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Abstract: Changes in hand morphology throughout human evolution have facilitated the use of
forceful pad-to-pad precision grips, contributing to the development of fine motor movement and
dexterous manipulation typical of modern humans. Today, variation in human hand function may be
affected by demographic and/or lifestyle factors, but these remain largely unexplored. We measured
pinch grip strength and dexterity in a heterogeneous cross-sectional sample of human participants
(n =556) to test for the potential effects of sex, age, hand asymmetries, hand morphology, and
frequently practiced manual activities across the lifespan. We found a significant effect of sex on
pinch strength, dexterity, and different directional asymmetries, with the practice of manual musical
instruments, significantly increasing female dexterity for both hands. Males and females with wider
hands were also stronger, but not more precise, than those with longer hands, while the thumb-index
ratio had no effect. Hand dominance asymmetry further had a significant effect on dexterity but not
on pinch strength. These results indicate that different patterns of hand asymmetries and hand function
are influenced in part by life experiences, improving our understanding of the link between hand form
and function and offering a referential context for interpreting the evolution of human dexterity.

Keywords: hand asymmetries; functional morphology; hand size; hand shape; pinch grip;
performance; pegboard task

1. Introduction

The hominin fossil record demonstrates that the human hand has undergone mor-
phological and functional changes that distinguish it from other non-human primates
(e.g., [1-4]). Evolutionarily adaptive (or -exaptive) changes such as increased brain asym-
metry [5] and a larger thumb-finger ratio are generally associated with enhancements
in manual dexterity and fine motor movements, including forceful pad-to-pad precision
grips, considered a unique human ability [1,6]. Forceful precision grips are thought to have
played an integral role in hominin evolutionary success through the manufacture and use
of complex tool technologies and more effective resource exploitation [1,7]. Today precision
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grips are critical to most daily activities [8-10]. Previous studies have documented variation
in pinch grip (a form of precision grip) strength between males and females [11-13], but it
is not known how differences in hand morphology or frequent engagement in activities
that require (forceful) precision grips might also influence ones” manual dexterity. A better
understanding of the form-function relationship of the human hand may not only offer
valuable clinical insights (e.g., early identification of hand disorders for preventive treat-
ment) but can also inform our understanding of how enhanced dexterity of the human
hand evolved.

A variety of methodological tools have been used to assess precision grip capabilities
and manual dexterity in human samples, most often within a clinical context, including
physiotherapy, gerontology, and even bionic applications (e.g., [12,14-16]). Pad-to-pad
precision grips (i.e., pinch grip in which force is generated between the pad of the thumb
and the pad of a finger, without contact with the palm) are of particular interest because they
are often used for high-precision tasks in daily life [8-10,17]. Pinch grip strength reflects the
gross power of the thumb and fingers, including the extrinsic muscles within the forearm,
and has been found to be strongly associated with sex and age [11-13,18]. This research
documents a common pattern in which the oldest age groups (i.e., 50+) show a decrease in
pinch strength compared to the youngest participants (i.e., 20-40), and males demonstrate
greater overall pinch strength, as well as power grip strength compared to females, in both
the dominant and non-dominant hands [12,13]. The literature suggests that pinch strength
is also influenced by anthropometric characteristics such as hand dimensions [19], hand
asymmetries with hand dominance (i.e., the dominant hand significantly stronger and/or
more dexterous than the non-dominant hand, with the direction right or left not taking
into account) and hand directional asymmetry (DA) or handedness (i.e., one side right
or left significantly stronger and /or more dexterous than the other) [19,20], and lifestyle
influences such as occupational activities [21,22]. However, these studies only looked at
specific factors (e.g., hand size), populations, and classes of age in small samples while it
is important to test together with all possible factors that influence dexterity and pinch
strength. Here, we build upon this work by exploring several potential influences on pinch
grip strength, as well as manual dexterity, in a much larger and more diverse sample.

The most common manual dexterity test used in human research is the pegboard
test (e.g., [12,23,24]). Despite it being one of the oldest measures for hand dexterity, the
pegboard test has repeatedly been ranked as one of the most reliable and valid forms of
dexterity assessments cross-culturally [25]. Investigations of inter-population differences
in dexterity using the pegboard test [12,24] found that females often outperform males in
this kind of dexterity-based task [24,26,27]. However, Peters et al. [23] suggested that these
sex-related differences were diminished when the width of the thumb and index finger
were controlled for. Although females generally performed better on pegboard tasks, males
often exhibited finger-widths that were suboptimal, suggesting that finger-width was a con-
founding variable that should not be ignored [23]. Likewise, Sivagnansasunderam et al. [28]
found that when large pegboards were utilized, sex differences disappeared. These re-
sults emphasize the need to consider finger size (width but also length) in dexterity tasks.
However, the thumb-index finger length ratio has not been considered in manual dexterity
studies despite a larger thumb-finger ratio generally being associated with enhancements
in manual dexterity and fine motor movements in an evolutionary context [1,6].

Results from age-related research suggest that power and precision grip strength
may be a strong predictor of dexterity [11]. Martin et al. [11] found a significant negative
predictive relationship between general handgrip strength and manual dexterity scores that
gradually decline with age. This age-related decline can be associated with various intrinsic
and extrinsic factors, including genetics, metabolic conditions, nutrition, as well as common
diseases that affect the hands such as osteoarthritis and rheumatoid arthritis [29,30]. Most
research has suggested that power grip and pinch grip strength deterioration can be
explained, at least in part, due to gradual degeneration in important muscles that stabilize
the thumb after the age of 65 [14,31]. However, as highlighted in Martin et al. [11], most
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studies tend to look at grip strength and manual dexterity in isolation rather than together,
ignoring their predictive relationship. Therefore, the relationship between precision grip
strength, dexterity, and age is not fully understood.

Given the variation demonstrated in both manual dexterity and hand strength in
previous studies, it is reasonable to assume that frequently practiced manual activities
associated with, for example, particular occupations, sports activities, or the practice of
musical instruments, may also account for this documented variation. Many specialized
occupations, such as watchmakers, opticians, or surgeons, require fine unimanual and
bimanual motor movements [32]. Moreover, specialized manual activities can vary in the
required grip types that are consistently performed often over long periods of time. How-
ever, most of the research that has considered occupational influences on hand morphology
has focused on the influence of physical load on hand strength or dexterity between manual
laborers and non-manual laborers [21,22]. For example, Josty et al. [22] found that heavy
manual workers had significantly higher power and precision grip strength compared to
light manual workers. Similarly, Dogan [21] observed that in comparison to office workers,
industrial workers had higher pinch grip strength, yet lower manual dexterity. However,
Desai and Shah [33] found that the levels of manual dexterity and eye coordination in gar-
ment workers were not significantly greater than those of a standard population. Research
into occupational influences has mostly been conducted on relatively small samples (e.g.,
n = 48-142 in the above four studies) but has not taken into consideration variation in
anthropometric variables (e.g., hand size or shape), and even fewer research studies have
looked at the influences of “hobbies” such as practicing sports and/or music.

Considering the few studies looking at the relationship between sports and manual
function, Denat and Kuzgun [34] found that participating in sports did not cause any change
in manual dexterity, while Soyupek et al. [35] found that aerobic exercise had a positive
effect on dexterity and muscle strength (power grip). However, Denat and Kuzgun [34] in
their study asked if the participant is practicing a sport (Yes or No) without asking which
kind of sports, which makes it difficult for the comparison between both studies to provide
a possible explanation for the differences. Mitchell et al. [36] found that rock climbers,
both males, and females, showed a strong negative correlation between climbing time and
pinch grip, indicating a link between performance and pinch grip strength. However, most
studies have focused on the relationship between sports activities and power (e.g., [35,37])
rather than pinch grip strength, and few studies have tested the potential influence of hand
size and shape.

Musical expertise requires highly refined motor abilities and hand function but most
research on musicians has focused on neural plasticity rather than the form and function of
the hand (e.g., [38,39]). The few studies investigating manual dexterity and hand strength in
musicians have typically compared elite musicians to amateur or non-musicians (e.g., [40]).
With motor control considered as a skill that can be developed over time, experienced
musicians have been shown to improve their manual dexterity [41,42]. However, these
findings do not automatically translate into increased hand strength. Sims et al. [38]
found that musicians’ hands are generally more sensitive (i.e., as indicated by the skin
being more finely innervated on their fingers) but on average weaker, for both pinch and
power grips, than non-musicians. Overall, we now require a deeper understanding of how
manual activities frequently practiced during particular occupations, sport, or the playing
of musical instruments might influence hand function in larger, more diverse samples that
also consider variation in age, sex, hand size, hand shape, and hand asymmetries.

Following our previous study on variation in power grip strength [43], the aim here
is to improve our understanding of the link between hand form and function regarding
precision grip strength and manual dexterity in both the dominant and non-dominant
hands. We build upon previous work by assessing the influence of age (17-82 years),
sex, hand dominance, hand shape, thumb-index finger ratio, and manual activities on
asymmetry on both pinch grip strength and dexterity (assessed via a pegboard test) in
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a large, heterogeneous, cross-sectional sample (n = 556) of modern humans. Based on
previous studies, we predicted that:

(1) males will have significantly stronger pinch grip in both hands than females, but
females will be more dexterous in both hands;

(2) younger participants will be stronger and more dexterous than the older participants;

(3) hand asymmetry will be found in both sexes, with the dominant hand being signif-
icantly stronger and more dexterous than the non-dominant hand (i.e., hand dom-
inance), and right-handed will have stronger differences between the two hands
compared to left-handed individuals;

(4) frequently practiced manual activities will significantly increase either precision grip
strength (i.e., for participants that engage in manual sports or occupations) or dexterity
(i.e., for participants that play a musical instrument or engage in precision-based
occupations) compared to those who do not frequently engage in these activities.

We further explored if variation in hand shape (i.e., the ratio of hand length/width)
and thumb-index ratio influence both pinch grip strength and dexterity. In addition to
elucidating the potential biological and behavioral factors that can influence precision
strength and dexterity, a clearer understanding of the influence of hand shape and size may
also provide an important referential context for a better understanding of the evolution of
human dexterity [1,4].

2. Materials and Methods
2.1. Study Design and Participants

This study took place between July and September 2019 at the London Science Museum
(part of the ‘Live Science’ initiative) and was part of the “Me, Human” project, a public
engagement and citizen science collaboration project. Participants in the study were
visitors to a closed-off section of the Wellcome Trust’s “Who Am I?’ gallery. There were no
inclusion/exclusion criteria meaning that participants were not chosen based on meeting
a specific criterion in age, sex, or any other variable observed in this study, and due to
the Science Museum being a common tourist attraction in London, the dataset obtained
includes a diverse international sample. Each participant gave their written informed
consent and completed a demographic questionnaire (date of birth, sex, handedness for
writing) before participating in the study. Each participant was assigned a unique non-
identifiable code to use in each experiment allowing all data to be linked to a particular
individual.

Participants in this study took part in two experiments, the ‘Get a grip” experiment
measuring hand strength and shape, and the ‘Manipulation station” experiment measuring
manual dexterity in both hands. Participants were asked if they had any visual impairment
in seeing color before engaging in the ‘Manipulation station” and if they answered “Yes’,
they did not do the pegboard task involving pegs colors. This study included male and
female adult participants ranging in age from 17 years, as the hand is fully developed by
this age [44,45], to 82 years old. All participants with missing data were excluded from
analysis (n = 24), as well as participants who had any hand or arm injuries in the past
12 months (n = 14), thus the sample size used in this study was n = 565, of which 89.7%
(n = 507) self-reported as right-handed, 8.7% (n = 49) left-handed, and 1.6% (n = 9) as
ambidextrous. Participants who self-reported as ambidextrous (1 = 9) were excluded in the
subsequent analyses because in this study we tested for hand asymmetry. Our final sample
was n = 556 participants (Table 1), which was divided into three age categories: from 17 to
29 (younger), from 30 to 44 (middle), and 45+ (older).
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Table 1. Demographic details on the modern human sample used in this study.
Total Office Precision Forceful Manual Playing a Musical Practicing
Age Self-Reported Participants Work Manual Work Work Instrument Sport
(Years) Handedness
F M F M F M F M F M F
17-29 R 79 113 65 94 6 11 8 8 28 44 67 66
L 8 11 6 9 2 1 0 1 5 5 4 6
30-44 R 62 101 48 86 3 12 11 3 23 30 45 48
L 7 9 6 7 0 1 1 1 2 0 3 3
45+ R 57 95 48 83 6 10 3 2 12 22 36 51
L 6 8 6 8 0 0 0 0 4 2 3 2
Total 219 337 179 287 17 35 23 15 74 103 158 176

2.2. Data Collection Procedure and Outcome Measurements
2.2.1. Questionnaire

The participants were asked several lifestyle-related, multiple-choice, binary questions
with regards to their occupation, and whether they played manual sports or musical
instruments. Three variables were created from the questionnaire: regular playing of a
musical instrument using the hands (e.g., piano, violin, guitar, saxophone, flute, drums)
(yes/no); regular engagement in sports activity(ies) using one or two hands (e.g., rock
climbing, bouldering, acrobatics, racket sports, lifting, cricket, handball games, and bike
riding) (yes/no); and occupation including (1) office job (e.g., typing, shop teller, stay-at-
home parent), (2) precision manual work (e.g., jeweler, dressmaker, artist, lab technician)
and (3) forceful manual work (e.g., builder, carpenter, farmer).

2.2.2. Pinch Strength

Pad-to-pad pinch strength was measured in pounds (Ibs) with a Jamar hydraulic pinch
gauge (Sammons Preston: Bolingbrook, IL, USA). Participants were asked to sit on a chair
with their arm in supination (palm up), the upper arm in parallel with the torso, and the
elbow bent at a 90-degree angle, such that the forearm was perpendicular to the torso. They
were then asked to pinch the gauge between the pad of the thumb and pad of the index
finger, as shown in Figure 1, following the procedures reported by [46]. The posture and
the grip were demonstrated to each participant and a poster demonstrating the appropriate
position was also visible for the participants. The participants were instructed to pinch to
their maximum ability for two seconds. Two pinch grip measurements were taken for each
hand, with questions interspersed in between each measure to avoid fatigue. The average
value from both measures for each hand was used for analysis.

Figure 1. Pad-to-pad pinch strength was evaluated in the study.
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2.2.3. Hand Measurements

Both hands of each participant were digitized for measurements using a flatbed scan-
ner (Epson Perfection V39) that included a 2-cm scale as outlined in [43]. Each participant
was given a clear template to line up their fingers and thumb on each hand to ensure
standardized hand position. Hand measurements were measured from each scan using
freeware tpsDig2 software version 2.31 (The State University of New York at Stony Brook:
Stony Brook, NY, USA) [47]. Hand width (W) and hand length (L) were defined as depicted
in Figure 2 and the ratio of both measures (W /L) was used as an indicator of hand shape.
Hands with a ratio >0.5 were considered as ‘wide” hands, while hands with a ratio <0.5
were considered as ‘long” hands [43]. Thumb and index finger length was measured from
the proximal flexion crease to the fingertip in accordance with anthropomorphic hand
standards [48,49] (Figure 2). The thumb-index ratio was calculated by dividing thumb
length by index finger length [48]. A ratio of 1.0 indicated a similar length between the
thumb and the index finger, and thus the lower the ratio (i.e., <0.5), the shorter the thumb
and the longer the index finger, and the higher the ratio (i.e., >0.5), the longer the thumb
and the shorter the index finger. All measurements were taken by one researcher (KT),
and a second researcher (AB) measured 20% of both right and left hands (1 = 224) to test
for inter-observer error. The measurements of the hands were consistent between the two
observers (Interclass correlation coefficients, ICC = 0.99, p < 0.001), and thus we only used
the measurements from the first researcher for all subsequent analyses.

yeeey

Figure 2. Hand measurements were taken on the hand scans. W = hand width, L = hand length,
T = thumb length, I = index length. A 2 cm scale was included to facilitate the accurate measurement
of hand size from the scans.

2.2.4. Pegboard Test

Pegboard tests are designed to examine fine motor dexterity and gross movements of
the hands, fingers, and fingertips [50]. The pegboard test we used was modified from [51],
including a 10 x 10 holes pegboard and a bowl of multi-colored pegs centrally placed
behind the pegboard, as shown in Figure 3. The pegboard was colored in green, red, and
blue and the bowl included the same-colored pegs, as well as white and yellow distracter
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pegs. Participants were instructed to pick up only one peg at a time with one hand and
to place it in the associated section of the board. Participants were challenged to match
as many as possible pegs in 60 s. This task was completed using only the left hand and
only the right hand (the order was counterbalanced across participants). The outcome
measurement was the number of pegs correctly placed by each hand.

Figure 3. Pegboard test was used in this study to examine dexterity.

2.3. Statistical Analyses

Levene’s tests were used to test the homogeneity of variance between males and
females and between left and right hands. Shapiro-Wilk Normality tests revealed that
some population data significantly deviated from a normal distribution (p < 0.05), so
nonparametric tests were used. Using Spearman Rank Correlation tests, we tested for
correlations between (1) pinch grip strength and thumb-index ratio, and hand shape; (2)
dexterity and thumb-index ratio, and hand shape; and (3) pinch grip strength and dexter-
ity. Wilcoxon rank-sum tests with continuity correction were used to test for significant
differences between right- and left-handed individuals (using self-reported handedness)
in (1) pinch grip strength and (2) dexterity. Wilcoxon rank-sum tests were also used to
assess differences in pinch grip strength and dexterity results between participants that
(1) regularly play a musical instrument or not, and (2) regularly play a manual sport or not.
Kruskal-Wallis tests were used to test for significant differences in pinch grip strength and
dexterity across (1) sex and hand dominance (with four groups: male hand dominant, male
hand non-dominant, female hand dominant, female hand non-dominant); (2) occupation,
(3) age categories, and (4) handedness, and lifestyle factors (occupation, playing a musical
instrument, playing sport) between age categories. We conducted Kruskal-Wallis tests
across sex and hand dominance first by testing differences in absolute values and, given
the variation in hand size across the sample, we tested as well relative values in which
pinch strength and dexterity (i.e., the number of pegs placed) were divided by hand area
(i.e., L x W), used as a proxy for size. If all Kruskal-Wallis tests were significant, we used
Dunn’s tests for multiple comparisons of independent samples, with Bonferroni correc-
tion. All the statistical analyses were performed with R 3.6.3 (R Foundation for Statistical
Computing: Vienna, Austria) [52]. Supplementary Tables S1 and S2 present the summary
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statistics (mean and standard deviation of the mean) for pinch grip strength (Ibs) and
pegboard test results of both hands by each age category and sex, for handedness and each
lifestyle factor tested.

3. Results
3.1. Pinch Grip Strength

We first investigated the effect of sex and hand dominance on pinch strength, and relative
pinch strength in which hand area was used as a proxy for size. Kruskal-Wallis tests showed
significant differences in both the absolute pinch grip strength (x*(3, n = 1112) = 382.88,
p < 0.0001, € = 0.34) and the relative pinch grip strength (x*(3, n = 1112) = 109.79, p < 0.001,
€2 = 0.09) across sexes and hand dominance. Post-hoc tests using Dunn’s test showed that
males were significantly stronger than females in both the dominant (absolute pinch grip
strength, Z = 13.38, n =556, p < 0.0001; relative pinch grip strength, Z = 6.87, n = 556,
p <0.0001) and non-dominant hand (absolute pinch grip strength, Z = 14.03, n = 556,
p < 0.0001; relative pinch grip strength, Z = 7.42, n = 556, p < 0.0001). No significant differ-
ences were found between the dominant and the non-dominant hand within either sex (for
both absolute and relative pinch grip, p > 0.05), indicating no hand dominance asymmetry
in either females or males for pinch grip strength (Figure 4). Furthermore, post-hoc tests
showed no significant differences in pinch grip strength between the hands within any age
category or for either sex (p > 0.05) (Figure 4). Levene’s test revealed that males showed
significantly more variation in pinch grip strength in both hands than females across all
age categories (F(3, 1112) = 43.04, p < 0.0001, 1?2 =0.1).

| X
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17-29 30-44 45+ 17-29 30-44 45+
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Figure 4. Box-and-whisker plot of pinch grip strength for females (left half of the figure) and males
(right half of the figure) across age categories for the dominant hand (grey) and non-dominant hand
(white). Post-hoc tests showed no significant differences for pinch grip strength between the hands
within any age category and either sex (p > 0.05). An effect of age was found on the pinch grip
strength in the dominant hand for males, with middle age (30—44) participants being stronger than
the younger (17-29) and older (45+) age categories (*** p < 0.001; * p < 0.05). Each box plot shows the
median value (bold line) and interquartile ranges of pinch grip strength, and vertical lines indicate
variability outside the upper and lower quartiles, except for “outliers” (dots).

We then tested the effect of different variables on pinch grip strength for each sex
for the dominant hand only, given that no hand dominance asymmetry was found in
either females or males. These variables were age category, directional asymmetry (i.e.,
DA, handedness), anthropometric measurements (hand shape and thumb-index ratio) and,
lifestyle factors (occupation, playing a musical instrument, playing sport). Kruskal-Wallis
tests showed significant differences in pinch grip strength across age categories in males



Symmetry 2022, 14, 71

9o0f21

(x*(2, n =219) =20.90, p <0.0001, €2 = 0.9), with middle age (30-44) males being stronger
than the younger (17-29) (Z =4.53, n = 156, p < 0.0001) and the older (45+) (Z =4.53, n = 132,
p < 0.05) age categories. No significant differences were found for females (Figure 4).
Wilcoxon rank-sum tests with continuity correction showed that right-handed males were
significantly stronger than left-handed males (W = 1490, p < 0.05) with no differences within
any age category (p > 0.05), while no effect was found for females (p > 0.05) (Figure 5). No
effect of lifestyle factors was found for either males or females (Kruskal-Wallis tests and
Wilcoxon rank-sum tests with continuity correction, p > 0.05; Table S1). Spearman Rank
Correlation tests showed a significant positive correlation between pinch grip strength and
hand shape for both males (rs(219) = 0.224, p < 0.001) and females (rs(337) = 0.145, p < 0.01),
indicating that participants with wider hands were significantly stronger than participants
with longer hands (Figure 6). No effect of thumb-index ratio was found on pinch grip
strength for males or females (p > 0.05), despite the large variability of the thumb-index
ratio found within males (ranged from 0.79 to 1.07 for the dominant hand and from 0.77 to
1.03 for the non-dominant hand) and females (ranged from 0.78 to 1.13 for the dominant
hand and from 0.78 to 1.07 for the non-dominant hand).

A

30

N
o

-
o

Pinch grip strength (Ibs)

17-29 30-44 45+

~N
o

E#E|

-
o

Pinch grip strength (Ibs)

17-29 30-44 45+

Figure 5. Box-and-whisker plot of pinch grip strength of the dominant hand for males (A) and
females (B) grouped by directional asymmetry (left-handed in green; right-handed in orange) and
by age category. Right-handed males were significantly stronger than left-handed males (p < 0.05)
with no significant differences within any age category (post-hoc Dunn’s test, p > 0.05), and no effect
was found for females (p > 0.05). Each box plot shows the median value (bold line) and interquartile
ranges of pinch grip strength, and the vertical lines indicate variability outside the upper and lower
quartiles, except for “outliers” (dots).



Symmetry 2022, 14, 71 10 of 21
o .
3
3 o
o . ° . o .
.
] ° N oe
° ° ] o ® °
o ] . . o $
37 . e *° e * . o.o:'o °% °
< . . e .. ] o . J o o, . oo T, b4
s o % g 008% . ¢ s 2 Cee. 2%, 0%,,00
® Te o8 "% % . 2 S . °gs g .
2 3 * . o. ® o0 o % o e T o ° ".. az.o :.. .
> . . o
2-° LI .' .": L o & ° o °..'.' o, P
- A SR RH H Lk % s R IO T
o LI 0y o " °° - ° s © e ® © 008"2 2 ® * oo
22| — {“ 3: .: s, ® o - ,,,/»"f:’i"'o".:.'o’ $ o °
g o . o O.Og.. . .. se o0 0 . = e .:.0.. o. :. " . 2... .
L et g g LH | e O
L] o0 [ ] ° ° b . °
g T T s 8 5 R 1 | SRS IR
o ° oo ° PR <or ... °
. o o
< . ¢ ® « ° s
S . . o o rs(219) = 0.224 9 o . rs(337) = 0.145
. p <0.001 e o . p<0.01
T T T T T T T T T
10 15 20 25 30 5 10 15 20

Pinch grip strength (Ibs)

Pinch grip strength (lbs)

Figure 6. Scatter plot of the significant correlations between pinch grip strength and hand shape
for the dominant hand for males (A) and females (B), indicating that participants with wider hands
(ratio > 0.5) were significantly stronger than participants with longer hands (ratio < 0.5).

3.2. Pegboard Test

We first investigated the effect of sex and hand dominance on the number of pegs
correctly placed by each hand, and relative number of pegs in which hand area was used
as a proxy for size. Kruskal-Wallis tests showed significant differences in both the absolute
number of pegs (x%(3,n = 1112) = 181.64, p < 0.0001, £? = 0.16) and the relative number of
pegs (x2(3, n = 1112) = 425.12, p < 0.001, &2 = 0.38) across sexes and hand dominance. A post-
hoc Dunn’s test showed that females were more dexterous (placing more pegs) than males
with both the dominant hand (absolute number of pegs placed, Z = 6.81, n = 556, p < 0.0001;
relative number of pegs placed, Z = 14.65, n = 556, p < 0.0001) and the non-dominant hand
(absolute number of pegs placed, Z = 4.44, n = 556, p < 0.0001; relative number of pegs
placed, Z =12.95, n = 556, p < 0.0001) (Figure 7). Both females (absolute number of pegs
placed, Z = 9.41, n = 337, p < 0.0001; relative number of pegs placed, Z = 5.83, n = 337,
p < 0.0001) and males (absolute number of pegs placed, Z = 12.95, n =219, p < 0.0001;
relative number of pegs placed, Z = 3.16, n = 219, p < 0.01) were more dexterous with
their dominant hand compared to their non-dominant hand, indicating hand dominance
asymmetry for the pegboard test. We tested for possible differences in the strength of hand
dominance asymmetry across ages, and post-hoc Dunn’s test showed significant differences
in pegboard test result between both hands for both females and males in all age categories
(Figure 7). Levene’s test revealed no significant differences in variance between the sexes
for both hands (F(3, 1112) = 0.638, p > 0.05, 1> = 0.001).

We then tested the effect of different variables on pegboard results for each sex and
each hand, given that we found hand dominance asymmetry in both sexes. These variables
were age category, directional asymmetry, anthropometric measurements (hand shape and
thumb-index ratio), and lifestyle factors (occupation, playing music instrument, playing
sport). Kruskal-Wallis tests showed significant differences in pegboard test results across
age categories and for both hands in males (x2(5, n = 438) = 76.92, p < 0.0001, > = 0.17)
and in females (x?(5, n = 674) = 122.86, p < 0.0001, 2 = 0.18). Post-hoc Dunn’s test showed
significant differences between some age categories for both females and males; for the
dominant hand, young (17-29) and middle (30—44) age categories were more dexterous
than older (45+) participants, and middle-age participants were stronger than younger
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participants but for the non-dominant hand of males only (Figure 7). Wilcoxon rank-sum
tests with continuity correction showed that left-handed females were significantly more
dexterous than right-handed females for the non-dominant hand only (W =5253.5, p = 0.05)
but with no differences between age categories (p > 0.05), and no effect was found for
males (Figure 8). No effect of occupation and playing sport were found for either males or
females for both hands (Kruskal-Wallis tests and Wilcoxon rank-sum tests with continuity
correction, p > 0.05; Table S2), while females playing a musical instrument were more
dexterous for both hands than the females who did not play (dominant hand, W = 10,358,
p < 0.05; non-dominant hand, W = 9928.5, p < 0.01), but with no significant differences
between age categories (p > 0.05; Table S2). Spearman Rank Correlation tests showed no
significant correlation between pegboard results and hand shape and thumb-index ratio in
either males or females (p > 0.05).

%%k %%
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Figure 7. Manual dexterity box-and-whisker plot of pegs placed for females (left half of the figure) and
males (right half of the figure) across age categories, for the dominant hand (grey) and non-dominant
hand (white). Post-hoc tests showed significant differences between the hands for the number of
pegs placed within all age categories and for both sexes (* p < 0.05; ** p < 0.01; *** p < 0.001). Post-hoc
tests showed significant differences between some age categories for both females and males, with
for the dominant hand of younger (17-29) and middle (30-44) age categories being more dexterous
than older (45+) participants, and for the non-dominant hand for males, with middle age category
being more dexterous than the younger participants (** p < 0.01; *** p < 0.001). Each box plot shows
the median value (bold lines) and interquartile ranges of the number of pegs placed, and the vertical
lines indicate variability outside the upper and lower quartiles, except for “outliers” (dots).
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Figure 8. Box-and-whisker plot of pegboard test results for males (A) and females (B) for both hands
and grouped by directional asymmetry (left-handed in green; right-handed in orange) and by age
category. Left-handed females were significantly more dexterous than right-handed females for the
non-dominant hand only (p < 0.05), with no significant differences within any age category (post-hoc
Dunn'’s test, p > 0.05), and with no differences for males (p > 0.05). Each box plot shows the median
value (bold line) and interquartile ranges of the number of pegs placed, and the vertical lines indicate
variability outside the upper and lower quartiles, except for “outliers” (dots).

3.3. Correlation between Pinch Grip Strength and Pegboard Test

We investigated if the stronger participants were the more dexterous at the pegboard
test for each sex and each hand using Spearman Rank Correlations. Only males were more
dexterous with a stronger dominant hand (rs(219) = 0.107, p = 0.05) but not with their
non-dominant hand (rs(219) = 0.089, p > 0.05), while females were not (both hands p > 0.05)
(Figure 9).
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Figure 9. Scatter plot of the correlations between pinch grip strength and pegboard results for both
hands for males (A) and females (B). Only males were more dexterous with a stronger dominant
hand (p = 0.05) (top left graphic).

4. Discussion

The present study was conducted to evaluate the link between form and function for
both hands in modern humans and to provide a referential context to help better understand
the evolution of human dexterity. We tested four predictions based on previous studies
and further explored the influence of hand shape and thumb-index finger ratio on two
measures of hand function: pinch grip strength and manual dexterity. Our results indicate
that hand function is significantly influenced by different demographic and anthropometric
characteristics as well as certain manual activities.

Our first prediction that males would have stronger pinch grip strength and females
would be more dexterous compared to the opposite sex was supported, which is consistent
with previous studies [12,24,26,27,53]. Sex differences have traditionally been thought to
reflect gross power for grip strength [11-13]. However, it is reasonable to assume that
overall grip strength or dexterity may also be influenced by differences in hand size and/or
shape, which may explain previously documented sex differences [23,54]. Therefore, we
tested for significant differences between sexes using both absolute values and relative
values in which total hand area was used as a proxy for size. We found similar results
for both absolute and relative values indicating that variation in hand size alone cannot
explain the differences between males and females. In other words, even when accounting
for variation in hand size, females were still significantly more dexterous than males, and
males were still stronger than females. However, we did find that hand shape affected
pinch grip strength in both hands for both sexes, with participants that had wider hands
being stronger than those that had longer hands. This result is consistent with our previous
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study of power grip strength [43]. Hand shape did not significantly affect performance in
the pegboard task in either sex, which is consistent with the results of Sivagnanasunderam
et al. [28]. Overall, variation in modern human hand shape affected hand strength but not
manual dexterity in our sample.

Interestingly, we found no effect of thumb-index finger ratio on either pinch grip
strength or manual dexterity. This result was somewhat surprising given the importance of
relative thumb length in evolutionary hypotheses about human dexterity (e.g., [1,4,6,10,55]).
Previous studies of human participants report mixed results. For example, Su et al. [56]
showed an effect of thumb and index finger length on pinch strength of the right hand in
a sample of Taiwanese adults, while Maleki-Ghahfarokni et al. [19] found no correlation
between pinch grip strength and finger length in a sample of Iranian adults. However,
cross-study comparisons should be interpreted with caution because hand size is known to
vary across populations [57-59] and our study tested a diverse, international sample across
the lifespan. This is the first study to our knowledge that looked at the variability of the
thumb-index ratio and its influence on dexterity. More studies on human hand morphology
in international samples are needed to fully test the effect of human thumb-index ratio
variability on both dexterity and grip strength.

We predicted that younger participants would be stronger and more dexterous than the
older participants, which was only partially supported. We found that pinch grip strength
was affected by age for males (dominant hand) but not for females. These results contrast
with prior research indicating decreased grip strength in both males and females due to
muscle degeneration during aging [14]. We found that middle-age (30—-44) male participants
were, on average, stronger than the older (45+) and younger (17-29) participants, which
is consistent with our previous results for power grip strength on the same sample [43].
However, age did significantly influence the pegboard results for both sexes (dominant
hand), supporting our prediction. We found that both male and female young- and middle-
aged participants were more dexterous (dominant hand) than older participants. Our
results are consistent with other studies showing that manual dexterity decreased with
age (e.g., [24,60]) and with Dayanidhi and Valero-Cuevas [61] who found that dexterity
decreased with age but was not correlated with the decline in pinch strength, similar to our
results for females. This variation in age-related effects on pinch grip strength in females
described above could potentially be explained, at least in part, by differences in sampling
methodology. The location of our study within a public museum may elicit some sample
bias, attracting older participants that are generally more active (i.e., practicing different
manual activities such as sport or gardening) than previous studies sampling targeted
populations (e.g., [24]). Additionally, we excluded individuals who may have age-related
conditions affecting hand strength (e.g., arthritis), which would further bias the strength
and dexterity measures in the older age categories. Moreover, our study sample included
international participants. Cultural differences may have some influence over the results,
as shown in research by Michimata et al. [18] who found decreases in hand function of the
dominant hand in adults over 50 years of age in Japan while other studies, in non-specific
populations, showed a decrease at 65 years of age [14].

We predicted hand dominance asymmetry in both sexes, with the dominant hand
being significantly stronger and more dexterous relative to the non-dominant hand. This
prediction was only partially supported. No hand dominance asymmetry was found for
pinch grip strength in either sex or across age categories. This result contrasts with previous
studies that reported greater pinch grip strength in the dominant hand compared with the
non-dominant hand [19,24,53,62]. It is interesting to note that we previously found hand
dominance asymmetry for power grip strength in the same sample [43]. Other studies
have yielded mixed results: for example, Shim et al. [63] found no difference between
the dominant and non-dominant hand for pinch grip strength in a sample of 336 males
and females, while Gachette and Lauwers [12] found that only females (but not males)
were stronger in their dominant hand than their non-dominant hand in a sample of 309.
These varying results might be attributed to different methodologies across studies [64,65],
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challenges in measuring pinch grip consistently across studies [46,66], and/or within-
participant factors, such as differences in body weight and height, or nutrition [67,68]. Our
study used a larger and more heterogeneous sample than the majority of previous studies
(including all of the studies cited above) and pinch grip was measured consistently using
the same protocol, which may be an indicator of the robustness of our findings and could
shed light on the mixed results of previous research.

We found hand dominance asymmetry for the pegboard test for both sexes, in which
the dominant hand was significantly more dexterous than the non-dominant hand, as we
predicted. This result is consistent with previous studies [18,69]. Moreover, our male and
female samples consistently showed greater dexterity in their dominant hand, and within
each age category. This could indicate no aging effect on hand dominance asymmetry for
dexterity for both males and females.

We also predicted that we would find directional asymmetry (DA) in pinch grip
strength and dexterity, with right-handed individuals showing the greater difference be-
tween the dominant and non-dominant hands than left-handed individuals. This prediction
was, again, partially supported, with pinch grip strength being a good indicator of hand-
edness for males but not for females. DA was found with right-handed males who were
significantly stronger than left-handed males for both hands. Interestingly, we previously
found no effect of DA in power grip strength in either sex in the same sample [43]. In
contrast to our pinch grip results, we found DA for the pegboard task only in females (but
not males) and only for their non-dominant hand, with left-handed females who were
significantly more dexterous than right-handed females. This result could be explained by
the fact that left-handed individuals must live in a world more adapted for right-handed
individuals and that they may be expected to show more symmetry in dexterity between
their hands. There are no comparable studies of which we are aware that have evaluated the
effects of handedness on pinch grip strength and manual dexterity. Indeed, most previous
studies have focused more on right-handed individuals given the much lower proportion
of left-handed individuals across human populations [70-73]. Left-handed individuals
comprised 8.7% of our total sample, which, although comparable to the proportion of
left-handed individuals across all humans (8-10% [70]; but [74] with 26.9% of left-handed
among the Eipo in Papua New Guinea), is still a relatively small sample. Therefore, our
results for left-handed individuals should be considered with caution.

Finally, we predicted that individuals that frequently practiced manual activities
would have significantly higher pinch grip strength (i.e., manual sports activities or manual
labor) or greater dexterity (i.e., playing a musical instrument or precision-based occupa-
tions) than those that do not frequently engage in these activities. This prediction was
only partially supported. Regarding musical activities, female participants who reportedly
played a musical instrument involving the hands had significantly higher manual dexterity
than females who do not play an instrument, while no effect was found for males. It is
important to acknowledge that the lack of effect in males may be due to a smaller sample
size (n = 74) than that of females (n = 103) playing a musical instrument, although they
were roughly equally distributed across different age categories for both females and males.
This sex difference may also be a result of variation in the frequency of playing or the
practice of different types of musical instruments. Wagner [41] and Parlitz et al. [42] found
that pianists have significantly higher dexterity ability than non-pianists. However, there
are no studies on other musical instruments of which we are aware have investigated the
potential effect on manual dexterity. A limitation of our study is that we were not able to
collect details on the musical instrument played.

We found no effect of playing an instrument on pinch grip strength, contrary to our
prediction. This result also runs counter to Sims et al. [38], who found that musicians’
hands are generally more sensitive but weaker in all instrument divisions (no tests were
run across the different subgroups of musicians) in comparison to non-musicians. However,
most previous research has focused on expert musicians (e.g., [40]), while the findings
of our study potentially better represent the general population. Future analyses of the
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influence of playing a musical instrument on pinch grip strength and dexterity should
investigate the frequency and years of practice, as well as at which age individuals started
to play, to assess the level of experience more accurately. Indeed, we can suppose different
degrees of experience across our sample, and in this case, with females who may have a
higher level (i.e., more years of practice) than males.

We found no significant influence of manual occupations on either pinch grip strength
or dexterity, which was contrary to our prediction. Our results are also in contrast with
the few studies investigating the effects of occupation on hand function. Josty et al. [22]
found that heavy manual workers had increased pinch strength in both hands compared
to office workers. Dogan [21] found that industrial workers had greater power and pinch
strength but lower manual dexterity, while office workers showed the opposite pattern.
However, it is important to note that in our study forceful manual laborers and precision
laborers only made up 16% of the total sample (Table 1) as we did not target individuals in
specific occupations as previous studies did [21,22]. We also found no effect of practicing
manual sports on either pinch grip strength or manual dexterity in both sexes, which is
not consistent with our prediction. We found no studies looking at the effect of practicing
the sport on both manual dexterity and pinch grip strength which prevents us to compare
and discuss our results. Soyupek et al. [35] found that aerobic exercise had a positive effect
on dexterity and muscle strength, but they tested power grip but not pinch grip strength.
We suggest that practicing manual sports activities typically involve the use of the entire
hand, and not just the thumb and index finger, which is supported by a significant effect of
playing manual sports on power grip strength [43].

We found a significant relationship between dexterity and pinch grip strength only for
males and for their dominant hand. Marmon et al. [60] and Martin et al. [11] found a strong
predictive relationship between grip strength (pinch and power grip) and dexterity in all
age ranges for both sexes. Specifically, they observed that individuals with weaker power
grip strength typically scored lower during dexterity-based tasks (including a Grooved
Pegboard test), which is consistent with our results for males. In contrast to this previous
work, the females in our sample did not show a predictive relationship between pegboard
scores and precision grip strength. However, this difference may reflect the fact that we
tested this relationship in both hands while Martin et al. [11] tested only the dominant
hand and Marmon et al. [60] tested both but did not analyze the hand dominance effect
on the relationship between pinch grip strength and dexterity. We also analyzed a larger
sample than either Martin et al. [11] (1 = 107) or Marmon et al. [60] (n = 75), which may be
an indicator of the robustness of our findings and could shed light on the mixed results of
previous research.

In an evolutionary context, the results of this study can be used to better understand
modern-day influences on human hand function. Two of the most important findings of
our study from an evolutionary perspective were (1) the lack of a significant influence of
thumb-index finger ratio and (2) the significant influence of hand shape on hand function.
Regarding the thumb-index ratio, variability in this measure across a large, heterogeneous
sample of humans has, to our knowledge, not previously been quantified. We found a large
variability of thumb-index ratio and hand shape for both males and females, which will be a
focus of future studies. This variability in living humans is important given that the thumb-
index finger ratio is often used to model dexterity or pinch grip capabilities in humans
(e.g., [75-77]) and to infer dexterity in fossil hominins and non-human apes [10,78,79].
We found that a higher thumb-index finger ratio within our sample was not associated
with increased pinch grip strength or manual dexterity. It is important to acknowledge,
however, that among a living human sample, the neurological processes that control hand
function are well-established and thus variation in morphology may have a limited impact
on strength or dexterity. In fossil hominins, although we are limited in what we can infer
about brain function from the fossil record, it is safe to assume that at least early hominin
species lacked human-like fine motor control of the human hand and that there may have
been a stronger selective pressure on variation in hand morphology to enhance dexterity.
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Based on hand bone length only (i.e., without soft tissues), the associated hand skeletons
of fossil hominin Australopithecus sediba (1.98 Ma; [80]) present an estimated thumb-index
finger ratio higher than the median or mean of the Homo sapiens ratio [81,82], indicating a
longer thumb for A. sediba than in humans. If we assume thumb-index ratios in fossil taxa
would remain the same if we were able to estimate soft tissues, then A. sediba would have
a relatively longer thumb compared with modern humans, which may suggest changes
in relative hand proportions provided greater dexterity in the absence of human-like fine
motor control. However, the high variability in living humans found in our sample could
imply that there is a limit to what we can infer about dexterity from the thumb-index
finger ratio alone in fossil hominins. Moreover, among non-human primates, research
on great apes has shown that they frequently use precision grips, including pad-to-pad
precision grips, despite having a short thumb relative to their index finger (e.g., [83-87]).
Therefore, the thumb-index finger ratio alone cannot account for the large variation we
see in precision grip use among living primates and may have more limited functional
importance regarding dexterity in fossil hominins than traditionally thought.

In contrast to the thumb-index ratio, we found that individuals with wider, rather
than longer, hands had significantly stronger pinch grip strength and, on the same sample
in a previous study, stronger power grip strength [43]. However, hand width is rarely
considered as a morphometric factor when inferring manual dexterity in fossil hominins.
This is in part because accurately quantifying hand width requires complete preservation
of the metacarpus, which is rare in the hominin fossil record, and hand width measures
also incorporate soft tissues that do not preserve in the fossil record. Future studies of
humans and extant apes that can quantify the correlation between metacarpus width and
soft tissues of the palm would provide a crucial first step in inferring hand width from
fossil remains. Moreover, understanding how modern-day influences affect hand form and
function may be an important comparative tool for evolutionary inferences. Although our
study did not find a significant influence of manual activities on hand function (apart from
playing a musical instrument in females), future targeted studies that can better quantify
the frequency and duration of different manual activities and their potential influence on
hand function would offer a useful context in which to infer how precision- or power grip-
related behaviors (e.g., tool manufacture and use) influenced the evolution of the human
hand. More specifically, recognizing the relationship between form and functional change
in the modern human population could enable a more comprehensive understanding of
how and why the hand has changed over the last few million years.

There are some limitations of this study worth acknowledging. Investigating multiple
variables and their associations in a single dataset makes it increasingly difficult to draw
causal conclusions from the research. Moreover, previous studies have suggested that the
pegboard test is not an accurate measure of ‘full’ manual dexterity, and we should not
underestimate the range of movement coordination needed to be measured by dexterity-
based tasks [88]. Dexterity is not solely based on the coordination between the thumb and
the index finger but instead incorporates various grips and postures involving interactions
with the other digits and palm. Analyzing the relation between form and function of the
hand should realistically value the hand as a whole and not isolate dexterous movement to
a select number of digits or features. A final limitation may be the use of a cross-sectional
sample, rather than longitudinal data tracking the potential influence of hand use behaviors
on hand function. Frederiksen et al. [89] investigated power grip strength in a large sample
of 8342 individuals over four years demonstrating a decline in grip strength due to age.
Therefore, it is possible that the results of this study do not reflect age-related changes in
females’ pinch strength that would otherwise be established in the same participants with
a different design.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/sym14010071/s1, Table S1: Summary statistics for pinch grip strength (Ibs) of both hands
by age categories and each sex, for handedness and for each lifestyle factor (occupation, playing a
musical instrument, playing sport) tested; Table S2: Summary statistics for pegboard task results
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(number of pegs correctly placed) of both hands by age categories and each sex, for handedness and
for each lifestyle factor (occupation, playing a musical instrument, playing sport) tested.
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