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Abstract: Hand grip is a leading measure of muscle strength and general health, yet its association with
body shape is not well characterized. Here, we examine correlations between grip strength, a body
shape index (ABSI), and body mass index (BMI) in the 2011–2014 United States National Health and
Nutrition Examination Survey cohorts. Grip strength was found to correlate negatively with ABSI
(though positively with BMI), suggesting that those with a more central body profile tend to be weaker
than others with the same weight. Individuals with low grip strength, as well as those with high ABSI,
were more likely to die during follow up, whereas there was no association of BMI with mortality hazard.
Transforming the grip strength, ABSI, and BMI by taking their logarithm prior to standardization did
not meaningfully change the associations seen. These findings suggest that combining anthropometrics
(ABSI, BMI) with grip strength may better identify individual mortality hazard in research studies and
clinical practice.
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1. Introduction

Indicators of individual health that can be determined conveniently and at low cost [1] continue to
play a central role in epidemiological and clinical assessment of the chronic and degenerative conditions
that cause extensive morbidity and mortality [2]. Here, we consider the association within a population
between two such measures of health, hand grip strength and a body shape index (ABSI), and compare
their value as predictors of mortality hazard.

Grip strength can be measured easily with a portable dynamometer, and provides the most common
single diagnostic measure of muscle strength and performance [3,4]. Grip strength is a marker of health,
and low values have been found to predict fractures, disability, type 2 diabetes, hospital outcomes, all-cause
mortality, cardiovascular and cancer death, and cardiovascular disease [5–12]. Longitudinal decline in grip
strength for an individual is also a strong risk factor for adverse outcomes [13]. A recent review posits that
grip strength is an umbrella assessment of the body systems that contribute to strength capacity and a measure
of muscle strength that is representative of overall health status, and recommends including grip strength
measurement in routine health assessments in clinical and epidemiological settings [14]. In healthy people,
grip strength varies systematically with age and sex, and age and sex specific means and standard deviations
have been published from different countries [15–17].

Grip strength is part of current definitions of sarcopenia, a construct which features low muscle mass
combined with evidence of lack of strength (such as weak grip) [18,19]. Sarcopenia has traditionally been
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considered a manifestation of aging [20], and its progression is accelerated by comorbidities such as cancer,
kidney disease, diabetes, and peripheral artery disease, as well as by poor nutrition and physical inactivity [21].
Sarcopenia is a strong risk factor for cardiometabolic and all-cause mortality as well as disability [22,23],
and can to some extent be reversed with load-bearing exercise and dietary interventions [24,25] that can
increase muscle mass and strength [26]. Low grip strength is also a marker of frailty [27] and malnutrition [28].
Although most prospective studies that quantified the impact of low grip strength on mortality risk have
been of older adults [29], a number of large studies have also found higher risk associated with low grip
strength measured at adolescence through middle age, for example in Swedish conscripts [30], nearly half a
million participants in the British Biobank [31], and the multinational Prospective Urban-Rural Epidemiology
(PURE) cohort [32]. Grip strength in youth also shows a strongly positive association with bone mineral
content, which in turn has a strong inverse association with future fracture risk [33]. The genomics of muscle
weakness are a subject of current investigations, and selected loci associated with lean tissue mass contribute
to variability in effects of weight loss diets [34,35].

Sarcopenia, as well as cardiometabolic risk factors, is known to be associated with high waist
circumference (WC) [23]. ABSI normalizes WC to body size (weight and height), analogous to body
mass index (BMI) which normalizes weight (W) for height (H). ABSI is statistically independent of BMI,
whereas variability in non-normalized WC is mostly explainable by BMI [36,37]. While the association
of grip strength specifically with ABSI has not been studied in detail, there has been some research
on association of muscle strength and sarcopenia with ABSI. Tay et al. [38] found that in functionally
independent older adults, ABSI was higher in subjects with sarcopenia. Tay et al. [39] found that in
community-dwelling older adults with mild cognitive impairment and mild to moderate Alzheimer’s
disease, ABSI was not significantly different across categories of sarcopenia status. In both studies,
the definition of sarcopenia included weak grip strength or slow gait speed as measures of strength, as well
as low muscle mass from dual-energy X-ray absorptiometry (DEXA). In another study, ABSI was found
to be inversely associated with DEXA-measured lean mass, independent of BMI [40]. Chung et al. [41]
found that in a large national population sample, the Z-score of log-transformed ABSI was associated with
both sarcopenic obesity and cardiovascular disease. Logarithmic transformation has been advocated for
ABSI on the grounds that it might be expected to make the distribution of always-positive measures more
normal [41–44].

This previous work shows low grip strength to be a well established risk factor for mortality and
illness, while high ABSI is an emerging risk factor that has also been widely studied [45]. ABSI is derived
from simple anthropometric measurements, making it a convenient clinical tool, and is known to be
related to body composition, with high ABSI correlating to more abdominal fat and less limb lean mass.
To what extent this difference in body composition also represents a difference in dynamic function, e.g., as
measured by grip strength, has not been determined. The association with grip strength of ABSI, which
quantifies body shape, can be compared and contrasted with that of BMI, a better established measure that
quantifies body size. Additionally, how logarithmic transformation of ABSI and other always-positive
quantities (which would include BMI and grip strength) affects their association with each other and with
mortality hazard has not been studied. Considering these associations in a general population sample is a
logical first step before considering how they might vary in subpopulations who may be at higher risk for
sarcopenia or related conditions.

Based on these considerations, we examine the association between grip strength and ABSI, as well as
BMI, in a national population examination sample. We also evaluate the relationship between grip strength
and ABSI, on the one hand, and mortality over follow-up, on the other hand. Additionally, we consider
whether log-transforming ABSI and the other anthropometric variables improves their associations with
each other and with mortality.
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2. Methods

2.1. Data

The United States (USA) National Health and Nutrition Examination Survey (NHANES) has been
sampling the civilian non-institutionalized USA population since the 1970s using a cluster approach.
Some groups of public health interest (children, the elderly, black and Mexican-American people) are
deliberately oversampled. We analyzed the 2011–2012 and 2013–2014 NHANES cohorts, for which
grip strength was measured using a Takei digital handgrip dynamometer (Takei Scientific Instruments,
Shinagawa-Ku, Tokyo, Japan) [46]. A trained examiner explained and demonstrated the protocol to the
participant, adjusted the dynamometer to the participant’s hand size, and asked the participant to squeeze
the dynamometer for a practice trial. After the practice, the participant was asked to use one hand to
squeeze the dynamometer as hard as possible. The test was then repeated for the other hand. Each hand
was tested three times, alternating hands between trials, with a 60-s rest between measurements on the
same hand [47]. We used the combined grip strength, defined as the sum of the largest readings from each
hand. This was not available for participants only measured on one hand, who were therefore excluded
from our analysis. Mortality outcomes for adult subjects were available from the National Center for
Health Statistics through 2015 (1–5 years of follow-up, median: 3 years). We analyzed NHANES 2011–2014
data for all nonpregnant adults (age 18 and over) with the required measurements (including weight, WC,
and grip strength) and mortality follow-up.

The protocol for NHANES has been approved by the National Center for Health Statistics Research
Ethics Review Board as consistent with the Declaration of Helsinki. Ethics approval was not needed for
the current study because only anonymized, public-use data from NHANES (https://www.cdc.gov/nchs/
nhanes/index.htm) is employed.

2.2. Standardized Anthropometrics and Grip Strength

Anthropometric indices were calculated as follows [36,48]:

BMI ≡ W · H−2, (1)

ABSI ≡ WC · H5/6 · W−2/3, (2)

where W designates weight, H height, and WC waist circumference.
The anthropometric index values for the NHANES cohorts are converted to Z scores by subtracting

the smoothed age and sex specific mean and dividing by the standard deviation [49], thus following the
general formula:

Z-score ≡ value − mean
std. dev.

. (3)

Grip strength was converted to a Z score following the same process. These standardized values
are referred to below as BMI, ABSI, Grip respectively. As an alternative, log-transformed Z scores were
computed by taking the natural logarithm of BMI, ABSI, and grip strength before standardizing by the
respective means and standard deviations of the logarithms [41]. These are referred to below as lBMI,
lABSI, lGRIP respectively.

In all cases, means and variances (squared standard deviations) used in the Z score transformation
were computed (for males and females separately) for each age, then smoothed across ages using a cubic
spline with 4 degrees of freedom. An alternative specification of the smoothing cubic spline, where the
number of degrees of freedom were set by minimizing a generalized cross-validation function, was also
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tried, and resulted in almost identical results for the correlations between anthropomorphic measures, grip
strength, and mortality.

2.3. Relating Anthropometrics, Grip Strength, And Mortality Hazard

Grip strength Z score was regressed against BMI and ABSI Z scores as potential linear or nonlinear
predictors and visualized using scatterplots. The nonlinear model used was a locally weighted polynomial
(LOESS) smoother [50], which is widely used for visualizing nonparametric associations in scatterplot
data because it combines the simplicity of linear regression with the flexibility of general nonlinear
regression [51]. To better understand the relationship between BMI, ABSI, and grip strength in the
NHANES population, we also show and discuss the correlation coefficients between them. This was
repeated for the Z scores of the log-transformed BMI, ABSI, and grip strength.

The considered mortality predictors in Cox proportional hazard modeling [52] were the anthropometric
index and muscle strength Z scores (BMI, ABSI, Grip) or the Z scores of their logarithms (lBMI, lABSI,
lGrip). In line with previous analyses of NHANES [49,53], each mortality prediction model also included
sex. Ethnicity was not included as a predictor since preliminary investigation showed that it did not have a
significant association with mortality. Age was implicitly included, being the timescale in the Cox model [36].
The model for BMI as a linear predictor, for example, took the following form:

λi = λ0(ti) exp(β0si + β1BMIi), (4)

where the subscript i refers to any one of the participants, λ is the estimated mortality hazard, λ0 is the
baseline mortality hazard that is an arbitrary function of age t, s is a binary variable designating sex as male
or female, BMI is BMI Z score, and β0, β1 are fitted coefficients. A model with BMI as a nonlinear predictor
could use a penalized spline basis to parameterize a more complicated function of BMI [36,54]; however,
it turned out that nonlinear terms in the fitted spline (for the model with BMI as well as analogous ones
with ABSI and Grip) were not different from zero with low p value, so only results for linear models such
as Equation (4) are tabulated below.

As in Krakauer and Krakauer [49], the main measure of relative model performance was Akaike
information criterion (AIC) difference score, ∆i. For the best-performing model (with lowest AIC) ∆i = 0,
while other models have positive ∆i [55]. ∆i > 6 indicated models that perform significantly worse
than the best-performing model (at the 95% confidence level) as mortality predictors for the sampled
population [56]. We also calculated R2 values, denoting the proportion of variation in mortality explained
by the predictors of each model, so that higher R2 suggests a model with greater explanatory power [57].
Another measure of model mortality-prediction performance considered was concordance (C), defined as
the fraction of pairs of individuals in the sample for which the one modeled to be at greater risk actually
died sooner [54]. Concordance ranges from 0 to 1, with 0.5 the expected value for models with no skill and
higher values indicating models that are more skillful at explaining variation in survival.

All computations were carried out in R software. Scatterplot LOESS smoothing used the loess
function in the stats package. Smoothing cubic splines for computing Z scores used the pspline package.
Proportional hazard modeling used the survival package [54].

3. Results

Out of 19931 NHANES 2011-2014 participants, 11977 were adults, and 9803 met the criteria to be
included in the current analysis. Of these 9803 individuals, 50% were male, and the median age at
examination was 46 (interquartile range: 31–61). Ethnicity was coded as 12% Mexican, 9% Other Hispanic,
40% White, 23% Black, 12% Asian, 3% Other. Median height was 174 cm for males and 161 cm for females,
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median weight was 83 kg for males and 72 kg for females, and median BMI was 27.3 for males and 27.9 for
females. There were 256 deaths over the follow-up period.

Table 1 shows the correlation coefficients among ABSI, BMI, and Grip Z scores, without and with
logarithmic transformation. ABSI was uncorrelated with BMI. With grip strength, ABSI had a negative
correlation and BMI had a positive correlation, both of similar magnitude (around 0.2), implying that
people with high BMI and low ABSI tended to have stronger grip. The Z scores after transformation were
very highly correlated with the respective non-transformed measures (r > 0.95), and had very similar
associations with each other as the non-transformed measures.

Table 1. Correlations of body and strength measures.

ABSI BMI Grip lABSI lBMI lGrip

ABSI 0.00 −0.19 1.00 0.00 −0.20
BMI 0.21 0.00 0.99 0.20
Grip −0.18 0.23 0.96
lABSI 0.00 −0.19
lBMI 0.22
lGrip

Correlation coefficients for body and strength measures (Z scores relative to age-, race-, and sex-specific
means, without or with logarithmic transformation) among NHANES 2011–2014 nonpregnant adults.
ABSI = a body shape index, BMI = body mass index, Grip = hand grip strength. Prefixed l refers to logarithmic
transformation prior to computing Z score.

Indeed, the association of Grip with ABSI is linear and inverse, with each standard deviation
increase in ABSI associated with a 0.18±0.01 standard deviation decrease in grip strength (Figure 1a).
The association of Grip with BMI is in the opposite direction, with some nonlinearity: at lower than
average BMI, each standard deviation increase raises grip strength by as much as 0.6 standard deviations,
but grip strength levels off as BMI rises in the morbid obesity range (Figure 1b).

ABSI was a significant linear predictor of mortality, while BMI was not. Grip strength was an even
better linear predictor of mortality than ABSI. The log-transformed lABSI, lBMI, lGrip predictors had very
similar skill for mortality prediction as the non-transformed ones (Table 2). Allowing potential nonlinear
associations using penalized spline models showed that the association of ABSI and Grip with mortality
hazard was best modeled as linear, while for BMI there was no significant nonlinear relationship either
with mortality hazard.

Table 2. Mortality hazard association with body and strength measures.

Predictor Hazard Ratio per SD Increase ∆i R2 C

ABSI 1.25 (1.10–1.41) 48.6 0.055 0.594
BMI 1.04 (0.91–1.18) 60.2 0.028 0.554
Grip 0.60 (0.53–0.68) 0 0.165 0.660
lABSI 1.25 (1.10–1.42) 48.4 0.055 0.594
lBMI 1.01 (0.88–1.14) 60.4 0.027 0.554
lGrip 0.64 (0.58–0.71) 2.6 0.159 0.659
None 58.4 0.027 0.553

Results of Cox proportional hazard modeling for mortality risk in NHANES 2011-2014 with BMI, ABSI, or Grip Z
scores (or the Z scores of their log transformations, lBMI, lABSI, lGRIP) taken as linear predictors. All models also
included sex as a predictor. Ranges in parentheses are 95% confidence intervals for the hazard ratio. ABSI = a body
shape index, BMI = body mass index, Grip = hand grip strength. Prefixed l refers to logarithmic transformation.
SD = standard deviation; ∆i = Akaike information criterion score difference relative to the best performing model
shown (see Methods for details); R2 = measure of explained variation; C = concordance.
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Figure 2 illustrates the associations found between ABSI and grip strength Z score and mortality
hazard. Adjusting for age and sex, the logarithm of mortality hazard increases linearly with ABSI and
decreases linearly with grip strength.

(a)
|

(b)

Figure 1. Grip strength versus (a) ABSI and (b) BMI Z score in NHANES 2011–2014. The dashed black
line shows the least-squares linear fit. The solid blue line shows a local polynomial (LOESS) fit, with the
shading indicating a 95% confidence interval for the fit. The axis box and whisker plots show the marginal
distributions. ABSI = a body shape index, BMI = body mass index, Grip = hand grip strength.
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(a)

(b)

Figure 2. Estimated mortality hazard ratio in NHANES 2011–2014 as a linear functions of (a) ABSI, (b) Grip
Z score. Dashed lines indicate 95% confidence intervals. Percentiles are based on the NHANES 2011–2014
cohort. ABSI = a body shape index, Grip = hand grip strength.
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4. Discussion

4.1. Correlation of Grip Strength and Anthropometrics

The public access NHANES data analyzed here include both anthropometric and hand grip strength
measurements in a national sample of near 10,000 people. Medium term mortality from 1–5 years of follow-up
allowed for comparison of hazards for simultaneously determined transformations of the baseline measures.
Hand grip can be seen directly reflecting pathophysiology with influence on longevity. Anthropometrics
would be more indirectly determined by underlying pathophysiology. For example, high ABSI can be
associated with loss of skeletal mass from the extremities in sarcopenia [40,41]. The current study is the first
to describe the negative association of ABSI with grip strength, as well as finding a nonlinear (i.e., leveling off
with morbid obesity) positive association of grip strength with BMI.

ABSI and BMI are conceptually related as allometric adjustments of, respectively, weight for height
and WC for weight and height, and are meant as complementary rather than alternative measurements.
The current analysis attests near zero correlation of BMI to ABSI Z scores, without or with log transformation.
The statistical independence criteria here are consistent with the initial derivation of ABSI from a larger
NHANES 1999–2004 population sample [36]. We suggest that applications of ABSI in other populations
should include assessing the correlation with BMI. When nearly independent, it is appropriate to accept ABSI
as a body shape index that complements body size as indicated by BMI.

After Z score transformation, the magnitude of the correlations of grip strength with ABSI and
BMI was about 0.2, meaning that most variability in grip strength could not be accounted for by these
simple anthropometrics. This correlation magnitude is similar to that previously found between ABSI and
MS score [53], and manifests in the extensive scatter depicted in Figure 1. We tentatively interpret this
relatively low correlation as indicating that grip strength on the one hand and ABSI and BMI on the other
measure different, though overlapping, aspects of health, and may have differing metabolic and genetic
correlates. Note that higher correlations of 0.7–0.8 have been reported between hand circumference and
grip strength [58], and correlations between grip strength and knee extension strength, as a measure of
lower body strength, are similarly high [59].

4.2. Associations with Mortality Hazard

The mortality hazard evaluation result is compatible with the relationship with mortality that has
been previously described for grip strength. Mortality hazard for ABSI and BMI have also been previously
described and connected with abdominal obesity as conceptualized by metabolic syndrome (MS). In fact,
including ABSI in place of WC or BMI optimized mortality prediction with MS scoring [53].

The current data provide the first direct comparison of mortality hazard with grip strength together
with ABSI and BMI. The current findings show that strength testing improves predictive power for
mortality hazard beyond simple anthropometrics and thus provide support for its widespread inclusion in
clinical assessment.

4.3. Logarithmic Transformation for Anthropometrics and Grip Strength

The current analysis is also the first to compare the inter-correlation and predictive power for mortality
of Z scores based on the original definition of ABSI (as well as BMI and grip strength) versus ones based
on the logarithm of ABSI (or the other measures). In addition to being advocated for ABSI, such log
transformation has been considered for regression analyses for variables such as BMI to reduce skewness
and improve normality [60–63]. We found that such transformations do not improve predictive power.
Especially for ABSI, the range of values is quite narrow, so that logarithmic transformation typically has
little effect on the Z scores. Even for BMI and grip strength, where the range of population values is
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larger and the distribution is thus more skewed to the right, logarithmic transformation was found not to
improve association with mortality hazard. Based on our findings, we postulate that ABSI Z score with or
without logarithmic transformation will have very similar associations with adverse outcomes, including
mortality. This is subject to verification with other cohorts and outcomes.

4.4. Strengths and Limitations

Strengths of the current study include using a large nationally representative population sample that
enabled fairly precise determination of the associations between BMI, ABSI, and grip strength. Limitations
include the limited number of deaths due to short follow-up (which may explain lack of significant
association of mortality hazard with BMI in this study, unlike other studies which show a U-shaped
nonlinear association), lack of DEXA body composition (which is available for some earlier NHANES
cohorts [64,65]) to correlate with anthropometrics and grip strength, and lack of hip measurements, which
form another potential anthropometric mortality predictor [49] and which could also be investigated for
associations with grip strength and sarcopenia. We also considered a general adult population, and did
not specifically quantify interactions of the associations we found with risk factors and comorbidities;
additional studies could help verify the generalizability of our results to the disproportionately older
populations with acute or chronic conditions who are most vulnerable to sarcopenia and frailty.

5. Conclusions

We demonstrate the expected statistical independence of ABSI and BMI and the predictive value of
ABSI for grip strength in a well characterized population sample. The relationships hold after Z score
transformations for sex and age, with little advantage accruing from log transforming the data. Subsequent
mortality was most strongly associated with low grip strength, as well as with elevated ABSI. Combining
basic anthropometrics with grip strength may better identify meaningful individual mortality hazard in
research studies and clinical practice.

Author Contributions: Conceptualization, methodology, original draft preparation, review and editing: N.Y.K. and
J.C.K. Data curation, software, formal analysis, visualization: N.Y.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Krakauer, N.Y.; Krakauer, J.C. Expansion of waist circumference in medical literature: Potential clinical
application of a body shape index. J. Obes. Weight Loss Ther. 2014, 4, 216. [CrossRef]

2. Manton, K.G. The global impact of noncommunicable diseases: Estimates and projections. World Health Stat. Q
1988, 41, 255–66.

3. Innes, E. Handgrip strength testing: A review of the literature. Aust. Occup. Ther. J. 1999, 46, 120–140. [CrossRef]
4. Stevens, P.J.; Syddall, H.E.; Patel, H.P.; Martin, H.J.; Cooper, C.; Aihie Sayer, A. Is grip strength a good marker

of physical performance among community-dwelling older people? J. Nutr. Health Aging 2012, 16, 769–774.
[CrossRef]

5. Li, J.J.; Wittert, G.A.; Vincent, A.; Atlantis, E.; Shi, Z.; Appleton, S.L.; Hill, C.L.; Jenkins, A.J.; Januszewski, A.S.;
Adams, R.J. Muscle grip strength predicts incident type 2 diabetes: Population-based cohort study. Metabolism
2016, 65, 883–892. [CrossRef]

6. Wu, Y.; Wang, W.; Liu, T.; Zhang, D. Association of grip strength with risk of all-cause mortality, cardiovascular
diseases, and cancer in community-dwelling populations: A meta-analysis of prospective cohort studies. J. Am.
Med. Dir. Assoc. 2017, 18, 551.e17–551.e35. [CrossRef] [PubMed]

http://dx.doi.org/10.4172/2165-7904.1000216
http://dx.doi.org/10.1046/j.1440-1630.1999.00182.x
http://dx.doi.org/10.1007/s12603-012-0388-2
http://dx.doi.org/10.1016/j.metabol.2016.03.011
http://dx.doi.org/10.1016/j.jamda.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28549705


Int. J. Environ. Res. Public Health 2020, 17, 6797 10 of 12

7. Jeong, M.; Kang, H.K.; Song, P.; Park, H.K.; Jung, H.; Lee, S.S.; Koo, H.K. Hand grip strength in patients with
chronic obstructive pulmonary disease. Int. J. Chronic Obstr. Pulm. Dis. 2017, 12, 2385–2390. [CrossRef]

8. Lera, L.; Albala, C.; Leyton, B.; Márquez, C.; Angel, B.; Saguez, R.; Sánchez, H. Reference values of hand-grip
dynamometry and the relationship between low strength and mortality in older Chileans. Clin. Interv. Aging
2018, 13, 317–324. [CrossRef]

9. Celis-Morales, C.A.; Welsh, P.; Lyall, D.M.; Steell, L.; Petermann, F.; Anderson, J.; Iliodromiti, S.; Sillars, A.;
Graham, N.; Mackay, D.F.; et al. Associations of grip strength with cardiovascular, respiratory, and cancer
outcomes and all cause mortality: Prospective cohort study of half a million UK Biobank participants. BMJ 2018,
361, doi:10.1136/bmj.k1651. [CrossRef]

10. Brown, E.C.; Buchan, D.S.; Madi, S.A.; Gordon, B.N.; Drignei, D. Grip strength cut points for diabetes risk among
apparently healthy U.S. adults. Am. J. Prev. Med. 2020, 58, 757–765. [CrossRef]

11. Jarrett, H.; Basyal, B.; Nelson, P.; Gupta, N.; Taylor, A. A prospective study of hand-grip strength and outcomes in a
cardiovascular intensive care unit. J. Am. Coll. Cardiol. 2020, 75, 2000. [CrossRef]

12. Soysal, P.; Hurst, C.; Demurtas, J.; Firth, J.; Howden, R.; Yang, L.; Tully, M.A.; Koyanagi, A.; Ilie, P.C.;
López-Sánchez, G.F.; et al. Handgrip strength and health outcomes: Umbrella review of systematic reviews with
meta-analyses of observational studies. J. Sport Health Sci. 2020. [CrossRef] [PubMed]

13. Syddall, H.E.; Westbury, L.D.; Dodds, R.; Dennison, E.; Cooper, C.; Sayer, A.A. Mortality in the Hertfordshire
Ageing Study: Association with level and loss of hand grip strength in later life. Age Ageing 2016, 46, 407–412.
[CrossRef]

14. McGrath, R.; Johnson, N.; Klawitter, L.; Mahoney, S.; Trautman, K.; Carlson, C.; Rockstad, E.; Hackney, K.J. What
are the association patterns between handgrip strength and adverse health conditions? A topical review. SAGE
Open Med. 2020, 8, 205031212091035. [CrossRef] [PubMed]

15. Norman, K.; Stobäus, N.; Gonzalez, M.C.; Schulzke, J.D.; Pirlich, M. Hand grip strength: Outcome predictor and
marker of nutritional status. Clin. Nutr. 2011, 30, 135–142. [CrossRef]

16. Bohannon, R.W. Muscle strength: Clinical and prognostic value of hand-grip dynamometry. Curr. Opin. Clin.
Nutr. Metab. Care 2015, 18, 465–470. [CrossRef]

17. Dodds, R.M.; Syddall, H.E.; Cooper, R.; Kuh, D.; Cooper, C.; Sayer, A.A. Global variation in grip strength:
A systematic review and meta-analysis of normative data. Age Ageing 2016, 45, 209–216. [CrossRef]

18. Woo, J.; Leung, J.; Morley, J. Defining sarcopenia in terms of incident adverse outcomes. J. Am. Med. Dir. Assoc.
2015, 16, 247–252. [CrossRef]

19. Chen, L.K.; Woo, J.; Assantachai, P.; Auyeung, T.W.; Chou, M.Y.; Iijima, K.; Jang, H.C.; Kang, L.; Kim, M.; Kim,
S.; et al. Asian Working Group for Sarcopenia: 2019 Consensus Update on Sarcopenia Diagnosis and Treatment.
J. Am. Med. Dir. Assoc. 2020, 21, 300–307.e2. [CrossRef]

20. Di Iorio, A.; Abate, M.; Di Renzo, D.; Russolillo, A.; Battaglini, C.; Ripari, P.; Saggini, R.; Paganelli, R.; Abate, G.
Sarcopenia: Age-related skeletal muscle changes from determinants to physical disability. Int. J. Immunopathol.
Pharmacol. 2006, 19, 703–719. [CrossRef]

21. Buford, T.W.; Anton, S.D.; Judge, A.R.; Marzetti, E.; Wohlgemuth, S.E.; Carter, C.S.; Leeuwenburgh, C.; Pahor, M.;
Manini, T.M. Models of accelerated sarcopenia: Critical pieces for solving the puzzle of age-related muscle
atrophy. Ageing Res. Rev. 2010, 9, 369–383. [CrossRef] [PubMed]

22. Krakauer, J.C.; Franklin, B.; Kleerekoper, M.; Karlsson, M.; Levine, J.A. Body composition profiles derived from
dual-energy X-ray absorptiometry, total body scan, and mortality. Prev. Cardiol. 2004, 7, 109–115. [CrossRef]
[PubMed]

23. Park, S.H.; Park, J.H.; Park, H.Y.; Jang, H.J.; Kim, H.K.; Park, J.; Shin, K.J.; Lee, J.G.; Moon, Y.S. Additional role of
sarcopenia to waist circumference in predicting the odds of metabolic syndrome. Clin. Nutr. 2013. [CrossRef]
[PubMed]

24. Morley, J.E.; Baumgartner, R.N.; Roubenoff, R.; Mayer, J.; Nair, K. Sarcopenia. J. Lab. Clin. Med. 2001, 137,
231–243. [CrossRef]

25. Gianoudis, J.; Bailey, C.A.; Daly, R.M. Associations between sedentary behaviour and body composition, muscle
function and sarcopenia in community-dwelling older adults. Osteoporos. Int. 2014. [CrossRef]

http://dx.doi.org/10.2147/COPD.S140915
http://dx.doi.org/10.2147/CIA.S152946
http://dx.doi.org/10.1136/bmj.k1651
http://dx.doi.org/10.1016/j.amepre.2020.01.016
http://dx.doi.org/10.1016/S0735-1097(20)32627-9
http://dx.doi.org/10.1016/j.jshs.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32565244
http://dx.doi.org/10.1093/ageing/afw222
http://dx.doi.org/10.1177/2050312120910358
http://www.ncbi.nlm.nih.gov/pubmed/32166029
http://dx.doi.org/10.1016/j.clnu.2010.09.010
http://dx.doi.org/10.1097/MCO.0000000000000202
http://dx.doi.org/10.1093/ageing/afv192
http://dx.doi.org/10.1016/j.jamda.2014.11.013
http://dx.doi.org/10.1016/j.jamda.2019.12.012
http://dx.doi.org/10.1177/039463200601900401
http://dx.doi.org/10.1016/j.arr.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20438881
http://dx.doi.org/10.1111/j.1520-037X.2004.3326.x
http://www.ncbi.nlm.nih.gov/pubmed/15249762
http://dx.doi.org/10.1016/j.clnu.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24074549
http://dx.doi.org/10.1067/mlc.2001.113504
http://dx.doi.org/10.1007/s00198-014-2895-y


Int. J. Environ. Res. Public Health 2020, 17, 6797 11 of 12

26. Roubenoff, R. Sarcopenia: Effects on body composition and function. J. Gerontol. Ser. A Biol. Sci. Med Sci. 2003,
58, M1012–M1017. [CrossRef]

27. Chainani, V.; Shaharyar, S.; Dave, K.; Choksi, V.; Ravindranathan, S.; Hanno, R.; Jamal, O.; Abdo, A.; Abi Rafeh, N.
Objective measures of the frailty syndrome (hand grip strength and gait speed) and cardiovascular mortality:
A systematic review. Int. J. Cardiol. 2016, 215, 487–493. [CrossRef] [PubMed]

28. Contreras-Bolívar, V.; Sánchez-Torralvo, F.J.; Ruiz-Vico, M.; González-Almendros, I.; Barrios, M.; Padín, S.;
Alba, E.; Olveira, G. GLIM criteria using hand grip strength adequately predict six-month mortality in cancer
inpatients. Nutrients 2019, 11, 2043. [CrossRef]

29. Tian, S.; Xu, Y. Association of sarcopenic obesity with the risk of all-cause mortality: A meta-analysis of
prospective cohort studies. Geriatr. Gerontol. Int. 2015, 16, 155–166. [CrossRef]

30. Timpka, S.; Petersson, I.F.; Zhou, C.; Englund, M. Muscle strength in adolescent men and risk of cardiovascular
disease events and mortality in middle age: A prospective cohort study. BMC Med. 2014, 12. [CrossRef]

31. Celis-Morales, C.A.; Lyall, D.M.; Anderson, J.; Iliodromiti, S.; Fan, Y.; Ntuk, U.E.; Mackay, D.F.; Pell, J.P.; Sattar, N.;
Gill, J.M. The association between physical activity and risk of mortality is modulated by grip strength and
cardiorespiratory fitness: Evidence from 498 135 UK-Biobank participants. Eur. Heart J. 2017, 38, 116–122.
[CrossRef] [PubMed]

32. Leong, D.P.; Teo, K.K.; Rangarajan, S.; Lopez-Jaramillo, P.; Avezum, A.; Orlandini, A.; Seron, P.; Ahmed, S.H.;
Rosengren, A.; Kelishadi, R.; et al. Prognostic value of grip strength: Findings from the Prospective Urban Rural
Epidemiology (PURE) study. Lancet 2015, 386, 266–273. [CrossRef]

33. Saint-Maurice, P.F.; Laurson, K.; Welk, G.J.; Eisenmann, J.; Gracia-Marco, L.; Artero, E.G.; Ortega, F.; Ruiz, J.R.;
Moreno, L.A.; Vicente-Rodriguez, G.; et al. Grip strength cutpoints for youth based on a clinically relevant bone
health outcome. Arch. Osteoporos. 2018, 13. [CrossRef] [PubMed]

34. Jones, G.; Trajanoska, K.; Santanasto, A.J.; Stringa, N.; Kuo, C.L.; Atkins, J.L.; Lewis, J.R.; Duong, T.; Hong, S.;
Biggs, M.L.; et al. Genome-wide meta-analysis of muscle weakness identifies 15 susceptibility loci in older men
and women. medRxiv 2020. [CrossRef]

35. Li, X.; Zhou, T.; Ma, H.; Heianza, Y.; Champagne, C.M.; Williamson, D.A.; Bray, G.A.; Sacks, F.M.; Qi, L. Genetic
variation of lean body mass, changes of appetite, and weight loss in response to diet interventions: The POUNDS
Lost trial. Diabetes Obes. Metab. 2020. [CrossRef]

36. Krakauer, N.Y.; Krakauer, J.C. A new body shape index predicts mortality hazard independently of body mass
index. PLoS ONE 2012, 7, e39504. [CrossRef]

37. Christakoudi, S.; Tsilidis, K.K.; Muller, D.C.; Freisling, H.; Weiderpass, E.; Overvad, K.; Söderberg, S.;
Häggström, C.; Pischon, T.; Dahm, C.C.; et al. A Body Shape Index (ABSI) achieves better mortality risk
stratification than alternative indices of abdominal obesity: Results from a large European cohort. Sci. Rep. 2020,
10. [CrossRef] [PubMed]

38. Tay, L.; Ding, Y.Y.; Leung, B.P.; Ismail, N.H.; Yeo, A.; Yew, S.; Tay, K.S.; Tan, C.H.; Chong, M.S. Sex-specific
differences in risk factors for sarcopenia amongst community-dwelling older adults. Age 2015, 37, 121. [CrossRef]

39. Tay, L.; Leung, B.; Wee, S.; Tay, K.; Ali, N.; Chan, M.; Lim, W. Association of nutrition and immune-endocrine
dysfunction with muscle mass and performance in cognitively impaired older adults. Arch. Gerontol. Geriatr.
2018, 75, 20–27. [CrossRef]

40. Biolo, G.; Di Girolamo, F.G.; Breglia, A.; Chiuc, M.; Baglio, V.; Vinci, P.; Toigo, G.; Lucchin, L.; Jurdana, M.;
Mazzucco, S.; et al. Inverse relationship between “a body shape index” (ABSI) and fat-free mass in women and
men: Insights into mechanisms of sarcopenic obesity. Clin. Nutr. 2015, 34, 323–327. [CrossRef]

41. Chung, W.; Park, J.H.; Chung, H.S.; Yu, J.M.; Kim, D.S.; Moon, S. Utility of the Z-score of log-transformed A
Body Shape Index (LBSIZ) in the assessment for sarcopenic obesity and cardiovascular disease risk in the United
States. Sci. Rep. 2019, 9, 9292. [CrossRef] [PubMed]

42. Chung, W.; Park, C.G.; Ryu, O.H. Association of a new measure of obesity with hypertension and health-related
quality of life. PLoS ONE 2016, 11, e0155399. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/gerona/58.11.M1012
http://dx.doi.org/10.1016/j.ijcard.2016.04.068
http://www.ncbi.nlm.nih.gov/pubmed/27131770
http://dx.doi.org/10.3390/nu11092043
http://dx.doi.org/10.1111/ggi.12579
http://dx.doi.org/10.1186/1741-7015-12-62
http://dx.doi.org/10.1093/eurheartj/ehw249
http://www.ncbi.nlm.nih.gov/pubmed/28158566
http://dx.doi.org/10.1016/S0140-6736(14)62000-6
http://dx.doi.org/10.1007/s11657-018-0502-0
http://www.ncbi.nlm.nih.gov/pubmed/30151617
http://dx.doi.org/10.1101/2020.05.14.20100354
http://dx.doi.org/10.1111/dom.14155
http://dx.doi.org/10.1371/journal.pone.0039504
http://dx.doi.org/10.1038/s41598-020-71302-5
http://www.ncbi.nlm.nih.gov/pubmed/32883969
http://dx.doi.org/10.1007/s11357-015-9860-3
http://dx.doi.org/10.1016/j.archger.2017.11.008
http://dx.doi.org/10.1016/j.clnu.2014.03.015
http://dx.doi.org/10.1038/s41598-019-45717-8
http://www.ncbi.nlm.nih.gov/pubmed/31243316
http://dx.doi.org/10.1371/journal.pone.0155399
http://www.ncbi.nlm.nih.gov/pubmed/27183311


Int. J. Environ. Res. Public Health 2020, 17, 6797 12 of 12

43. Moon, S.; Park, J.H.; Ryu, O.H.; Chung, W. Effectiveness of Z-score of log-transformed A Body Shape Index
(LBSIZ) in predicting cardiovascular disease in Korea: The Korean Genome and Epidemiology Study. Sci. Rep.
2018, 8, 12094. [CrossRef] [PubMed]

44. Chung, W.; Park, J.H.; Ryu, O.H.; Yu, J.M.; Yoo, H.J.; Moon, S. Association of z-score of the log-transformed a body
shape index with cardiovascular disease in people who are obese but metabolically healthy: The Korea National
Health and Nutrition Examination Survey 2007–2010. J. Obes. Metab. Syndr. 2018, 27, 158–165. [CrossRef]

45. Ji, M.; Zhang, S.; An, R. Effectiveness of A Body Shape Index (ABSI) in predicting chronic diseases and mortality:
A systematic review and meta-analysis. Obes. Rev. 2018, 19, 737–759. [CrossRef]

46. Wang, Y.C.; Bohannon, R.W.; Li, X.; Yen, S.C.; Sindhu, B.; Kapellusch, J. Summary of grip strength measurements
obtained in the 2011–2012 and 2013–2014 National Health and Nutrition Examination Surveys. J. Hand Ther. 2019,
32, 489–496. [CrossRef]

47. NHANES. Muscle Strength Procedures Manual; Centers for Disease Control: Atlanta, GA, USA, 2011.
48. Keys, A.; Fidanza, F.; Karvonen, M.J.; Kimura, N.; Taylor, H.L. Indices of relative weight and obesity. J. Chronic

Dis. 1972, 25, 329–343. [CrossRef]
49. Krakauer, N.Y.; Krakauer, J.C. An Anthropometric Risk Index based on combining height, weight, waist, and hip

measurements. J. Obes. 2016, 2016, 8094275. [CrossRef]
50. Cleveland, W.S.; Devlin, S.J. Locally weighted regression: An approach to regression analysis by local fitting.

J. Am. Stat. Assoc. 1988, 83, 596–610. [CrossRef]
51. Harrell, F. Regression Modeling Strategies With Applications to Linear Models, Logistic and Ordinal Regression, and

Survival Analysis, 2nd ed.; Springer International Publishing: Berlin/Heidelberg, Germany, 2015.
52. Cox, D.R. Partial likelihood. Biometrika 1975, 62, 269–276. [CrossRef]
53. Krakauer, N.Y.; Krakauer, J.C. Anthropometrics,metabolic syndrome, and mortality hazard. J. Obes. 2018,

2018, 1–7. [CrossRef] [PubMed]
54. Therneau, T.M.; Grambsch, P.M. Modeling Survival Data: Extending the Cox Model; Springer: New York, NY, USA,

2000.
55. Burnham, K.P.; Anderson, D.R. Multimodel inference: Understanding AIC and BIC in model selection.

Sociol. Methods Res. 2004, 33, 261–304. [CrossRef]
56. Krakauer, N.Y.; Krakauer, J.C. Dynamic association of mortality hazard with body shape. PLoS ONE 2014,

9, e88793. [CrossRef]
57. Royston, P. Explained variation for survival models. Stata J. 2006, 6, 83–96. [CrossRef]
58. Li, K.; Hewson, D.J.; Duchêne, J.; Hogrel, J.Y. Predicting maximal grip strength using hand circumference.

Man. Ther. 2010, 15, 579–585. [CrossRef]
59. Bohannon, R.W. Are hand-grip and knee extension strength reflective of a common construct? Percept. Mot. Skills

2012, 114, 514–518. [CrossRef]
60. Parkinson, M.B.; Reed, M.P. Optimizing vehicle occupant packaging. Sae Tech. Pap. Ser. 2006. [CrossRef]
61. Cook, N.R. Clinically relevant measures of fit? A note of caution. Am. J. Epidemiol. 2012, 176, 488–491. [CrossRef]
62. te Grotenhuis, M.; Pelzer, B.; Eisinga, R.; Nieuwenhuis, R.; Schmidt-Catran, A.; Konig, R. When size matters:

Advantages of weighted effect coding in observational studies. Int. J. Public Health 2016, 62, 163–167. [CrossRef]
63. O’Keeffe, L.M.; Kuh, D.; Fraser, A.; Howe, L.D.; Lawlor, D.; Hardy, R. Age at period cessation and trajectories of

cardiovascular risk factors across mid and later life. Heart 2020, 106, 499–505. [CrossRef]
64. Kelly, T.L.; Wilson, K.E.; Heymsfield, S.B. Dual energy x-ray absorptiometry body composition reference values

from NHANES. PLoS ONE 2009, 4, e7038. [CrossRef] [PubMed]
65. Min, K.B.; Min, J.Y. Android and gynoid fat percentages and serum lipid levels in United States adults.

Clin. Endocrinol. 2015, 82, 377–387. [CrossRef] [PubMed]

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-018-30600-9
http://www.ncbi.nlm.nih.gov/pubmed/30108276
http://dx.doi.org/10.7570/jomes.2018.27.3.158
http://dx.doi.org/10.1111/obr.12666
http://dx.doi.org/10.1016/j.jht.2018.03.002
http://dx.doi.org/10.1016/0021-9681(72)90027-6
http://dx.doi.org/10.1155/2016/8094275
http://dx.doi.org/10.1080/01621459.1988.10478639
http://dx.doi.org/10.1093/biomet/62.2.269
http://dx.doi.org/10.1155/2018/9241904
http://www.ncbi.nlm.nih.gov/pubmed/30123583
http://dx.doi.org/10.1177/0049124104268644
http://dx.doi.org/10.1371/journal.pone.0088793
http://dx.doi.org/10.1177/1536867X0600600105
http://dx.doi.org/10.1016/j.math.2010.06.010
http://dx.doi.org/10.2466/03.26.PMS.114.2.514-518
http://dx.doi.org/10.4271/2006-01-0961
http://dx.doi.org/10.1093/aje/kws208
http://dx.doi.org/10.1007/s00038-016-0901-1
http://dx.doi.org/10.1136/heartjnl-2019-315754
http://dx.doi.org/10.1371/journal.pone.0007038
http://www.ncbi.nlm.nih.gov/pubmed/19753111
http://dx.doi.org/10.1111/cen.12505
http://www.ncbi.nlm.nih.gov/pubmed/24974911
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Methods
	Data
	Standardized Anthropometrics and Grip Strength
	Relating Anthropometrics, Grip Strength, And Mortality Hazard

	Results
	Discussion
	Correlation of Grip Strength and Anthropometrics
	Associations with Mortality Hazard
	Logarithmic Transformation for Anthropometrics and Grip Strength
	Strengths and Limitations

	Conclusions
	References

