at the same age. 

I converted values to kg force when they were provided in the units of pounds force or 

Newtons. The conversion factors I used to do this are shown in Table 4.e, below. 

Finally I halved values from studies that reported summed values from both hands. 

Table 4.e Factors used to convert extracted values to kilograms force 

Unit Conversion factor* 
Pounds force 0.453594 
Newtons 0.101972 

I multiplied values by the relevant factor to obtain the equivalent in kilograms force. 
*I used publically available conversion factors [107]. 

Prior to analysis I checked the data I had entered by producing graphs showing the 

results from each study. These took the form of line plots where the mid-point of each 

age range was shown against the mean grip strength for that age range. I included the 

mean values from my British normative data on the graph as a reference. An example is 

shown in Figure 4.c. If the plot suggested an inconsistent pattern of results relative to 

my normative data, I re-checked that I had entered the data from the paper correctly. 
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Figure 4.c Sample plot used to check data entry 

 

This example shows the data from the paper by Wang et al. [108]. The norms they 
reported across three age groups are shown as the red line with my norms from British 
studies shown in blue for comparison.  

4.5 Statistical analyses 

I classified countries into geographical regions using the groupings provided by the 

United Nations Statistics Division [109]. These groupings include whether a region is 

classed overall as developed or developing. I also used the economic groupings from the 

World Bank [110] to classify each country as either low/middle or high income. The 

two approaches gave broadly similar groupings, with most countries in developing 

regions having low/middle income. There were exceptions, such as Saudi Arabia: a 

high-income country in the Asia (except Japan) region, which is classed as developing. 

I initially produced summary tables and charts to describe the characteristics of the 

included studies and to show the broad pattern of normative data when grouped by 

factors such as UN region.  
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In my strategy for subsequent analyses I aimed to meet the following two objectives: 

i. To consider the precision of individual items of normative data. I was aware that 

several studies had small sample sizes within individual age groups, so it was 

important to take the precision of different studies’ estimates into account when 

pooling or comparing results. 

ii. To take account of the effect of age when exploring the role of explanatory 

factors. Studies had considered different stages of the life course, such as 

childhood and old age, and also used different age ranges at each stage, for 

example by classifying into five or 10 year age bands. When looking at the 

overall effect of a study level factor like geographical region, I wanted to be able 

to convert the results from each study into a form that took account of these age 

differences. 

In terms of the first objective, I calculated the standard error, ݁ݏ of each sample mean in 

my dataset using the standard deviation for the sample, ݏ and the number of 

observations in the sample, ݊ as shown below.  

Equation 4.a Calculation of standard error of the sample mean 

݁ݏ ൌ
ݏ

√݊
 

4.5.1 Calculation of z-scores 

To address the second analysis objective, I used my own normative data from 12 British 

studies to convert each particular result from included papers into a Z-score. In 

summary, this involved calculating the mean and standard deviation from my normative 

data over the same age range as that used for each given result. I then used the 

calculated mean and standard deviation to express each paper’s results as Z-scores. I 

describe the steps I used to do this using an example, below. 

To illustrate the process, I show the steps involved in the calculation of a z-score for one 

of the items of normative data in Denmark reported by Aadahl et al. [111]. For the age 
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range 30-39 years in men, they report a mean of 52.7kg and a standard deviation of 

7.7kg based on 218 observations.  

Whereas their mean and standard deviation refer to a range of ages, my normative 

values from British studies are taken from cubic spline functions and hence refer to 

exact ages. To produce an equivalent mean and standard deviation for the same age 

range as the Aadahl et al. sample, I therefore pooled my mean and standard deviation 

values across the age range 30 to 40 years, using the techniques described below. The 

reason for using the higher upper limit (40 as opposed to 39 years) is that a participant 

in the Aadahl et al. sample could conceivably have been aged over 39 years and 6 

months, and hence have been closer to age 40 than age 39. 

To pool the means from my data, I took the mean of the 21 mean values in men across 

the age range 30 to 40 years, in steps of 0.5 years. This resulted in a pooled mean, ̅ݔ௣  of 

51.2kg, slightly lower than that reported by Aadahl et al. (52.7kg). It is important to 

point out that throughout this pooling approach, I made an assumption that the 

observations in the Aadahl sample were evenly distributed across the age range. 

To pool the relevant standard deviations from my data, I calculated a value known as 

the total mean square, as used in an analysis of variance, and then took the square root 

of this value [112]. The formulae for doing this are shown in Equation 4.b, below, and 

the application of the formulae to the age range of 30-40 years in men is shown in Table 

4.f on page 69.  

The process for pooling standard deviations required an assumption about the number of 

observations contributing to each standard deviation value that I was pooling. Since my 

standard deviation values were drawn from cubic spline functions of age, they did not 

have a number of observations associated with them directly. I experimented with 

different values for the assumed sample size when calculating pooled standard 

deviations. I found that values of 50 and above produced similar results, and so used 50 

as my assumed sample size. I also considered this to be a reasonable approach as there 

were very few examples in my dataset of British normative data of years of age which 

did not have at least 100 observations, or 50 per half year. 
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Equation 4.b Formulae to calculate pooled standard deviation 

The following are based on the guide “Composite standard deviations” by David A. 
Burton [112]. 

ݏݏ݁ ൌ෍ݏ௜ଶ ∗ ሺ݊ െ 1ሻ
௞

௜ୀଵ

 

 the overall error sum of squares calculated by summing the error sum of squares ,ݏݏ݁
based on the standard deviation, ݏ, of	݇ groups (in this example, 21) each containing ݊ 
observations (assumed to be 50, see text above). 

ݏݏ݃ ൌ෍൫	̅ݔ௜ െ	 ௣൯ݔ̅
ଶ
∗ ݊

௞

௜ୀଵ

 

௣ݔ̅ ൌ
1
݇
∗෍̅ݔ௜

௞

௜ୀଵ

 

 the overall group sum of squares calculated by summing the group sum of squares ,ݏݏ݃
based on each group’s mean, ̅ݔ௜ and the overall pooled mean, ̅ݔ௣. 

௣ݏ ൌ ඨ
ݏݏ݁ ൅ ݏݏ݃
ܰ െ 1

 

 and ܰ the sum of the ݏݏ݃ ,ݏݏ݁ ௣, the pooled standard deviation calculated usingݏ
observations across the ݇ groups (in this example there are 21 groups assumed to have 
50 observations each, so ܰ is 1,050). 

Applying the formulae in Equation 4.b to the age range 30-40 years in men produced a 

pooled standard deviation of 9.7kg. I show how the formulae produced this value in 

Table 4.f, below. 
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Table 4.f Example calculation of a pooled standard deviation 

Age (y) Mean grip, ̅ݔ (kg) SD grip, ݏ (kg) ݏଶ ∗ ሺ݊ െ 1ሻ ൫̅ݔ 	െ 	 ௣൯ݔ̅
ଶ
∗ ݊ 

30.0 51.29 10.04 4938.97 0.39 
30.5 51.42 10.00 4899.15 2.42 
31.0 51.52 9.96 4859.69 5.17 
31.5 51.60 9.92 4821.01 7.78 
32.0 51.64 9.88 4783.53 9.69 
32.5 51.66 9.84 4747.61 10.61 
33.0 51.66 9.81 4713.42 10.47 
33.5 51.64 9.77 4681.10 9.36 
34.0 51.59 9.74 4650.83 7.52 
34.5 51.53 9.71 4622.74 5.30 
35.0 51.45 9.69 4596.97 3.07 
35.5 51.36 9.66 4573.67 1.24 
36.0 51.26 9.64 4553.13 0.16 
36.5 51.15 9.62 4535.57 0.15 
37.0 51.03 9.61 4520.94 1.48 
37.5 50.91 9.59 4509.19 4.35 
38.0 50.78 9.58 4500.19 8.96 
38.5 50.65 9.58 4493.81 15.43 
39.0 50.51 9.57 4490.03 23.89 
39.5 50.37 9.57 4488.84 34.41 
40.0 50.23 9.57 4490.32 47.02 
 
Calculated values (for formulae see Equation 4.b, above) 
௣ݔ̅  ൌ 51.20 

 
ݏݏ݁  ൌ 97470.70 ݃ݏݏ ൌ 208.87 

Pooled standard deviation, ݏ௣ ൌ ට
௘௦௦ା௚௦௦

ேିଵ
ൌ ට

97470.70 + 208.87

1050 – 1
ൌ 9.7kg  

 

The table shows the mean and standard deviation values for men from my British 
normative data for the ages shown. 
N, total sample size, assumed to be 1,050 (50 observations per group across 21 groups). 

I then used the pooled mean, ̅ݔ௣ and pooled standard deviation, ݏ௣ to calculate how 

many standard deviations above my pooled mean the value from the Aadahl et al. 

example was, i.e. the mean on the Z-score scale. In this case, the Aadahl et al. mean 

value was 0.15 standard deviations above my equivalent mean: 

ܼ ൌ
52.7 െ 51.2

9.7
ൌ
1.5
9.7

ൌ 0.15 
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In order to include normative data items in metaregression analyses, it was also 

necessary to calculate their standard errors of the sample means on the Z-score scale. 

Continuing with the Aadahl et al. example, I converted the standard deviation of 7.7kg 

on to the Z-score scale. Since my equivalent pooled standard deviation is 9.7kg, this 

means the Aadahl et al. standard deviation on the Z-score scale is 7.7kg divided by 

9.7kg, equal to 0.79. I could then calculate the standard error of the sample mean on Z-

score scale, using Equation 4.a on page 66: 

݁ݏ ൌ
ݏ

√݊
ൌ

0.79

√218
ൌ 0.054 

There were examples of studies which had modelled the mean and standard deviation of 

grip strength as a function of age using approaches such as cubic splines.  These studies 

typically reported normative values for exact ages and where this was the case, I did not 

need to pool the means and standard deviations for my normative data but rather use the 

values corresponding to the same ages. 

In conclusion, calculating Z-scores using my British normative data as a reference 

allowed me to address the second aim of my analytical strategy: to make values from 

different stages of the life course comparable and also to take into account the varying 

age ranges used by the included studies. I could then use these Z-score values to explore 

the role of explanatory factors in metaregression, as described in the following section. 

4.5.2 Metaregression 

In order to investigate the association between factors such as world region and the Z-

scores of the normative data items from the included papers, I carried out random-

effects meta-regression using the metareg command in Stata version 12.0 [94]. This 

allowed me to investigate to what extent a range of covariates accounted for the 

variance between the normative data items, and also to produce pooled estimates of Z-

scores for different groups [113]. 
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In each model, I generated indicator variables to denote each category, such as for 

normative data items from European settings in the analysis of mean Z-score by region. 

I then carried out metaregression using the mean Z-scores of the normative data items 

(and their associated standard errors) as the outcome and the indicator variables as the 

predictors. I used the postestimation command predict to calculate the pooled mean Z-

score value and 95% confidence interval for each category. I also reported the 

proportion of variance between the normative data items which was explained by the 

covariates in each model. This value is reported in the output of metareg as the adjusted 

R2 statistic. 

I chose several factors to investigate prior to carrying out the analyses. For the primary 

objective (see page 55) of this project, I explored the mean Z-scores by world region, 

classified as described at the start of this statistical analysis section on page 65. As per 

the secondary objective, I also investigated mean Z-scores by dynamometer type, by 

whether measurement was carried out in the seated or standing positions, and by the 

hand to which the extracted normative data related: right/dominant, non-dominant or 

both. I also looked at whether grip strength differed between papers that reported the 

maximum or mean value as their summary measure. 

As described in the results chapter on page 78, initial charts suggested that the 

normative data items from countries in developed regions might have higher Z-scores in 

early adulthood compared to other ages. I therefore carried out additional sensitivity 

analyses to estimate the mean Z-scores at different stages of the life course. I carried out 

these analyses separately for countries from developing and developed regions. 

Finally I used a cut-off value of ± 0.4 SDs as the threshold for a meaningful difference 

between a pooled Z-score and my British norms. This is consistent with the ± 10% 

difference in mean values in kg that I previously used in sensitivity analyses (see section 

2.5.4 on page 31). This is because I previously found the coefficient of variation for grip 

strength, or the standard deviation divided by the mean, to be approximately 0.25. It 

therefore follows that 10% either side of a mean value for grip strength in kg is 

equivalent to approximately 0.1 divided by 0.25 = 0.4 SDs on the Z-score scale.
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5. Normative data from systematic literature review: 

results 

In this chapter, I describe the characteristics of the papers included in the review and the 

overall patterns of normative data that I extracted, before reporting the findings from the 

metaregression analyses that I carried out.  

A full list of the included papers and their details is provided in Appendix 4, starting on 

page 133. Where I cite an included paper in this chapter, I also state the first author’s 

name along with the year if needed to identify the paper. This is to aid the reader if they 

wish to locate the cited paper in the table in Appendix 4, which is sorted by first author. 

5.1 Description of included papers 

My systematic literature search resulted in 60 papers for inclusion in the review as 

shown in the last chapter (see Figure 4.a on page 57). In this section I summarise the 

characteristics of these included papers, shown for developing and developed countries 

separately as well as for both combined.  

Three of these papers each contained two sets of normative data: Kaur et al. [114] 

reported data from both urban and rural settings, Massy-Westropp et al. (2004) [57] 

used two different dynamometers in the same population, and Rodrigues-Barbosa et al. 

[115] reported data from two countries. I treated these three papers as if they were each 

two separate publications and hence the total number of papers described in this section 

is 63. 

5.1.1 Characteristics of samples used 

The country setting of the included papers is shown in Table 5.a and Figure 5.a, below. 

Approximately two thirds (n=44) of the papers contained normative data from 

developed countries. The two regions with the most papers were Europe (29 papers) and 

Asia excluding Japan (12 papers). 
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Table 5.a Country setting of included papers, by UN region 

Developed 
status 

Region Country n 

Developing 
(n=19) 

Africa (n=2) Nigeria 2 
Americas excluding N America 
(n=5) 

Barbados* 1 
Brazil 3 
Cuba 1 

Asia excluding Japan (n=12) China 1 
India 3 
Korea, Republic of* 3 
Malaysia 1 
Saudi Arabia* 1 
Taiwan, Province of China 3 

Developed 
(n=44) 

Australia and New Zealand (n=3) Australia 3 
Europe (n=29) Belgium 1 

Denmark 2 
Estonia 1 
Finland 1 
Germany 3 
Ireland 2 
Italy 1 
Netherlands 3 
Norway 3 
Slovenia 1 
Spain 1 
Sweden 4 
Switzerland 1 
United Kingdom 5 

Japan (n=2) Japan 2 
Northern America (n=10) Canada 1 

United States 9 
* Three countries in developing regions have high-income economies as per the World 
Bank classification. For more information, see section 4.5 on page 65. 

The number of papers for each of the 28 included countries varied, with the majority of 

countries (n=17) having one or two papers, eight countries having three papers and 

three countries having more than this: Sweden (4 papers), the United Kingdom (5 

papers) and the United States (9 papers). 
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Figure 5.a Map showing countries of included papers 

 

 
0 1-2 3 4-9 

Colour-coding indicates the number of papers from each country. 
Note the rworldmap software highlights Alaska as part of the United States, although all 
nine studies were from the mainland United States. 

The characteristics of the included papers are shown in Table 5.b on page 76. The 

majority of the papers had been published in the last decade and had produced 

normative data from convenience samples drawn from a local area or single facility. 

Around two thirds of the papers (n=45) contained normative data on adult life, with the 

majority of these including data on individuals aged both below and above 50. Only 

four papers reported normative data that covered childhood, adolescence and adult ages, 

such as that by Balogun et al. [91] which had an age range of 7 – 69 years. The overall 

median sample size per paper was 473 individuals (IQR 199, 1119), with sample size 

tending to be larger in papers relating to developed (median 514 individuals) as opposed 

to developing countries (median 336 individuals). 
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Table 5.b Sample and analysis characteristics of included papers, by region 

  Developed status n (%)* 

Characteristic 
 Developing 

N=19 
Developed 

N=44 
Both 
N=63 

Economy Low/middle income 14 (74) 0 (100) 14 (22) 
High income 5 (26) 44 0 49 (78) 

Year of  
publication 

1985 - 1994 2 (11) 6 (14) 8 (13) 
1995 – 2004 2 (11) 15 (34) 17 (27) 
2005 – 2014 15 (79) 23 (52) 38 (60) 

Sample 
level 

National 1 (5) 6 (14) 7 (11) 
Regional 3 (16) 10 (23) 13 (21) 
Local / facility / NS 15 (79) 28 (64) 43 (68) 

Sample 
 type 

Sampling frame 3 (16) 14 (32) 17 (27) 
Convenience / NS 16 (84) 30 (68) 46 (73) 

Gender Males and females 13 (68) 41 (93) 54 (86) 
Males only 4 (21) 2 (5) 6 (10) 
Females only 2 (11) 1 (2) 3 (5) 

Sample size† Median (IQR) 336 (120, 
840)

514 (270, 
1479)

473 (199, 
1119) 

Stage of life  
course 

Child / adol.  18 y 3 (16) 11 (25) 14 (22) 

Adults all < 50 y 2‡ (11) 2 (5) 4 (6) 

Adults all  50 y 4 (21) 9 (20) 13 (21) 

Adults, both ages 8 (42) 20§ (45) 28 (44) 
All stages above 2 (11) 2 (5) 4 (6) 

NS, not specified. 
* Unless otherwise specified. Please note all percentages are rounded to the nearest 
whole percentage point, and hence the total for each group may not equal 100. 
† This refers to the sample size for the age ranges extracted from each paper. This value 
is smaller than the sample size provided in papers which had included open-ended age 
ranges such as 75+ years (see section 4.3.2 on page 61). 
‡ The paper by Chatterjee et al. [116] had an age range of 10-49 years and for the 
purpose of this table I classed this as a young adult paper. 
§ The paper by Backman et al. [117] had an age range of 17-70 years and I classed this 
as adults, both ages. 

5.1.2 Protocol for grip measurement and reporting of normative data 

Several characteristics of the protocols used for grip strength measurement and the 

reporting of normative data items are shown in Table 5.c, below. The majority of papers 

did state the device used, with the Jamar hydraulic dynamometer being the most 

common and used in approximately half of the included papers. Other manufacturers of 

hydraulic dynamometers included Takei as used in six papers, and Baseline and 
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Smedley, both in three papers. Finally nine papers reported using a variety of electronic 

dynamometers. 

The majority of papers had measured grip in the seated position, with the remainder 

having measured grip standing or not describing the position used. Some papers did 

include further information such as elbow positioning and support, although I did not 

attempt to extract these details as they were not described in the majority. 

I had looked to extract normative data for participants’ maximum grip strength taken 

from multiple trials of both hands, as described in section 4.3.1 on page 59. In fact the 

majority of papers reported grip strength stratified by hand, as either right and left, or 

dominant and non-dominant, and so for such papers I extracted data from the right / 

dominant hand as available. Most papers had used either two or three trials per hand. 

In terms of reporting of grip strength, half of papers reported the maximum value from 

multiple trials, with the remainder reporting the mean or not stating the descriptive 

statistic they used. Only three of the 63 papers had stratified grip strength by height: 

Frederiksen et al. [105], Kenny et al. [52] and Spruit et al. [106]. The majority of papers 

had used descriptive statistics to generate the normative data items, with four papers 

using a modelling technique such as cubic splines.  
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Table 5.c Protocol and reporting characteristics of included papers, by region 

  Developed status n (%)* 

Characteristic 
 Developing 

N=19 
Developed 

N=44 
Both 
N=63 

Dynamometer Jamar hydraulic 8 (42) 23 (52) 31 (49) 
 Other - hydraulic 6 (32) 12 (27) 18 (29) 
 Electronic 3 (16) 6 (14) 9 (14) 
 NS 2 (11) 3 (7) 5 (8) 

Position Seated 11 (58) 32 (73) 43 (68) 
 Standing 5 (26) 7 (16) 12 (19) 
 NS 3 (16) 5 (11) 8 (13) 
Hand(s) 
described in 
extracted data 

Right / dominant 17 (89) 32 (72) 49 (78) 
Non-dominant 0 (0) 4 (9) 4 (6) 
Both 2 (11) 8 (18) 10 (16) 

Summary of 
trials 

Maximum 12 (63) 22 (50) 34 (54) 
Mean 5 (26) 13 (30) 18 (29) 
NS 2 (11) 9 (20) 11 (17) 

Analysis Descriptive / NS† 19 (100) 40 (91) 59 (94) 
 Model fitted to data 0 (0) 4 (9) 4 (6) 

NS, not specified. 
* Unless otherwise specified. Please note all percentages are rounded to the nearest 
whole percentage point, and hence the total for each group may not equal 100. 
† I assumed that descriptive statistics had been used when the paper did not specify 
otherwise. 

5.2 Description of extracted normative data  

In total, I extracted 730 normative data items relating to approximately 95,625 grip 

strength observations. The value was approximate as in the paper by Spruit et al. [106] 

it was necessary to make the assumption that the overall sample sizes for men and 

women they provided were equally distributed across the eight height groups into which 

they had stratified their normative data. Twenty-nine of the 63 papers had also included 

open-ended age ranges; on average this meant discarding 18% of their samples since I 

did not include open-ended age ranges in my analyses. 

There was reasonable coverage of the life course in both developed and developing 

regions, although the majority of observations (82,856 or 87%) came from developed 

regions as shown in Figure 5.b, below. Of the observations from developed regions, the 

majority were from the European region (68,686 or 83%). 
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Figure 5.b Number of observations by age and developed status 

 

I plotted the normative data items from the included papers, grouped by UN region as 

shown in Figure 5.c, below. I included my curve of mean grip strength from 12 British 

studies for comparison. The broad pattern of mean grip strength across the life course 

from the included papers appeared similar to my findings from 12 British studies. In 

both males and females there was an increase to peak in early adult life, broad 

maintenance through to midlife and decline from midlife onwards. 

There was also a clear separation between papers based in developed regions, which 

were typically located around or slightly above the mean curve from the 12 British 

studies, and papers from developing regions, which were typically beneath the mean 

curve. 
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Figure 5.c Grip 
strength mean values 
from included papers, 
by region 

Each point represents the 
mean value of grip 
strength for each item of 
normative data, plotted 
against the mid-point of 
the age range it relates 
to. Values from the same 
paper are connected.  
Data from developing 
and developed regions 
are shown with triangles 
and circles, respectively. 
For comparison, the grey 
line shows the mean 
values from my 
normative data for 12 
British studies. 
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I considered that the appearance of the plots in Figure 5.c, specifically the similar broad 

pattern of normative data items to my British studies across the life course, supported 

the use of Z-scores to convert the normative data items into a form suitable for 

metaregression analyses as previously described in section 4.5.1 on page 66. These 

analyses included the estimation of a single pooled Z-score for each UN region at all 

ages, and again Figure 5.c suggested that such an approach was justified given the 

reasonably consistent separation of UN regions across the life course. 

Ten items of normative data from five papers [105,118–121] had an age range outside 

my British norms (ages 4 to 90 years). They were therefore excluded when I converted 

the normative data items into Z-scores, leaving 720 items of normative data for 

subsequent analysis.  

Figure 5.d, below, shows these items in the same way as previously used in Figure 5.c, 

except using the Z-scores of the normative data items. As such the mean values from 

my British studies are shown as a line with a value of zero throughout. 

The use of the Z-score scale highlighted a small group of papers at young ages based in 

the European region with high mean grip strength values. Specifically, the papers by 

Hager Ross [49], Lang [121] and Rauch [122] contained results in males between ages 

15 and 20 that were over 1.5 SDs above the corresponding mean values from my British 

studies. I consider these differences further in section 5.3.3, Grip strength by stage of 

the life course. 
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Figure 5.d Grip strength 
Z-scores from included 
papers, by region 

Each point represents the 
Z-score for the mean 
value of grip strength 
provided in the paper, 
plotted against the mid-
point of the age range it 
relates to. Values from the 
same paper are connected. 
Data from developing and 
developed regions are 
shown with triangles and 
circles, respectively. 
For comparison, the grey 
line shows the mean 
values from my normative 
data for 12 British studies 
(for which by definition, Z 
= 0). 
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5.3 Findings from metaregression analyses 

5.3.1 Grip strength by world region 

The pooled grip strength Z-scores by world region are shown in Table 5.d, below. The 

pooled Z-score from the 19 countries in developing regions was substantially below my 

British normative values at -0.86 (95% CI: -0.95, -0.77). This compared to that from 

developed regions which was only slightly above my British values at 0.12 (95% CI: 

0.07, 0.17).  
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Table 5.d Pooled Z-scores by different country classifications 

Classification N * Pooled 
Z-score 

(95% CI) Adjusted 
R2 † 

None 63 -0.09 (-0.15, -0.04) - 
     
UN region status   34.1% 
Developing 19 -0.86 (-0.95, -0.77)  
Developed 44 0.12 ( 0.07,  0.17)  
    
Economic status   32.4% 
LMIC 14 -0.97 (-1.08, -0.86)  
HIC 49 0.08 ( 0.03,  0.13)  
    
UN world region  
(with references shown) 

  36.3% 

Africa  
[91,123] 

2 -1.34 (-1.57, -1.11)  

Americas excluding N America 
[115,124–126] 

5 -0.80 (-0.97, -0.63)  

Asia excluding Japan 
[108,114,116,120,127–133] 

12 -0.76 (-0.88, -0.64)  

Australia and New Zealand 
[57,134] 

3 -0.01 (-0.20,  0.18)  

Europe 
(See below‡) 

29 0.13 ( 0.07,  0.19)  

Japan 
[135,136] 

2 -0.13 (-0.41,  0.15)  

Northern America 
[48,118,137–144] 

10 0.16 ( 0.04,  0.28)  

Results shown are from separate metaregression models of all 720 normative data items, 
with model term(s) those for each classification shown. 
* N, number of papers contributing to each subgroup. 
† The adjusted R2 is the proportion of variance between each item of normative data 
explained by each of classifications. 
‡ References for Europe as follows:  
[49,50,52,56,63,85,105,106,111,117,119,121,122,145–160] 

Figure 5.e and Figure 5.f, below, show the pooled Z-scores from developing and 

developed regions, converted back to the kg scale, alongside the contributing normative 

data items. They suggested that either side of the pooled value, there was substantial 

variation in the normative data items for each type of region. I also pooled normative 

data items by their countries’ economic status and by specific world regions. Both of 

these further classifications gave similar results as using whether a region was 
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developed or developing, including explaining a similar proportion of the variance 

between normative data items (the adjusted R2 statistic) as shown in Table 5.d. 

Figure 5.e Pooled Z-score in developing regions 

This chart shows the pooled Z-score of -0.86 for developing regions, plotted as grip 
strength in kg alongside the mean curve from my British normative data. The 157 
normative data items contributing to the pooled Z-score are also shown. 
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Figure 5.f Pooled Z-score in developed regions 

 

This chart shows the pooled Z-score of +0.12 for developed regions, plotted as grip 
strength in kg alongside the mean curve from my British normative data. The 563 
normative data items contributing to the pooled Z-score are also shown. 

The above figures suggested that there clearly was variance between items of normative 

data in developing and developed regions. I chose to explore this variation further by 

focussing on the European region, for two reasons: firstly this region had the largest 

number of included papers, and secondly because I wished to test if the pooled Z-score 

from British papers was different to my British normative data. 

The pooled Z-scores for each European country are shown in Table 5.e, below, and also 

in map form in Figure 5.g on page 89. The majority were within ± 0.4 SDs of my 

normative data from 12 British studies, including the pooled value from the five papers 

based in the United Kingdom. One of these papers, by Nevill et al. [85], contained the 

data from one of the 12 British studies. The exclusion of this paper made no difference 

to the pooled Z-score value: 0.06 (95% CI: -0.10, 0.22). 
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Three countries fell outside the limits of ± 0.4 SDs, either below in the case of Ireland 

(pooled Z-score of -0.62), or above in the case of Germany (pooled Z-score of 0.53) and 

Switzerland (pooled Z-score of 0.60). These results were based on a small number of 

papers in each country. There were two papers based in Ireland: Corish et al. [148] and 

Kenny et al. [52], the latter being a large representative sample at national level. 

Two of the three papers based in Germany, Lang et al. [121] and Rauch et al. [122] 

were samples based in childhood and adolescence. As already described in section 5.2 

on page 78, the Z-scores of the normative data items from these studies were 

substantially above my British norms. I calculated the pooled Z-score for the remaining 

paper based in Germany, a convenience sample of adults by Gunther et al. [119] and 

found it to be 0.30 (95% CI: 0.18, 0.42). This suggested that the effect of the other two 

papers in early life was to inflate the pooled result for Germany overall. 

Finally there was one paper based in Switzerland, by Werle et al. [158]. They had used 

a convenience sample from a range of locations including local shopping centres. 
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Table 5.e Pooled Z-scores for papers based in Europe 

Classification  N * Pooled Z-
score 

(95% CI) Adjusted 
R2 † 

None  29 0.13 ( 0.07,  0.19) - 
     
Country Reference(s)   33.8% 
Ireland [52,148] 2 -0.62 (-0.77, -0.47)  
Spain  [56] 1 -0.21 (-0.50,  0.08)  
Estonia  [146] 1 -0.19 (-0.50,  0.12)  
Italy [149] 1 -0.13 (-0.80,  0.54)  
Netherlands  [63,150,151] 3 -0.06 (-0.20,  0.08)  
Belgium  [145] 1 0.06 (-0.16,  0.28)  
United Kingdom  [50,85,106,159,160] 5 0.09 (-0.04,  0.22)  
Slovenia [155] 1 0.14 (-0.22,  0.50)  
Sweden  [49,117,156,157] 4 0.19 ( 0.05,  0.33)  
Denmark [105,111] 2 0.24 ( 0.06,  0.42)  
Norway  [152–154] 3 0.33 ( 0.17,  0.49)  
Finland [147] 1 0.36 (-0.14,  0.86)  
Germany  [119,121,122] 3 0.53 ( 0.40,  0.66)  
Switzerland  [158] 1 0.60 ( 0.41,  0.79)  

Results shown are from metaregression models using the 419 normative data items from 
the European region. The pooled Z-scores for normative data items from each European 
country are shown, ordered from lowest to highest. 
* N, number of papers in each subgroup. 
† The adjusted R2 is the proportion of variance between each item of normative data 
explained by the use of countries as predictor variables. 
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Figure 5.g Pooled Z-scores for each European country 

 
 
The map shows the pooled Z-score for each European country for which papers were 
included, with shading indicating the value. Countries without included papers are 
shown in dark grey. 

5.3.2 Grip strength by protocol and reporting of normative data 

Overall I saw no major differences between normative data items which had been 

collected with different dynamometer types or in the seated or standing positions, as 

shown in Table 5.f, below. Similarly I saw little difference by the hand for which 

normative data were described and the summary measure of separate trials. A small 

number of papers had not included the relevant information on protocol and reporting in 

their methods; the five papers which had not reported the dynamometer type used did 

have a pooled Z-score below my British norms at -0.53 (95% CI: -0.75, -0.31). 
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Table 5.f Pooled Z-scores by protocol and reporting factors 

Classification N * Mean Z-score (95% CI) Adjusted R2 
† 

None 63 -0.09 (-0.15, -0.04) - 
     
Dynamometer    7.9% 
Jamar hydraulic 31 0.08 ( 0.01,  0.15)  
Other - hydraulic 18 -0.28 (-0.38, -0.18)  
Electronic 9 -0.21 (-0.34, -0.08)  
NS 5 -0.53 (-0.75, -0.31)  
     
Position    7.6% 
Seated 43 0.03 (-0.03,  0.09)  
Standing 12 -0.35 (-0.46, -0.24)  
NS 8 -0.45 (-0.62, -0.28)  
     
Hand(s) described in extracted data  5.1% 
Right / dominant 49 -0.11 (-0.17, -0.05)  
Non-dominant 4 0.35 ( 0.19,  0.51)  
Both 10 -0.28 (-0.39, -0.17)  
     
Summary of trials  0.6% 
Maximum 34 -0.13 (-0.20, -0.06)  
Mean 18 -0.09 (-0.20,  0.02)  
NS 11 0.01 (-0.11,  0.13)  
     

Results shown are from separate metaregression models of all 720 normative data items, 
with model term(s) those for each classification shown. 
NS, not specified. 
* N, number of papers in each subgroup. 
† The adjusted R2 is the proportion of variance between each item of normative data 
explained by the use of protocol and reporting factors as predictor variables. 

5.3.3 Grip strength by stage of the life course 

I previously identified normative data items in early life with a Z-score substantially 

above my British norms, as described in section 5.2 on page 78. I therefore undertook 

sensitivity analyses to examine the pooled Z-scores for each stage of the life course. I 

separated the life course into the following stages: under 15 years, 15 to 25 years (where 

the Z-scores were higher), 25 to 45 years (the approximate age range of peak grip 

strength) and greater than 45 years. The results are shown in Table 5.g and Table 5.h, 

below. 
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In countries in developing regions, there was some evidence that normative data items 

in the two age groups below age 25 were closer to my British norms than those above 

age 25. For example, the pooled Z-score between ages 15 and 24 was -0.59 (95% CI: -

0.85, -0.33) compared to -0.98 (95% CI: -1.15, -0.81) between ages 25 and 44. 

Table 5.g Pooled Z-scores in different age groups in developing regions 

Classification N * Mean Z-score (95% CI) Adjusted R2 
† 

None 19 -0.86 (-0.95, -0.77) - 
     
Age group    4.2% 
< 15 y 5 -0.66 (-0.90, -0.42)  
 15 y and < 25 y 10 -0.59 (-0.85, -0.33)  
 25 y and < 45 y 11 -0.98 (-1.15, -0.81)  
 45 y 14 -0.91 (-1.03, -0.79)  

Results shown are from metaregression models using the 157 normative data items from 
developing countries. The pooled Z-scores for normative data items from each age 
group are shown. 
* N, number of papers in each subgroup. Note each paper could contribute to more than 
one age group and hence the total N across the four subgroups is greater than 19. 
† The adjusted R2 is the proportion of variance between each item of normative data 
explained by the use of age groups as predictor variables. 

In countries in developed regions, the pooled Z-scores across the different age groups 

were similar to my British norms except between ages 15 and 24. Here the pooled Z-

score was considerably above my British norms, at 0.71 (95% CI: 0.58, 0.84). 
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Table 5.h Pooled Z-scores in different age groups in developed regions 

Classification N * Mean Z-score (95% CI) Adjusted R2 
† 

None 44 0.12 ( 0.07,  0.17) - 
     
Age group    14.3% 
< 15 y 12 0.02 (-0.07,  0.11)  
 15 y and < 25 y 23 0.71 ( 0.58,  0.84)  
 25 y and < 45 y 21 0.17 ( 0.06,  0.28)  
 45 y 31 0.00 (-0.07,  0.07)  

Results shown are from metaregression models using the 563 normative data items from 
developed countries. The pooled Z-scores for normative data items from each age group 
are shown. 
* N, number of papers in each subgroup. Note each paper could contribute to more than 
one age group and hence the total N across the four subgroups is greater than 44. 
† The adjusted R2 is the proportion of variance between each item of normative data 
explained by the use of age groups as predictor variables. 
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6. Discussion: findings, strengths and limitations 

6.1 Main findings 

I begin this discussion chapter by summarising the main findings from my thesis. 

6.1.1 Normative data from 12 British studies 

I combined data from 12 general population studies conducted in Great Britain to 

produce normative data for grip strength across the life course. This has shown that grip 

strength increases to a peak in early adult life, and is then followed by a period of broad 

maintenance prior to decline with increasing age.  

This thesis also shows that the strength of males and females is similar until 

adolescence, after which males’ strength increases to a higher peak median of 51kg 

between ages 29 and 39, compared to the peak female median grip of 31kg between 

ages 26 and 42. The prevalence of weak grip strength, defined as strength at least 2.5 

SDs below the gender-specific peak mean, increased sharply with age, reaching 23% in 

males and 27% in females by age 80. 

Sensitivity analyses demonstrated that the normative data produced by this thesis are 

robust to a range of dynamometer types and also to measurement in the seated or 

standing positions. 

These normative data for grip strength will facilitate the study of influences on grip 

strength across the life course and inform the development of future interventions. They 

will help with the clinical interpretation of grip strength measurements, such as by 

helping to establish thresholds of low muscle strength for the identification of 

sarcopenia in clinical practice. I expand on these areas in the next chapter. 
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6.1.2 Normative data from systematic literature review 

I carried out a systematic literature review of published normative data for grip strength 

returning 60 papers, three of which had included two sets of normative data. The 

majority were based in countries in developed regions according to the UN 

classification. The extracted normative data followed the same pattern across the life 

course as my findings from 12 British studies. There was evidence of clear separation 

between papers based in developing and developed regions, with pooled Z-scores of  

-0.86 (95% CI: -0.95, -0.77) from the former and 0.12 (95% CI: 0.07, 0.17) from the 

latter. 

I found that published normative data using different types of dynamometer, as well as 

in the seated and standing positions had acceptably similar pooled Z-score values. This 

was also the case when I grouped papers by reporting of the hand(s) measured and the 

summary used for multiple trials. 

As consensus definitions for sarcopenia are developed, the question of whether a single 

set of normative data for grip strength can be applied across a range of different 

countries is an important one. The additional analyses I undertook of results from 

Europe suggest that in many cases this may be possible, although they also highlight 

how future work in this area would benefit from the use of samples at a national level to 

produce norms for each country. 

6.2 Interpretation of findings 

I now consider the findings from my thesis in more detail. Where possible, I draw 

together findings from both the 12 British studies and the systematic literature review. 

6.2.1 The pattern of grip strength across the life course 

The pattern of grip strength shown by my normative data from 12 British studies is 

similar to the trajectory for a range of physiological measures described as part of the 
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life course framework, with growth to peak and subsequent decline [161]. I also saw 

this pattern across a range of different countries in the results from my systematic 

literature review. This pattern was also shown by Bruce [162] who plotted four sources 

of normative data for grip strength spanning between 1842 and 1990. He shows them on 

a relative scale, with the data from each plotted as a percentage of the peak value from 

that time period. This approach highlights that in the more recent cohorts, the onset of 

age-related decline appears to have occurred later than it does in the historical cohorts. 

I saw some evidence that the mean curve for grip strength that I modelled may have 

underestimated the rate of growth in adolescence and early adulthood. Specifically I 

noted this with regard to the ADNFS study when carrying out dynamometer-specific 

analyses (section 3.4 on page 46) and also from the graph of normative data items’ Z-

scores (Figure 5.d on page 82). This was not seen for all studies included in my British 

norms nor for all papers in my systematic literature search, however. Another 

explanation is therefore that biases in recruitment may have led to selection of taller and 

stronger individuals in the relevant samples. It is recognised that the young adult age 

group may be difficult to recruit to cohort studies, particularly in men [163]. 

I described a period of broad maintenance following growth to peak and preceding age-

related decline. It could be argued that the pattern is more simply growth reaching an 

instantaneous peak before decline. I considered that the fourth decade in men and 

women, when mean grip strength remained unchanged to the nearest whole kg, did 

represent a period of broad maintenance. Nahhas et al. [164] examined trajectories of 

grip strength and chose to model these using a plateau phase where grip was constrained 

to remain constant. They estimated the plateau to begin in the fourth decade and extend 

to age 56 in men and age 50 in women. 

6.2.2 Gender differences in grip strength 

My results from 12 British studies (Figure 3.e, see page 41) showed that males were 

stronger on average than females from adolescence onwards. At age 50, males’ grip 

strength was approximately 1.7 times that of females and that this ratio remained the 



Discussion: findings, strengths and limitations 

96 

same with increasing age. Cooper et al. [69] previously carried out a meta-analysis of 

gender differences in grip strength using five of the studies included in this work 

(NSHD, ELSA, HCS, HAS and LBC1921), covering mean ages 53 to 79 years. They 

reported the gender difference within each study after adjustment for age, height and 

weight. The adjustments likely explain why my findings for the unadjusted difference in 

median grip strength across these ages were similar in pattern but larger in magnitude. 

For example, they reported that men were on average 10kg stronger than women in 

LBC1921 (mean age 79) after adjustments; in comparison, I found a difference in 

median grip strength between men and women at age 80 of 13kg. 

6.2.3 Comparison of my normative data to other published British norms 

My systematic literature review provided an opportunity to compare the mean from my 

normative data from 12 British studies to other published values. My literature search 

returned five such papers and their pooled Z-score suggested they were consistent with 

my findings for mean grip strength, as shown in Table 5.e on page 88.  

The five papers covered all stages of the life course. Cohen et al. [159] reported findings 

from the East of England Healthy Hearts study in childhood and adolescence. Nevill et 

al. [85] used the ADNFS to look at ages from adolescence to old age. Spruit et al. [106] 

reported findings from UK Biobank, between ages 45 and 64. Finally Pearl et al. [160] 

and Skelton et al. [50] used convenience samples across adult ages and in old age, 

respectively. 

When I researched studies for my British norms, I found the ADNFS and accessed data 

from it using the Economic and Social Data Service. I was not aware of the grip 

strength data in UK Biobank and the paper by Spruit et al. [106] was not published until 

after I had produced my centile curves. I was also not aware of the East of England 

Healthy Hearts Study. However the pooled Z-score result for British papers in my 

review suggests that if I had been able to include these additional resources, my centile 

values would be unchanged. 
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6.2.4 Differences in grip strength by country 

I saw clear separation between published normative data from developed and 

developing regions. Published data from developed regions were broadly similar to my 

British norms, whereas those from developing regions were 0.86 SDs lower on average. 

To illustrate this, the pooled Z-score I found for developing regions is equivalent to 

mean grip strength at age 30 of 43 kg in men, as opposed to 51 kg as seen in my 12 

British studies. I saw less marked differences when I investigated the variation of 

pooled Z-scores for countries within the European region. 

There are likely to be multiple factors which are patterned differently between countries 

and that may partly account for the variation observed in mean grip strength values. An 

obvious example is height which is positively associated with grip [165]. I therefore 

explored if there was evidence of an ecological association between average height and 

pooled Z-scores at the country level. I used adult heights for men born in 1950-55 for 

six countries from the European Community Household project [166], a more recent 

Nigerian cohort [167] and an existing compilation of average heights for Brazil and 

India [168]. As shown in Figure 6.a, below, there appeared to be a correlation between 

height and grip strength. 

Figure 6.a Pooled Z-scores for selected countries in relation to average height 

 
For source of average male height values, see preceding text. Pooled Z-scores for grip 
strength from my systematic literature review. 
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It is likely that grip strength and height both reflect a variety of exposures affecting 

growth such as nutrition, genetic and epigenetic factors. Grip strength may additionally 

be influenced by factors affecting body composition, and differences in the patterning of 

these factors may therefore also account for the differences seen between countries. 

An alternative explanation for the country differences is that they relate to sample 

factors. This is of particular relevance for countries where I only had a small number of 

papers available. In this situation a recruitment bias in one paper towards healthier 

individuals could then lead to a higher pooled Z-score for a given country. The secular 

increase in height, and hence likely in grip strength, is also known to be considerable in 

some countries. If included papers tended to sample in the same period from one 

country at younger ages and another country at older ages, this could have led to an 

apparent difference between the pooled Z-scores of the two countries which in fact 

reflects the difference in the age groups used. 

6.2.5 Differences in grip strength by protocol and reporting factors 

From the sensitivity analyses in my British normative data, I conclude that the different 

dynamometers used, namely the Jamar, Smedley, Nottingham electronic, Takei, and 

Harpenden dynamometers, produce acceptably similar normative data, albeit within the 

limits at which measurements were observed using each device (the latter two devices 

being used only in older cohorts and in relatively small numbers of people). I also 

recognise that in these data, it is not possible to unpick the effect of dynamometer from 

other study effects since the two are collinear. My systematic literature review also did 

not find evidence of differences between Jamar, other hydraulic and electronic 

dynamometers. I am not aware of any other studies which have compared the normative 

data obtained from general population samples using different dynamometer types. 

Two of the studies reviewed in the introduction looking at the effect of dynamometer 

type on the measurement value recorded (section 1.4.1, page 10) made comparisons that 

were relevant to the types of dynamometer used in my project on British normative 

data. Amaral et al. [53] compared measurements from the Jamar hydraulic and Takei 
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digital dynamometers among 18 volunteers (eight male and 10 female) at mean age 20 

years. They reported statistically significant differences between the mean values 

observed with the two dynamometers, with the Jamar dynamometer producing values 

which were on average 17% stronger. Guerra et al. [54] compared measurements from 

the Jamar hydraulic and Smedley dynamometers among 55 volunteers (42 women and 

13 men) aged approximately 80 years. They found that the Jamar values were on 

average 3.3kg higher than those from the Smedley in women (mean 12.2kg) and 2.6kg 

higher in men (mean 22.2kg). Overall, it appears that further studies with a greater 

number of participants and across a wider age range would be needed to establish if 

measures taken from the same individual with different dynamometers are comparable 

or not. 

In terms of the position of measurement, my results from both projects show that 

normative data from studies using the seated and standing positions are comparable. In 

my British normative data project, I saw that older individuals who chose not to stand or 

were unable to do so tended to have weaker grip, as would be expected. As described in 

the introduction, three small studies of repeat measurements investigating the role of 

measurement position have also not found evidence of a difference between the seated 

and standing positions [66–68].  

Finally from my systematic review I did not see evidence of difference in grip strength 

by the hand used for measurement, or by whether the mean or maximum was used to 

summarise repeat trials. 

Overall my thesis has not found evidence of differences in grip strength due to 

measurement protocol and reporting. Nevertheless this does not detract from the 

importance of recent calls for standardisation of the measurement of grip strength in 

future data collections [89,169]. 
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6.3 Strengths and limitations 

6.3.1 Normative data from 12 British studies 

The project on normative data from 12 British studies had some limitations. First, my 

data contained a limited range of birth years (at most 32 years) for any given ten year 

age group (see Figure 3.b, page 36). As such I cannot be certain that the relationships 

shown with age do not partly represent cohort effects as demonstrated in a study where 

grip strength had been measured in successive birth cohorts [164]. However, the aim of 

this project was to produce normative data for current use and as such, the recent period 

of data collection (with its associated wide range of birth years) seems appropriate.  

Second, I emphasise that the normative data for grip are cross-sectional and are likely to 

underestimate individual decline in grip strength; the centiles should therefore not be 

used for monitoring individual trajectories of grip strength [105,170,171].  

Third, this project did not consider the potential impact of other recognised 

determinants of grip strength, such as height, on the centile values presented. This could 

be an area for future research, although it would be important to first consider the 

clinical relevance of further stratification of grip strength, as discussed further in section 

7.2.2 on page 107.  

Finally I cannot exclude the possibility that selection and loss-to-follow up biases may 

have influenced my centile values; however I have included a wide range of population 

based studies from different geographical regions of Great Britain and the centile curves 

were robust to the exclusion of any individual study. 

This project also had many strengths. First, I included data from many large general 

population studies in Great Britain resulting in centiles which, for the first time, cover 

all stages of the life course. Second, I used a modelling approach (GAMLSS) which 

allowed grip strength to vary as a smooth function of age and to incorporate any non-

normality in grip (skewness or kurtosis). 
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Third, I conducted extensive sensitivity analyses and demonstrated that the centile 

curves for grip strength are robust to the dynamometer used for measurement and 

differences in the position (seated or standing). Finally, I was able to implement my 

centiles as a reference standard against which to compare values from the published 

literature. 

6.3.2 Normative data from systematic literature review 

The systematic literature review project had some limitations. First in terms of the 

literature search, it is possible that there are other examples of normative data for grip 

strength not published in medical journals, such as in government reports. There are 

also likely to be numerous cohort studies which have measured grip strength but not 

published normative data. However both sources could potentially be time-consuming 

to access in a systematic manner. 

Second, many of the included papers were based on small convenience samples of the 

local area or one facility. This may have led to pooled estimates for some countries 

which were not representative of the population as a whole, although I did use a 

statistical technique, random effects metaregression, which anticipated variance 

between estimates and weighted them according to their standard errors. In future 

studies of different countries, it could be helpful to identify large studies of the general 

population which have measured grip strength and attempt to access the relevant data, 

as I did when producing my British normative data. 

Third, I have not been able to explore to what extent differences in height account for 

the differences in grip strength between regions, as suggested by the ecological plot in 

section 6.2.4 on page 97. This is because the included papers typically did not include 

information on height, especially in a gender- and age-stratified form which would have 

allowed me to include height as an explanatory variable in my analyses. 

This project also had many strengths. I undertook a comprehensive literature search 

which yielded papers on grip strength from all world regions. There was considerable 

variation in how papers reported their normative data, such as the age ranges, 



Discussion: findings, strengths and limitations 

102 

descriptive statistics and units used. To address this, I adopted a thorough approach to 

data management and analysis which allowed me to convert the normative data items 

into a comparable form. 

I used my British norms as a reference, generating Z-scores which allowed me to then 

pool over 700 items of normative data using metaregression analyses. As far as I am 

aware, such an approach has not been used before and this allowed me to investigate 

differences in grip strength between countries. In a similar way as in my project on 

British centiles, I found the differences between normative data items related to 

measurement protocol to be acceptably small. 
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7. Discussion: relevance and future work 

In this chapter, I firstly consider the relevance of this work to our understanding of the 

life course epidemiology of grip strength, including how this work may help to develop 

future interventions across the life course. I then move on to its relevance to the clinical 

care of older people. I finish by discussing future work in these areas. 

7.1 Relevance to the life course epidemiology of grip strength 

The pattern of grip strength across the life course identified in this thesis is similar to 

that proposed in the life course epidemiology framework for a range of physiological 

measures. This is important since it supports the idea that an individual’s grip strength 

increases to a peak in early adult life, prior to entering a period of decline with age. The 

aetiology of weak grip strength in older adults, a key component of sarcopenia and 

frailty, may therefore be viewed in terms of factors influencing growth to peak and the 

timing and rate of decline. 

7.1.1 Associations during growth to peak grip strength 

A range of factors have been associated with grip strength during the periods of growth 

towards, and then broad maintenance of, peak strength. Grip strength is recognised to 

have a heritable component [172] and genes related to the myostatin pathway have been 

linked to knee strength in young men [173]. Growth during foetal life may also 

represent a critical period for subsequent grip strength, as first suggested by the finding 

of a positive association between birth weight abstracted from historical records and 

grip strength at mean age 68 years [41]. A systematic review and meta-analysis of this 

and 12 other studies has shown a mean increase in grip strength of 0.86 kg per 

additional kilogram of birth weight, including adjustment for height which typically 

attenuates but does not fully explain the relationship [1]. One explanation is that 

intrauterine development, assessed using birth weight as a proxy, has lasting effects on 

both muscle quantity and quality. 
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Height and grip strength are correlated, as seen in studies which stratified normative 

data for grip strength into age and height groups: as one would expect, taller individuals 

are stronger on average [52,105,106]. My pooled Z-scores for grip strength suggested a 

similar ecological association at the country level. It is likely on entering adulthood, an 

individual’s height and grip strength share past exposures to a degree such as nutrition.  

I used the data from Understanding Society to explore to what extent an individual’s 

grip strength can be predicted by their height. Specifically, I examined the proportion of 

variance in grip strength at the time of peak in the fourth decade that is explained by a 

linear term for height. I saw positive associations although the proportions of variance 

explained were low: for example, in women a 1cm increase in height was associated 

with a 0.2kg increase in grip strength and the proportion of variance explained was 6%.  

I considered that this high residual variance in grip strength was consistent with other 

differences between height and grip strength. Firstly, in comparison with grip strength, 

peak height is reached at a younger age and the age-related decline in height is slower: 

again, using cross-sectional values from Understanding Society, peak height has been 

reached by age 20 (as opposed to during the fourth decade for grip). The age-related 

decline by age 80 is then only 4% below the peak (as opposed to 38% for grip). 

Secondly, the associations between height and all-cause mortality are less marked than 

those for grip strength [174]. 

I therefore conclude that although there is likely to be some overlap in the determinants 

of adult grip strength and height, these are not the same. I go on to consider whether it is 

necessary to produce height-stratified cut-points for grip strength as part of the clinical 

relevance section 7.2.2 on page 107. 

Finally, there is relatively little known about the role of physical activity and diet in 

relation to the growth to peak grip strength. Cross-sectional relationships show that 

children who are more physically active tend to have stronger grip [45,175]. I am not 

aware of studies that have related diet to peak grip strength, although there is evidence 

that longer duration of breastfeeding is associated with increased lower body explosive 

strength in adolescence, as assessed by standing long jump tests [176]. 
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7.1.2 Associations during the decline in grip strength 

Genetic and early life factors have also been examined in relation to grip strength during 

the decline phase. The HALCyon collaboration did not find an association between 

polymorphisms of the GH/IGF axis and grip strength [177]. Several studies have found 

an association between birth weight and grip strength during the decline phase, as 

described above [1]. Finally longer duration of breastfeeding has been linked to higher 

grip strength in men at mean age 66 in the Hertfordshire Cohort Study [178]. 

Diet and grip strength at mean age 66 have also been investigated cross-sectionally in 

the Hertfordshire Cohort Study. Consumption of fatty fish was found to predict higher 

grip strength in men and women, as was following an overall prudent diet pattern, 

characterised by high consumption of fruit, vegetables and whole-grain cereals as well 

as fatty fish [179].   

The findings so far in this section typically describe an exposure at a single time point in 

relation to grip strength at a single time point; of course in the case of cross-sectional 

studies, both assessments have been made at the same time point. There are also studies 

which have used repeat measures of an exposure, repeat measures of grip strength or 

both to investigate the aetiology of grip strength. For example, in the MRC National 

Survey of Health and Development, a cumulative benefit of increased leisure time 

physical activity across ages 36, 43, 53 and 60-64 has been found for grip strength at 

age 60-64 years [3]. Similarly, participation in sport was associated with a more rapid 

increase in grip strength in early adult life in women in the Fels Longitudinal Study 

[164]. Finally data from the Swedish Adoption/Twin Study of Aging have been used to 

investigate factors associated with decline in grip strength from age 50 onwards: a range 

of associations were found such as a more rapid decline in grip strength among women 

who had previously smoked [180]. 

7.1.3 The development of future interventions 

The life course approach to grip strength described above also has implications for 

future interventions to prevent sarcopenia and frailty. Observational evidence regarding 
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the factors which promote a higher peak, and attenuate the decline of, grip strength has 

the potential to guide intervention strategies. Importantly these interventions can be 

targeted at all stages of the life course. There is recognition that a minor modification of 

risk trajectory as early as at the mother and infant stage has the potential to exert marked 

effects in later life [181]. Such an intervention for future bone health is currently being 

assessed: the Maternal Vitamin D Osteoporosis Study, a trial of vitamin D 

supplementation in pregnancy in relation to the bone mineral content of the infant [182]. 

The normative data in this thesis have the potential to contribute to interventions across 

the life course. In older age, this could be in the form of inclusion criteria in studies 

examining the treatment of sarcopenia and frailty [183]. Across the life course, it could 

assist in the identification of individuals with grip strength below the level expected for 

their age. This would effectively constitute screening and so associated questions would 

follow, such as the ability of grip strength to correctly identify those at risk and the 

availability of an intervention. I return to consider the identification of those at risk in 

the section on future work (7.3) on page 108. 

7.2 Relevance to clinical practice 

7.2.1 Cut-points for grip strength 

The life course trajectory identified for grip strength in this study is similar to the well-

established life course trajectory of bone mineral density (BMD) [47]. This supports the 

use of peak values from early adult life to define cut-offs for weak grip at subsequent 

ages using T-scores. I have used this approach to estimate the prevalence of weak grip 

in the British population based on T-scores of both -2 and -2.5. A T-score of less than or 

equal to -2 has previously been used by Lauretani et al. [100] for grip strength, although 

the prevalence figures for weak strength that they report using this value, especially 

those for men, are considerably higher than those in this thesis. This difference may 

have arisen as in their sample, they include 25 men at ages 20-29 with mean (SD) grip 

61.1 (10.5) kg. The cut-off for weak grip in men is not stated in their paper but I 

presume it is then 40 kg (61.1 less 2 x 10.5) – substantially higher than this thesis’ value 
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(32kg). By fitting centile curves that span all stages of the life course, I hope that I have 

established more informative peak values on which to base T-scores. 

I still found a high prevalence of weak grip strength based on a T-score of -2 or below 

(equivalent to 19kg in females and 32kg in males, or weaker) with almost half of 

participants at or below this level at age 80. It may therefore be that a T-score of -2.5 or 

below (equivalent to 16kg in females and 27kg in males, or weaker) produces a more 

discriminatory cut-off for weak grip – with 23% of males and 27% of females at or 

below this level at age 80.  

It is important that any cut-off values are shown to relate to relevant outcomes. I am 

aware of three studies that have looked at optimal cut-offs for detecting mobility 

disability in a cross-sectional fashion. Lauretani et al. [100] examined the optimum grip 

strength values for detecting slow measured gait speed and self-reported difficulty in 

walking 1 km; they found that grip strength of 30kg in males and 19kg in females 

provided the optimum balance between sensitivity and specificity. Alley et al. [184] 

proposed cut-offs for intermediate and marked levels of grip strength weakness in 

relation to risk of impaired gait speed; they found values of 33 and 26kg, respectively, 

for men and 21 and 16kg, respectively, for women. Sallinen et al. [185] looked at self-

reported difficulties with mobility and found similar overall cut-offs: 37kg in males and 

21kg in females. 

Clearly there is a need to examine similar relationships in a longitudinal fashion if 

individual values of grip strength are to be used as a marker of those at risk of adverse 

outcomes. 

7.2.2 Stratification of grip strength by height 

I did not stratify my normative data from 12 British studies by height and neither did all 

but three of the papers in my systematic literature review. As described in section 7.1.1 

on page 103, grip strength and height are positively correlated and hence the question 

arises: should we assess grip in light of an individual’s height, as well as their age and 

gender?  
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The measurement of height requires additional time which may not always be feasible 

in clinical settings, as well as the need to estimate standing height in those unable to 

stand. Another challenge is the interpretation of height at young and older ages, when an 

individual’s height may partly reflect their stage of growth towards their young adult 

height and the degree of any subsequent decline from this, respectively. 

It is also necessary to consider whether height in combination with grip strength 

provides additional information about an individual’s current health and risk of 

subsequent ill health. In analyses undertaken as part of the Foundation for the National 

Institutes of Health Sarcopenia Project, Alley et al. found that cut-points based on grip 

strength in combination with BMI were more sensitive than grip strength alone for 

detecting mobility impairment in a cross-sectional fashion. However they considered 

the benefit was not sufficient to justify the use of a more complex measure in a clinical 

setting [184]. 

7.3 Future work 

I now discuss possibilities for future work arising from this thesis. I divide these in the 

same way as the previous two sections: firstly by considering future projects on the life 

course epidemiology of grip strength and then those related to clinical practice. 

7.3.1 The life course epidemiology of grip strength 

The normative data presented in this thesis for Great Britain can be used as a reference 

standard against which an individual grip measurement at a given gender and age can be 

compared. This can be done both in terms of a Z-score, capturing the difference 

between the measured value and that expected at the same age and gender, and as a T-

score, capturing the difference between a measured value and the peak mean value for 

the relevant gender.  

Such external comparisons are commonly made in epidemiological studies, for example 

using the Child Growth Foundation standards for weight and height [186]. They assist 
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authors in showing how their sample compares to a national average and also by 

allowing grip strength readings at a range of ages and in both genders to be combined 

for analyses. A future project could therefore be to produce a function in statistical 

software that produces Z- and T-scores for grip strength readings automatically. 

The pooling of grip strength data in my systematic literature review has allowed me to 

investigate differences between countries. In the case of many of the countries, the data 

were drawn from convenience samples over a small geographical area. As such, it 

would not seem appropriate to attempt to produce country-specific reference standards 

from these results. As previously described, an area of future work could involve the 

production of reference data for other countries using large general population samples. 

An example of a potential source of grip strength measurements would be the SHARE 

study which has collected data in ten European countries [187]. 

The majority of both the 12 studies used to produce my British normative data and the 

papers included in my systematic literature review had only measured grip strength on a 

single occasion. This parallels studies which have investigated the determinants of weak 

grip strength and its outcomes, which are again typically based on a single measurement 

of grip strength. 

There is growing interest in using repeat measures of grip strength in order to improve 

our understanding of aetiological factors, including at which stage of the life course they 

exert their main effect. It is possible that an individual’s grip strength trajectory could 

provide more a useful prediction of their subsequent health than a single measure. This 

is supported by the finding that rate of decline in grip strength is associated with 

mortality [16,17]. 

A substantial area of future work is therefore to examine the trajectory of grip strength 

across the life course, with the aim of producing British normative data as I did in a 

cross-sectional manner in this thesis. There are several challenges that would need to be 

overcome in doing this. Firstly, studies with repeat measures across different stages of 

the life course would need to be identified. Additional measurement waves for studies 

such as ELSA which have become available since I accessed the data would be helpful 
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in this regard. A second issue would be to develop the analytical approach to modelling 

the trajectory and describing its findings. The FALCon project has already carried out 

work in this area on trajectories of systolic blood pressure [70,188]. The longitudinal 

analysis of grip strength, including the role of exposures such as physical activity, has 

the potential to contribute valuable information on guidance for a healthy lifestyle at all 

ages [189].  

7.3.2 Clinical practice 

This thesis demonstrates that the measurement of grip strength has been undertaken on a 

large scale in epidemiological studies, suggesting that it is acceptable for research 

participants and data collection teams. I am aware of fewer examples of grip strength 

data collected in clinical settings, particularly among in-patients [29,30,120,190]. The 

clinical setting presents additional challenges such as training and the safe storage of 

equipment. A future area of research would therefore be to explore the translation of 

grip strength measurement into clinical practice. The normative data in this thesis could 

form part of the work, in assisting healthcare professionals with the interpretation of 

measurements.  

I have proposed cut-points for weak grip strength that could be used as a quick way of 

assessing measurements in the clinical setting. As previously described in section 7.2.1 

on page 106, it is important that any cut-points chosen relate to relevant outcomes. 

Existing research in this regard has been conducted in a cross-sectional manner and 

whilst this helps to inform cut-points, it does not address the clinically relevant 

question: what can an older person’s grip strength tell us about their future health? 

In future work, cohort studies with information on relevant outcomes could be used to 

explore the predictive power of grip strength. An example is the Hertfordshire Cohort 

Study, where participants had grip strength measured as part of the baseline clinic. 

Linked records then provide subsequent follow-up for hospital admission and death 

over at least five years [191]. 
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Using studies such as the Hertfordshire Cohort Study, it would be possible to carry out 

analyses such as the area under the receiver operating curve (ROC). This would assess 

the probability that a measurement of grip strength correctly predicts whether an 

individual goes on to experience the outcome of interest. In the future it might be 

possible to develop a web-based tool for the assessment of grip strength in the clinical 

setting, similar to the WHO fracture risk assessment tool (FRAX). 
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8. Conclusions 

In conclusion, I have used existing data from a range of studies conducted in Great 

Britain to produce centile curves for grip strength which cover the entire life course. I 

was able to describe the increase in grip strength to peak in early adult life, a period of 

broad maintenance and then decline.  

I found that published international normative data show a similar pattern of results, but 

with clear differences in the magnitude of grip strength between countries in developing 

and developed regions. 

I used data from 12 British studies and 60 published papers. In keeping with clinical 

practice, both had used a variety of different measurement protocols; sensitivity 

analyses suggested that the results were robust to these differences. 

The findings in this thesis have the potential to inform the clinical assessment of grip 

strength which is recognised as an important part of the identification of people with 

sarcopenia and frailty. 
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Appendices 

Appendix 1 is overleaf. 
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Appendix 1. Z-scores for British grip strength 
observations 

Here I show further results from the Z-scores of the grip strength observations, as 

previously described in section 3.2.3 on page 43. Please note that for consistency, I 

drew the x-axis on all charts between -5 and 5. I therefore excluded the small number of 

observations (n=9) which fell outside this range.  

The Z-scores for all males and all females were both normally distributed with mean 0.0 

and standard deviation 1.0, as shown in the below histograms and table: 

 

Gender N Z-score mean Z-score SD 
Male 28,257 0.0 1.0 
Female 32,546 0.0 1.0 
Total 60,803 0.0 1.0 

 

The Z-scores by study are shown in the table on the next page. The results for males and 

females are combined, except in the case of the SWS mothers and partners. The 

histograms for each study follow the table, shown separately for males and females. 
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Study N Z-score mean Z-score SD 
SWS 1,430 -0.0 1.1
ALSPAC 6,701 -0.0 1.0
USoc 14,678 -0.1 1.0
ADNFS 2,602 0.2 1.0
SWSm 1,563 0.2 1.0
SWSp 1,265 0.4 0.9
T07 2,380 -0.2 1.0
NSHD 4,916 0.1 1.3
ELSA 15,442 -0.0 1.0
HCS 3,626 0.3 0.9
HAS 1,009 -0.1 1.0
LBC1936 1,951 -0.2 0.9
LBC1921 1,069 0.2 1.0
N85 2,171 -0.1 1.0
Total 60803 0.0 1.0

For study abbreviations see Table 2.a on page 19. 

The below histograms and tables show the individual results for each study, with results 

for males and females shown separately. 

SWS  

 
 N Z-score mean Z-score SD 
Male 730 0.0 1.1 
Female 700 -0.1 1.1 
Total 1430 -0.0 1.1 
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ALSPAC 

 
 N Z-score mean Z-score SD 
Male 3290 -0.1 0.9 
Female 3411 0.0 1.0 
Total 6701 -0.0 1.0 

 

USoc 

 
 N Z-score mean Z-score SD 
Male 6461 -0.1 1.0 
Female 8217 -0.1 1.0 
Total 14678 -0.1 1.0 
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ADNFS 

 
 N Z-score mean Z-score SD 
Male 1254 0.2 1.0 
Female 1348 0.1 0.9 
Total 2602 0.2 1.0 

 

SWSm 

 
 N Z-score mean Z-score SD 
Female 1563 0.2 1.0 
Total 1563 0.2 1.0 
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SWSp 

 
 N Z-score mean Z-score SD 
Male 1265 0.4 0.9 
Total 1265 0.4 0.9 

 

T07 

 
 N Z-score mean Z-score SD 
Male 1076 -0.2 0.9 
Female 1304 -0.1 1.0 
Total 2380 -0.2 1.0 
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NSHD 

 
 N Z-score mean Z-score SD 
Male 2411 0.2 1.3 
Female 2505 0.1 1.2 
Total 4916 0.1 1.3 

 

ELSA 

 
 N Z-score mean Z-score SD 
Male 7004 -0.0 1.0 
Female 8438 -0.0 1.0 
Total 15442 -0.0 1.0 
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HCS 

 
 N Z-score mean Z-score SD 
Male 1893 0.3 0.9 
Female 1733 0.3 1.0 
Total 3626 0.3 0.9 

 

HAS 

 
 N Z-score mean Z-score SD 
Male 583 -0.0 1.0 
Female 426 -0.1 1.0 
Total 1009 -0.1 1.0 

  

0
1

00
2

00
3

00

-5 0 5 -5 0 5

Male Female

F
re

q
ue

nc
y

Grip strength Z-score

0
5

0
1

00

-5 0 5 -5 0 5

Male Female

F
re

q
ue

nc
y

Grip strength Z-score



Appendix 1 

124 

LBC1936 

 
 N Z-score mean Z-score SD 
Male 994 -0.2 0.9 
Female 957 -0.2 0.9 
Total 1951 -0.2 0.9 

 

LBC1921 

 
 N Z-score mean Z-score SD 
Male 471 0.3 1.1 
Female 598 0.2 0.9 
Total 1069 0.2 1.0 
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N85 

 
 N Z-score mean Z-score SD 
Male 825 -0.1 1.0 
Female 1346 -0.1 1.0 
Total 2171 -0.1 1.0 
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Appendix 2. Results of sensitivity analyses excluding each 
study in turn 

These are shown on the following two pages. 
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Males 
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The lines represent the 10th, median and 90th centiles  when the study shown is 
excluded. The grey areas show the range produced if the values from the 10th, median 
and 90th centiles in the main results are increased or decreased by 10 per cent. 
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Females 

G
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The lines represent the 10th, median and 90th centiles when the study shown is excluded. 
The grey areas show the range produced if the values from the 10th, median and 90th 
centiles in the main results are increased or decreased by 10 per cent.
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Appendix 3. Result of further sensitivity analysis on age 

 

 

The lines represent the 10th, median and 90th centiles from the sensitivity analysis where 
six months were added to the age of participants from ADNFS, UKHLS and ELSA. The 
grey areas show the range produced if the values from the 10th, median and 90th centiles 
in the main results are increased or decreased by 10 per cent. 
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Appendix 4. Details of extracted studies 

Studies ordered by first author and then by year. C, convenience sample. NS, not specified. Sf, sampling frame used. 
* The age range shown is that for the normative data items that I extracted from each paper. I excluded open-ended age ranges, such as 70+ years. 
† N, the number of individuals with grip strength measurements in the age range specified. These are notably lower than the figures in the 
published papers by Frederiksen et al. and Spruit et al., since in these two studies I chose to extract details for a single height group only. 
‡ In the paper by Frederiksen et al., sample sizes for individual normative data items were not provided. Rather the sample size shown is 
approximated based on the standard deviation and standard error of the sample mean, which were provided for each item. 

Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Aadahl, 2011 
[111] 

Sf Denmark Regional Participants recruited through the Danish Civil 
Registration office across in 11 municipalities in the 
western area of the Capital Region of Denmark. 

Jamar 19 - 72 3453 

Adedoyin, 2009 
[123] 

C Nigeria Facility Participants recruited by advertisement and 
invitations from Obafemi Awolowo University, Ile-
Ife. 

Takei TKK 84466 20 - 69 745 

Ahn, 2013 
[128] 

C Korea, 
Republic of 

Facility Recruited from healthy participants visiting the 
Occupational and Environmental Health Center over 
a 2 month period. 

Camry Electronic  30 - 59 120 

Almuzaini, 2007
[131] 

C Saudi Arabia Local Drawn from three local schools. NS 11 - 19 44 

Backman, 1995 
[117] 

Sf Sweden NS Two sources mentioned in paper; appears 
approached all healthy adults in a small area of 
Linköping. 

Rank Stanley Cox 
strain gauge 

17 - 70 128 
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Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Balogun, 1991 
[91] 

C Nigeria Local Participants were recruited from community 
residential quarters, shopping centers, churches, and 
schools. 

Harpenden 7 - 69 840 

Bear-Lehman, 
2002 
[118] 

C United States Local From 4 preschools in New York City. Jamar 3 - 5 81 

Brennan, 2004 
[138] 

C United States Local Noninstitutionalised women who participated in 
health screenings at one of five community senior 
centers in the state of Connecticut. 

Jamar 60 - 89 104 

Budziareck, 
2008 
[124] 

C Brazil Local Three locations: a hospital, centre for older people 
and a local city square. 

Jamar 18 - 30 100 

Chatterjee, 1991 
[116] 

NS India NS Normal healthy male subjects. Simple handgrip 
dynamometer -INCO 
made in India 

10 - 49 81 

Chuang, 1997 
[132] 

C Taiwan, 
Province of 
China 

Facility From one junior college; participants paid NT$ 50 
(approx 2 US $) for every hour attending session. 

Takei TKK Muscular 
Power Measuring 
Device with digital 
dynamometer 

16 - 20 120 

Cohen, 2010 
[159] 

Sf United 
Kingdom 

Regional 23 state primary and secondary schools in East of 
England Healthy Hearts study. 

Takei T.K.K.5001 Grip 
A 

10 - 15 6683 

Corish, 2003 
[148] 

C Ireland Local Recruited from interest groups for the active retired. Takei 65 - 85 874 
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Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

De Smet, 2001 
[145] 

NS Belgium NS No sample details provided. Jamar 5 - 15 419 

Desrosiers, 1995
[137] 

Sf Canada Local Random sampling (with replacement) from the 
electoral list 

Jamar 60 - 79 240 

Frederiksen, 
2006 
[105] 

Sf Denmark National Participants of three nationwide population-based 
surveys. 

Smedley 45 - 94 2926‡ 

Gunther, 2008 
[119] 

C Germany Regional Volunteers randomly chosen from different locations 
including hospitals, public recreations areas and 
homes for the elderly. 

Baseline digital 
hydraulic dynamometer

20 - 95 769 

Hager-Ross, 
2002 
[49] 

C Sweden Local From 20 randomly chosen day care centres and 
schools in the municipality of Umea. 

Grippit 4 - 16 530 

Hanten, 1999 
[139] 

C United States NS NS. Jamar 20 - 64 1182 

Harkonen, 1993 
[147] 

NS Finland NS Volunteers working in the food and medicine 
industries. 

Jamar 30 - 49 115 

Holm, 2008 
[152] 

C Norway Local Schools in the Oslo area up to 4-5km from hospital 
where study based. 

Jamar 7 - 29 376 

Horowitz, 1997 
[140] 

C United States Local Two Suffolk County, Long Island senior citizen 
community organisations. 

Jamar 70 - 74 47 

Jansen, 2008 
[141] 

C United States Local Recruited from local health fairs, a geriatric primary-
care clinic and senior-citizen community events. 

Jamar 65 - 84 196 
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Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Kallman, 1990 
[142] 

Sf United States Regional Baltimore Longitudinal Study of Ageing Smedley 20 - 89 842 

Kaur (rural), 
2009 
[114] 

NS India Regional Samples of rural Jat (the most prominent caste) 
females from Haryana, North India. 

NS 40 - 70 300 

Kaur (urban), 
2009 
[114] 

NS India Regional Samples of urban Jat(the most prominent caste) 
females from Haryana, North India. 

NS 40 - 70 300 

Keevil, 2013 
[120] 

C Malaysia Facility Patients admitted to Geriatrics Ward of University 
Malaya Medical Centre, Kuala Lumpur 

Jamar 64 - 
100 

80 

Kenny, 2013 
[52] 

Sf Ireland National Nationally representative sample of adults. Baseline 50 - 85 5819 

Lang, 2013 
[121] 

NS Germany Facility All participants from Tuebingen Waldorf School Jamar 3 - 19 869 

Luna-Heredia, 
2005 
[56] 

C Spain Local Workers of the Móstoles Hospital, Madrid, relatives 
of patients visiting the hospital and elderly subjects 
from senior residences in two cities near Madrid. 

Baseline and Grip-D 
(two devices used, 
considered 
exchangeable) 

30 - 84 473 

Massy-Westropp 
(Grippit), 2004 
[57] 

C Australia Local From several sources including a large teaching 
hospital, a high pedestrian-traffic area of a Medical 
Centre and community centres. 

Grippit 18 - 74 362 
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Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Massy-Westropp 
(Jamar), 2004 
[57] 

C Australia Local From several sources including a large teaching 
hospital, a high pedestrian-traffic area of a Medical 
Centre and community centres. 

Jamar 18 - 74 359 

Massy-
Westropp, 2011 
[134] 

Sf Australia Regional Data obtained from the North West Adelaide Health 
Study - random sampling using telephone directory. 
NB Sample size not divided into males and females, 
so total divided by two and split equally across age 
groups. 

Jamar 20 - 69 2629 

Mathiowetz, 
1985 
[143] 

C United States Regional Recruited from shopping centers, fairs, senior citizen 
centers, a rehabiliation center (staff) and a university.

Jamar 20 - 74 577 

Mathiowetz, 
1986 
[48] 

C United States Regional Participants from schools in the seven-county 
Milwaukee area. 

Jamar 6 - 19 471 

Molenaar, 2010 
[63] 

C Netherlands Facility Children from a local primary school. Lode 4 - 12 225 

Montalcini, 
2013 
[149] 

C Italy Facility Healthy university students. Hersteller 19 - 25 335 

Nevill, 2000 
[85] 

Sf United 
Kingdom 

National Random sample of English population with 
subsample having physical appraisal. 

Nottingham electronic 16 - 74 2632 



Appendix 4 

138 

Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Nilsen, 2012 
[153] 

C Norway Local Several settings including shopping malls, 
workplaces and community centres for the elderly in 
the region of Oslo. 

Grippit 20 - 79 498 

Pearl, 1993 
[160] 

C United 
Kingdom 

Facility Subject attending BUPA Health Screening Centre, 
London. Of those over 50, only those who exercised 
regularly completed grip strength assessment. 

NS 20 - 69 16980 

Peolsson, 2001 
[156] 

Sf Sweden Facility Age stratified sample of hospital staff. Jamar 25 - 65 101 

Peters, 2011 
[150] 

C Netherlands Local University, hospital and secondary school personnel, 
homes for the elderly and sports clubs. 

Jamar 20 - 79 614 

Ploegmakers, 
2013 
[151] 

C Netherlands Regional Schools approached in the four northern provinces of 
The Netherlands. 

Jamar 4 - 14 2241 

Puh, 2010 
[155] 

C Slovenia NS Recruited at locations including shopping centres, 
fairs and nursing homes. 

Baseline 20 - 79 199 

Rauch, 2002 
[122] 

NS Germany Regional Participants in the Dortmund Nutritional and 
Anthropometric Longitudinally Designed study. 

Jamar 7 - 18 305 

Ribom, 2011 
[157] 

Sf Sweden Regional MrOS (osteoporotic fractures in men) Sweden cohort 
in Uppsala. 

Jamar 70 - 75 548 
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Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Rodrigues-
Barbosa 
(Barbados), 
2011 
[115] 

Sf Barbados Local Data taken from SABE (Survey on Health, Aging 
and Well Being in Latin America and the 
Caribbean), specifically Bridgetown. 

Takei TK 1201 60 - 79 1119 

Rodrigues-
Barbosa (Cuba), 
2011 
[115] 

Sf Cuba Local Data taken from SABE (Survey on Health, Aging 
and Well Being in Latin America and the 
Caribbean), specifically Havana. 

Takei TK 1201 60 - 79 1425 

Schlussel, 2008 
[125] 

Sf Brazil Local Three stage sampling procedure in the city of 
Niterói. 

Jamar 20 - 69 2802 

Seino, 2014 
[135] 

Sf Japan National Six cohort studies participating in TMIG-LISA 
(Tokyo Metropolitan Institute of Gerontology-
Longitudinal Interdisciplinary Study on Aging). 

Smedley-like 65 - 84 4443 

Sella, 2001 
[144] 

C United States Facility Retrospective analysis of data collected from an 
occupational physician's patients (none had upper 
limb pathology). 

Jamar 10 - 69 860 

Semproli, 2007 
[146] 

C Estonia Local Several schools in Tartu. Takei TKK 5001 6 - 10 461 

Shim, 2013 
[129] 

C Korea, 
Republic of 

Facility Patients visiting a hospital for normal health 
screening visits. 

Jamar 10 - 79 336 



Appendix 4 

140 

Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Skelton, 1994 
[50] 

C United 
Kingdom 

Local Volunteers recruited through local and national 
newspapers to attend Human Performance 
Laboratory in Hampstead, London. 

Takei Kiki Kogyo 
Handgrip mechanical 
dynamometer 

65 - 89 100 

Spruit, 2013 
[106] 

C United 
Kingdom 

National Recruitment via centrally 
coordinated identification and invitation from 
population-based registers (such as those held by the 
NHS) of potentially eligible people living within a 
reasonable travelling distance of an assessment 
centre. 

Jamar 45 - 64 18735 

Tsang, 2005 
[127] 

C China Regional From 22 hospitals and clinics of the Hospital 
Authority in Hong Kong. 

Jamar 21 - 70 544 

Tveter, 2014 
[154] 

C Norway Local Volunteers recruited from a range of work sites, 
schools, community centres for older adults. 

Baseline 18 - 90 370 

Vianna, 2007 
[126] 

C Brazil Facility Those attending a private exercise medicine clinic. Takei Digital Grip 
Dynamometer 

18 - 75 2477 

Wang, 2010 
[108] 

NS Taiwan, 
Province of 
China 

NS Volunteers but source(s) NS. Jamar 60 - 89 176 

Werle, 2009 
[158] 

C Switzerland Local Shopping centres and malls, secondary schools, 
senior sports groups and senior residences. 

Jamar 18 - 84 922 
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Author, year 
Ref 

Type Country Level Sample description Dynamometer Age 
range 
(y)* 

N† 

Wu, 2009 
[133] 

C Taiwan, 
Province of 
China 

National The research team visited universities, mountain 
villages, public parks, markets, community halls, 
churches and temples. Access to volunteers was 
gained through community gatekeepers, district 
nurses, priests, and local community leaders. 

Jamar 20 - 74 435 

Yim, 2003 
[130] 

C Korea, 
Republic of 

Facility Students in an elementary school in Suwon city, 
Korea 

Jamar 7 - 12 712 

Yoshimura, 
2011 
[136] 

Sf Japan National Second wave of a large-scale population cohort 
study: the ROAD study (research on osteoarthritis / 
osteopororis against disability) 

Toei Light handgrip 
dynamometer 

40 - 79 1776 

Studies ordered by first author and then by year. C, convenience sample. NS, not specified. Sf, sampling frame used. 
* The age range shown is that for the normative data items that I extracted from each paper. I excluded open-ended age ranges, such as 70+ years. 
† N, the number of individuals with grip strength measurements in the age range specified. These are notably lower than the figures in the 
published papers by Frederiksen et al. and Spruit et al., since in these two studies I chose to extract details for a single height group only. 
‡ In the paper by Frederiksen et al., sample sizes for individual normative data items were not provided. Rather the sample size shown is 
approximated based on the standard deviation and standard error of the sample mean, which were provided for each item. 
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Appendix 5. Copy of PLoS ONE paper 

This paper [5] is included overleaf. 
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