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Abstract
Background: There is a lack of of cross-sectional research that has investigated muscle morphology, function, and
functional capability in all age-bands of healthy adults. The primary aim of this study was to evaluate age-related
differences in indices of vastus lateralis (VL) muscle morphology, function and functional capability in a sample of
healthy males and females aged 18-70yrs. Secondary aims were to evaluate relationships between age and VL muscle
morphology and function and functional capability.
Methods: B mode Ultrasonography and Tensiomyography were used to measure VL muscle thickness, pennation
angle, fascicle length, and contractile properties in 274 healthy adults aged 18-70yrs. Measurements of grip strength
and functional capability (1-min chair rise test) were also taken. Data analysis included descriptive statistics, correlations, one-way ANOVAs, and multiple regressions.
Results: Negative correlations were found between age and muscle thickness ( rs = -.56), pennation angle ( rs = -.50),
fascicle length (rs = -.30), maximal displacement (rs = -.24), grip strength (rs = -.27) and the 1-min chair rise test
(rs = -.32). Positive correlations were observed between age and the echo intensity of the muscle ( rs = .40) and total
contraction time ( rs = .20). Differences in the indices of muscle health were noticeable between the 18–29 age band
and the 50–59 and 60–70 age bands (p < 0.05). The interaction of age and level of physical activity predicted changes
in the variables (r2 = .04—.32).
Conclusion: Age-related differences in muscle health are noticeable at 50 years of age, and age-related differences
are larger in females compared to males. It was suggested that the thickness of the VL changed the most with age
across the adult lifespan and that physical activity likely acts to abate detrimental change.
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Background
Declines in muscle quantity [1–3] and muscle strength
[2, 4–6] are associated with declines in functional capability. Functional capability is a term referring to the ability of an individual to perform physical tasks that are
important for daily living such as rising from a chair. The
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strength of a muscle is underpinned not only by muscle
size but by muscle morphology, namely pennation angle
(PA) [7–9]. Within this project, muscle morphology is a
term regarding the structure of a muscle, of which some
of the key parameters include PA, fascicle length (FL),
tissue composition such as intramuscular fat, connective tissue surrounding the muscle and within the muscle such as aponeuroses. The European Working Group
on Sarcopenia in Older People (EWGSOP) [10] recommends classification of older adult muscle health according to differences observed from a young adult reference
range. This has contributed to a paucity of data in middleaged adults. Evidence suggests that alterations in muscle
morphology, function and functional capability do not
occur simultaneously at different stages of adulthood
[11]; this is because research studies have provided evidence that there are larger age-related declines in muscle
strength, which may precede changes in muscle mass in
older adults [12, 13]. However, due to the lack of data on
muscle morphology, function and functional capability in
healthy adults aged 18–70 years (yrs) of age, the specific
trajectory of age-related differences in aspects of muscle
health across 18-70yrs still remains to be investigated.
Studies evaluating the relationship between age and
indices of morphology, function and functional capability
should control for factors which may have an impact on
variables of muscle health. Factors such as the presence
of disease or injury may reduce mobility and / or lead
to a decline in the external loading on the muscles [14],
resulting in atrophy (wasting) of the muscle and possibly accelerating the rate of age-related declines in muscle health sarcopenia [15]. Thus, for the maximal effort
tests to detect age-related differences, adults should
be healthy, free from disease or injury and able to walk
unaided. It could also be argued that indices of muscle
health should be evaluated in samples of healthy adults
to determine the optimum reference values of muscle
morphology, function and functional capability. This may
enable adults to evaluate the status of their muscle health
in comparison to adults of comparable age who are at the
upper echelons of their muscle health.
Muscle thickness (MT), PA and FL play an important
role in muscle function [16, 17] and age-related changes
in the architecture of a muscle results in alterations to
the force producing output of a muscle [17]. Measurements of muscle function have previously included muscle contractile properties [18, 19] and muscle strength.
Upper body strength can be measured using hand-held
dynamometry which has clinical utility advantages such
as portability. Furthermore, normative reference values are available for various populations and therefore,
comparisons can be made. Measures of grip strength are
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correlated to upper leg strength, thus it can be suggested
that differences in grip strength may reflect differences in
upper leg strength [20]. Investigating factors that underpin muscle function may reveal age-related differences
in muscle function that precede differences in muscle
strength and functional capability. Hence, measuring
MT, PA, FL, contractile properties, strength and functional capability and evaluating the findings may reveal
the age-related differences that may be present in adults
aged 18-70yrs.
The primary aim of this study was to evaluate agerelated differences in indices of VL muscle morphology, function and functional capability in a sample of
healthy males and females aged 18-70yrs. Secondary
aims were to evaluate relationships between age and
VL muscle morphology and function and functional
capability.
The specific objectives of this study were to:
1. Assess at which age band, if there are any, differences in MT, PA, FL, muscle quality, contractile
properties, upper body strength and lower extremity functional capability become noticeable from the
youngest age band (18-29yrs). Directional hypothesis: Age-related differences in the listed parameters
of muscle health will be statistically significantly
different between those aged 18-29yrs and 50-59yrs
and 60-69yrs.
2. Assess whether age is associated with MT, PA, FL,
muscle quality, contractile properties, upper body
strength and lower extremity functional capability
and whether age accounts for the same amount of
variance in these variables. Directional hypothesis:
The strength of the associations between age and
each of variables will not be the same and age will not
account for the same amount of variance in each of
the variables.
3. Assess the interaction between age and physical
activity to explain the variance in MT, PA, FL, muscle quality, contractile properties, upper body
strength and lower extremity functional capability.
Directional hypothesis: Age and physical activity will
account for a larger variance (as reflected by the r2
values) in the variables of muscle health compared to
age or physical activity alone.

Methods
Design

This was a cross sectional study in which measurements
of MT, PA, FL, tissue composition (in relation to intramuscular fat), contractile properties, upper limb strength
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and lower extremity functional capability were taken at
one time point for each participant.
The study was conducted in accordance with the Declaration of Helsinki. This study was approved by the
Research Ethics Committee of Leeds Beckett University
(ethics application number = 50,844). All participants
provided written informed consent.
Participants, recruitment and enrolment

A convenience sample size of 250 healthy, unpaid, female
and male adult volunteers aged 18-70yrs was the target
sample size. An a priori sample calculation was not performed due to the lack of existing data on measurements
of contractile properties and lower extremity functional
capability using the 1-min chair rise test in healthy adults
aged 18-70yrs. Our priority was to obtain an equal number of participants per age band which then facilitated
meaningful comparisons to be made between the age
groups without the limitation of unequal numbers in
each group which could have affected the findings and
conclusions drawn. Participants were recruited via posters advertised around Leeds Beckett University, local
sports clubs and Pilates classes. Emails were sent to local
neighbourhood network schemes, local community clubs

Page 3 of 15

(University of Third Ages) and members of staff at the
University. Word of mouth was also used.
Participants who were defined as ‘healthy’, independent
living and fully mobile were included. Participants were
deemed as ‘healthy’ based on the criteria outlined by Greig
et al. [21], with allowances to the list of those who: were on
blood pressure tablets and their blood pressure taken on
the day was within normal limits (120/80); had mild anxiety or depression, including those taking medication; or
had controlled asthma. There was no restriction on gender, ethnicity, height or weight. Volunteers who expressed
an interest were sent the participant information sheet
and the self-exclusion criteria. Those who deemed themselves eligible were invited to the site of testing and were
formally screened for eligibility by the primary researcher
(IJ) using a pre-screening questionnaire. Volunteers with
high blood pressure (over 140/90 mmHg) were excluded
from the study. Those who were deemed eligible to take
part completed the consent form. All participants were
instructed to maintain a normal diet but refrain from consuming caffeine 12 h prior to the study. Participants were
also asked to refrain from exercising before taking part in
the study. The sequence of events, including timings, for
each participant can be seen in Fig. 1.

Fig. 1 An illustration of the sequence of events undertook for each participant
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Measurements
For specific operational detail please see the Supplementary file S1.
Anthropometrics

Measurements of height (cm) and weight (kg) were
recorded. Each participant’s dominant leg and arm
were noted. The femur length (cm) was measured as the
distance between the greater trochanter and the lateral
femoral condyle, and the girth (cm) of the thigh was
measured at the mid-point of the thigh in the transverse plane.
Physical activity levels

Participants were asked to fill out the International
Physical Activity Questionnaire –short form (IPAQ).
The IPAQ is comprised of questions based around how
physically active the participant has been in the last
7 days. The data from these questions was used to calculate the weighted MET/week for each participant and
to classify the physical activity levels of the individuals
as either high, moderate or low [22]. The Bone Physical Activity Questionnaire (BPAQ) was used to identify
the types and frequency of exercise each participant
performed. This was useful when making comparisons
between the activity levels and types of exercise performed between the age groups.
Marking of the vastus lateralis muscle belly

The VL of the dominant leg was marked using a skinfriendly pen. Only the dominant VL was imaged and
measured because measurements of upper body
strength were taken in the dominant arm, therefore,
to enable comparisons between the upper and lower
limbs it was decided to only measure the dominant
limbs. A mark was made at 50% of the distance between
the greater trochanter and the lateral femoral condyle.
Keeping in line with the original 50% mark, the medial
and lateral borders of the VL muscle were marked by
the investigator. The midpoint between these markings
was measured and marked X with a skin-friendly pen;
this was the site for the probe placement (both Ultrasonography and Tensiomyography (TMG)). The electrode placements were determined by measuring and
marking 2.5 cm proximally and distally of the X.
Muscle thickness, pennation angle, fascicle length
and echo intensity

Images of the dominant VL muscle were taken using
B mode ultrasonography (LOGIQ e, GE Healthcare,
Buckinghamshire) with a 5 cm linear array probe to
allow for the measurement of MT, PA and FL and echo
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intensity. The depth of the images was altered to enable
a clear image whereby the superficial and deep aponeuroses and 3 clear fascicles could be seen. The frequency
was kept constant for every participant to allow measurements of echo intensity to be taken. Participants
were supine with the knee extended and relaxed. The
investigator followed a measurement protocol [23]
which was followed step by step.
The images taken using the B mode Ultrasonography
machine were downloaded to imaging software (Image
J, v.1.51 k; National Institute of Health; Bethesda; USA),
where one measurement of MT, PA, FL and echo intensity was taken. MT was determined as the perpendicular
distance between the superficial and deep aponeurosis;
PA was determined as the angle at which the fascicle
inserted into the deep aponeurosis, and FL was determined as the length of the fascicular path from the superficial and deep aponeuroses. FL was measured using the
extrapolation method [24] as the equipment does not
have an extended field of view function. Measurements
of echo intensity using grayscale analysis was used to
reflect the quality of the muscle.
Prior to this study, a reliability study was conducted
to assess the reliability of the principal investigator at
taking measurements of MT, PA and FL. Two measurements of MT, PA and FL were taken and the intra class
correlation coefficient (ICC) and associated 95% confidence intervals (CI) were calculated using a 2-way
mixed-effects model. To summarise, excellent levels
of intra-rater reliability were achieved for measurements of MT (ICC = 0.95, 95% CI = 0.9 – 098, p < 0.01),
good levels of intra-rater reliability were achieved for
measurements of PA (ICC = 0.88, 95% CI = 0.75- 0.94,
p < 0.01) and moderate levels of intra-rater reliability
were achieved for FL measurements (ICC = 0.83, 95%
CI = 0.65–0.92, p < 0.01). Further details including the
standard error of measurement and Bland Altman plots
can be found in the study by Jacob et al. [25].
Contractile properties

Involuntary muscle contractile properties of the dominant VL were measured using TMG. Maximal displacement (Dm) measures the deformation of the muscle
belly (mm) during an involuntary muscle contraction,
a reduced Dm is suggested to represent an increase in
muscle stiffness. Total contraction speed (Tc) reflects the
speed of contraction during an involuntary muscle contraction and is measured as the time on the ascending
curve between 10 and 90% of Dm [26].
Measurements were taken with the participants supine
with the knees extended. Participants were asked to
remain relaxed during measurements. Familiarisation
measurements were conducted on the non-dominant VL.
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The skin area was cleaned with alcohol wipes to improve
impedance. After the familiarisation, the two self-adhesive electrodes (5 cm x 5 cm) were placed on the marked
sites of the dominant leg in preparation for the actual
test, with the positive electrode placed on the proximal
marking of the muscle and the negative electrode placed
on the distal marking of the muscle. The electrodes were
attached to the electrical stimulation unit (TMG-S1 doo,
Ljubljana, Slovenia). The spring-loaded digital transducer
probe (Digital-optical comparator, RLS Ltd, Slovenia)
was placed at 50% of the marked belly of the VL as this
is the thickest portion of the muscle. The probe and electrodes were kept in the same place for the duration of the
testing.
Measurements were taken in a sequential and progressive order until maximal Dm was reached, starting
at 30 mA and increasing by 5 mA every 10 s. The 10 s
rest period was in line with the rest period reported by
Hunter et al. [27]. On stimulation, a monophasic 1 ms
pulse stimuli was delivered to the muscle. After each
stimulus, the investigator checked the curve on the graph
shown on the laptop. The test was terminated if there was
no further increase in maximal muscle displacement or
if the maximum amplitude that the electrical stimulator
was reached (100 mA).
Strength

Isometric hand grip strength (GS) was measured using a
portable Jamar Plus digital handheld dynamometer. All
measurements were taken in the dominant hand only.
For this study, participants were asked to stand with their
arms close to their side and the elbow of the dominant
hand bent at 90 degrees when squeezing similar to protocols described by [28]. Participants were given two warm
up trials before performing three maximal effort trials.
The average of the 3 trials was calculated and recorded as
the grip strength measure for each participant.
Functional capability

Two chair rise tests were conducted to measure functional capability: a 5 timed chair rise test and a 1-min
chair rise test. The test was administered using a chair
without arms with a height of 45 cm from the ground,
which was positioned against a wall to prevent the chair
from moving. Participants were instructed to start seated
in the middle of the chair, with their back straight, feet
shoulder width apart and arms crossed against their
chest. The tests started with the participant seated and
for the first test, the participants were asked to rise out of
the chair as quickly as they could 5 times. The time was
recorded, and participants were given a minute’s rest. For
the 1-min chair rise, the participants were asked to perform as many chair rises as they could in the time frame.
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The score was the total number of chair rises executed
correctly in the minute.
Data analysis

Descriptive statistics were calculated for participant
characteristics and each of the dependent variables,
the data is presented as the mean ± standard deviation
and the minimum and maximum range has also been
included. Normality of the data was assessed for each age
category using a Shapiro–Wilk test. A Welch ANOVA
test and Games-Howell post hoc was conducted on
the age bands and MT, PA, FL, echo intensity, Dm, Tc,
GS and lower extremity functional capability to identify
if there were any differences in the dependent variables
between the age bands and, if so, at which age band the
age-related differences were noticeable from the youngest age band (18-29yrs). Statistical significance was
defined as p < 0.05. Spearman’s Rank correlation were
conducted between age and all of the variables aforementioned in order to determine if age was associate
with the variables and the direction of the relationship.
Correlation coefficients of + 1/-1 indicated a perfect correlation and correlation coefficients nearer to zero indicated weak correlations. The strength of the correlations
was classified according to those defined by Cohen [29]:
small = 0.10, moderate = 0.30, large = 0.50. Regression
analysis was conducted to determine if the relationships
between age and the previously mentioned variables
were linear or curvilinear. Polynomial regression analysis
was used to confirm curvilinear relationships in which
age2 significantly contributed (p < 0.05) to the regression
model for these variables. Multiple regression analysis was conducted to assess the interaction between age
and physical activity as a model to explain the variance in
each of variables. To determine whether the age-related
differences, associations and linearity of the relationships
(if there were any) were similar in the females and males,
the analysis described above was conducted on the whole
sample and by gender.
Statistical analyses were conducted using IBM SPSS
statistical package for Windows (version 25).

Results
Characteristics of study sample

Two hundred and seventy-four healthy adults aged
18–70 years completed the study (mean ± SD:
age = 41.9yrs ± 16.1;
height = 169.3
cm ± 10.2;
weight = 72.4 kg ± 15.2), the characteristics can be
seen in Table 1. Out of the 274 adults 156 females
(mean ± SD: age = 43.1yrs ± 16.7; height = 163.9 cm ± 6.83;
weight = 65.4 kg ± 10.4) and 118 males took part
in
the
study
(mean ± SD:
age = 40.5yrs ± 15.5;
height = 176.5 cm ± 9.42; weight = 81.6 kg ± 15.7).
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Table 1 Participant characteristics for the whole sample (n = 274), females (n = 156) and males (n = 118)
18–29

30–39

40–49

50–59

60–70

Total sample size

73

50

50

50

51

Female sample

41

26

20

34

35

Male sample

32

24

30

16

16

Age

21.1 ± 1.8
19 – 28

34.4 ± 3.0
30 – 39

44.4 ± 3.4
40 – 49

55.0 ± 2.3
50 – 59

64.1 ± 3.3
60 – 70

Female

20.6 ± 1.2
19 – 26

34.8 ± 3.0
30 – 39

44.7 ± 3.5
40 – 49

54.6 ± 2.4
50 – 58

63.8 ± 3.1
60 – 70

Male

21.8 ± 2.2
19 – 28

33.9 ± 2.9
30 – 39

44.2 ± 3.3
40 – 49

56.0 ± 1.8
50 – 59

64.9 ± 3.8
60 – 70

Height (cm)

170.8 ± 9.4
151.8 – 190.0

172.1 ± 9.5
156.5 – 195.0

171.8 ± 10.2
147.0 – 191.0

166.4 ± 9.0
144.0 – 186.0

164.9 ± 11.2
117.5 – 189.5

Female

166.1 ± 7.9
151.8 – 186.5

165.3 ± 5.1
156.5 – 175.5

163.3 ± 6.3
147.0 – 177.5

162.7 ± 7.5
144.0 – 176.0

161.6 ± 5.3
145.5 – 171.5

Male

176.7 ± 7.6
147.0 – 191.0

180.1 ± 6.8
170 – 195.0

177.0 ± 8.5
159.0 – 191.0

174.2 ± 6.7
165.0 – 186.0

172.1 ± 16.4
117.5 – 189.5

Weight (kg)

68.8 ± 10.3
49.6 – 90.0

75.4 ± 14.0
48.0 – 108.0

78.6 ± 16.3
45.2 – 121.1

68.8 ± 13.0
46.0 – 100.0

70.3 ± 11.5
48.0 – 107.7

Female

64.9 ± 8.6
49.6 – 90.0

66.3 ± 10.1
48.0 – 84.4

67.8 ± 12.2
45.2 – 86.5

63.1 ± 10.1
46.0 – 100.0

66.5 ± 11.2
48.0 – 107.7

Male

73.7 ± 10.2
52.0 – 89.6

86.0 ± 9.7
64.6 – 108.0

85.3 ± 15.0
63.5 – 121.1

81.1 ± 9.5
62.5 – 93.1

78.4 ± 7.6
68.6 – 92.0

Femur Length (cm) 40.7 ± 2.9
34.0 – 47.0

41.0 ± 2.5
36.0 – 46.0

40.9 ± 2.6
36.0 – 46.0

39.5 ± 2.6
35.0 – 46.0

39.7 ± 4.3
34.0 – 63.0

Female

40.4 ± 2.9
34.0 – 46.0

39.8 ± 2.0
36.0 – 43.0

38.8 ± 1.6
36.0 – 42.0

38.6 ± 2.1
35.0 – 43.0

38.8 ± 4.7
34.0 – 63.0

Male

41.1 ± 3.0
35.0 – 47.0

42.5 ± 2.2
38.0 – 46.0

42.1 ± 2.4
36.0 – 46.0

41.5 ± 2.8
36.0 – 46.0

41.6 ± 2.5
34.0 – 45.0

Girth (cm)

53.4 ± 3.8
43.0 – 65.0

54.1 ± 4.6
43.0 – 62.0

53.9 ± 5.7
43.0 – 75.0

50.5 ± 4.3
40.0 – 62.0

50.8 ± 4.2
40.0 – 65.0

Female

53.1 ± 4.5
43.0 – 65.0

56.1 ± 3.8
46.0 – 62.0

55.2 ± 55.2
43.0 – 75.0

52.0 ± 4.0
40.0 – 55.5

51.5 ± 3.0
45.0 – 56.0

Male

53.1 ± 4.5
43.0 – 65.0

56.1 ± 3.8
46.0 – 62.0

55.2 ± 55.2
43.0 – 75.0

52.0 ± 4.0
40.0 – 55.5

51.5 ± 3.0
45.0 – 56.0

Values are presented as the mean ± standard deviation. The minimum and maximum values are presented underneath the mean ± standard deviation. The values for
the whole sample are presented in the first row for each of the characteristics

Comparisons between the youngest (18-29yrs) and oldest
(60-70yrs) adults revealed the 60-70 yr old adults had lower
measurements of MT, FL, PA and GS (p < 0.05) compared
to the 18-29 yr olds, see Table 2. The time taken to complete the 5 timed chair rise was longer in the oldest (6070yrs) adults compared to the youngest (18-29yrs) adults
and the older completed a fewer number of chair rises in a
minute compared to the youngest (p < 0.05). The mean pixels, an indicator of muscle quality, was larger in the older
adults compared to the youngest adults (p < 0.05). See Supplementary file S2 for the full t test results.
Analysis of muscle morphology, muscle function
and functional capability between age categories

All indices of muscle morphology, muscle function and
functional capability were significantly different between
the youngest (18-29yrs) and both the 50–59 age band
(p values: MT, PA, MQ and Dm = p < 0.001; FL = 0.006;

Tc = 0.022; 5 × CR = 0.045; 1 min CR = 0.001) and the
60-70 yr age band (p < 0.001 for all variables).
An analysis of the female participants revealed no
significant differences (p = 0.267) in the Tc between the
youngest and oldest adults. However significant differences occurred between the youngest adults (18-29yrs)
and oldest (60-70yrs) adults for every other variable
measured (P values: MT, PA, FL, MQ, GS, 5 × CR and
1 min CR = p < 0.001; Dm = 0.023).
An analysis of the male participants revealed no
significant differences were found between the age
categories for the 5 timed chair rise test (p = 0.161),
echo intensity (p = 0.659), Tc (p = 0.310) or GS
(p = 0.367). Significant differences occurred between
the youngest adults (18-29yrs) and oldest (60-70yrs)
adults for the other variables measured (P values:
MT = p < 0.001; PA = 0.016 FL = 0.007; Dm = 0.033;
1 min CR = 0.042).
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Table 2 Measurements of muscle morphology, muscle function (contractile properties and strength) and lower extremity functional
capability from 18 –70yrs of age in the whole sample (n = 274), females (n = 156) and males (n = 118)
18–29

30–39

40–49

50–59

60–70

Total sample size

73

50

50

50

51

Female sample

41

26

20

34

35

Male sample

32

24

30

16

16

Muscle thickness (cm)

2.0 ± .34 *
1.44 – 3.24

1.82 ± .37
1.10 – 2.91

1.89 ± .31
1.23 – 2.53

1.56 ± .34*
.84 – 2.36

1.42 ± .28*
1.00 – 2.10

Female

1.93 ± .25*
1.44 – 2.66

1.60 ± .20
1.10 – 2.00

1.61 ± .21
1.23 – 1.97

1.41 ± .25*
.84 – 1.93

1.33 ± .22*
1.00 – 2.02

Male

2.19 ± .39*
1.65 – 3.24

2.09 ± .36
1.58 – 2.91

2.06 ± .24
1.68 – 2.53

1.89 ± .27*
1.46 – 2.36

1.61 ± .30*
1.08 – 2.10

Pennation angle (°)

15.28 ± 2.18*
10.71 – 24.22

14.15 ± 1.88
9.70 – 18.14

14.18 ± 1.81
10.72 – 19.55

12.81 ± 1.65*
8.71 – 16.36

12.23 ± 1.79*
8.77 -18.32

Female

14.94 ± 1.71*
10.71 – 20.66

13.29 ± 1.72
9.70 – 17.99

13.09 ± 1.30
10.72 – 15.80

12.19 ± 1.46*
8.71 – 14.85

11.62 ± 1.41*
8.77 – 15.41

Male

15.71 ± 2.64*
11.94 – 24.22

15.16 ± 1.53
12.62 – 18.14

14.84 ± 1.77
12.13 – 19.55

14.16 ± 1.17
12.15 – 16.36

13.54 ± 1.85*
11.07 – 18.32

Fascicle length (cm)

8.34 ± 1.03*
6.21 – 11.82

7.99 ± 1.17
5.69 – 10.55

8.01 ± .75
6.35 – 9.70

7.72 ± .91*
5.92 – 9.90

7.33 ± .89*
6.03 – 9.58

Female

8.24 ± 1.09*
6.21 – 11.82

7.57 ± .92
5.69 – 9.42

7.79 ± .62
6.35 – 8.90

7.54 ± .88*
5.92 – 9.74

7.31 ± .86*
6.03 – 9.21

Male

8.47 ± .94*
6.35 – 10.24

8.48 ± 1.26
6.08 – 10.55

8.15 ± .80
6.75 – 9.70

8.12 ± .86
6.93 – 9.90

7.39 ± .96*
6.22 – 9.58

Echo intensity (mean
pixels)

56.89 ± 21.28*
18.71 – 99.68

73.20 ± 20.25
33.01 – 112.72

73.14 ± 19.32
24.52 – 104.78

87.61 ± 24.23*
45.81 – 145.34

85.48 ± 29.63*
25.66 – 146.51

Female

62.54 ± 21.11*
29.34 – 99.68

84.46 ± 15.80
49.86 – 112.72

89.13 ± 12.07
52.96 – 104.78

96.86 ± 22.30*
45.81 – 145.34

97.89 ± 24.72*
47.32 – 146.51

Male

49.64 ± 19.50*
18.71 – 88.75

59.98 ± 16.74
33.01 – 91.39

63.02 ± 15.92
24.52 – 93.52

66.65 ± 12.72*
48.42 – 86.49

58.33 ± 19.89
25.66 – 92.20

Max.displacement
(mm)

4.45 ± 2.32*
.19 – 9.56

2.76 ± 1.66
.10 – 8.04

3.07 ± 1.90
.37 – 9.56

2.83 ± 1.65*
.73 – 7.17

2.82 ± 1.65*
.22 – 8.17

Female

3.93 ± 2.39*
.19 – 8.42

2.34 ± 1.42
.10 – 4.99

2.49 ± 1.47
.37 – 5.68

2.69 ± 1.73
73 – 7.17

2.46 ± 1.65*
.22 – 8.17

Male

5.10 ± 2.07*
1.47 – 9.56

3.25 ± 1.81
.60 – 8.04

3.42 ± 2.07
.44 – 9.56

3.14 ± 1.44*
1.04 – 5.95

3.57 ± 1.41*
.66 – 5.98

Contraction time (ms)

38.80 ± 12.16*
13.91 – 84.55

39.14 ± 17.20
10.19 – 79.80

36.96 ± 14.57
13.32 – 74.68

46.82 ± 14.23*
16.37 – 70.62

46.31 ± 14.59*
19.83 – 76.18

Female

39.40 ± 13.80
13.91 – 84.55

44.78 ± 18.74
10.19 – 79.80

41.72 ± 15.85
14.84 – 74.68

48.40 ± 13.28
20.52 – 70.62

46.78 ± 15.46
21.00 – 76.18

Male

38.05 ± 9.90
19.12 – 53.67

32.51 ± 12.60
15.51 – 62.32

34.04 ± 13.15
13.32 – 73.71

43.10 ± 16.17
16.37 – 69.00

45.31 ± 12.99
19.83 – 62.51

Grip strength (kg)

36.98 ± 10.03*
18.00 – 66.13

39.61 ± 11.25
22.43 – 68.63

41.77 ± 13.20
17.67 – 78.73

32.26 ± 9.59*
18.93 – 61.47

29.32 ± 9.37*
12.77 – 57.10

Female

30.98 ± 6.56*
18.00 – 48.20

31.10 ± 4.49
22.43 – 39.73

30.06 ± 6.41
17.67 – 44.13

26.99 ± 4.40*
18.93 – 38.20

46.78 ± 15.46*
12.77 – 33.13

Male

44.67 ± 8.34
25.30 – 66.13

46.61 ± 8.06
36.53 – 68.63

48.95 ± 10.95
29.40 – 78.73

43.45 ± 7.83
32.13 – 61.47

39.74 ± 8.88
28.77 – 57.10

5 × chair rise (secs)

5.86 ± 1.59*
3.33 – 10.68

6.14 ± 1.58
3.29 – 11.51

6.29 ± 1.38
4.00 – 10.30

6.66 ± 1.51*
4.00 – 10.80

7.42 ± 1.92*
4.52 – 12.20

Female

5.69 ± 1.54*
3.33 – 9.33

6.19 ± 1.20
4.15 – 8.53

6.26 ± 1.36
4.10 – 8.90

6.85 ± 1.72*
4.00 – 10.80

7.52 ± 2.08*
4.52 – 12.20

Male

6.07 ± 1.65
3.94 – 10.68

6.08 ± 1.96
3.29 – 11.51

6.31 ± 1.41
4.00 – 10.30

6.24 ± .85
4.60 – 8.30

7.20 ± 1.53
5.40 – 10.65

1-min chair rise

53.47 ± 13.58*
28.00 – 78.00

49.30 ± 12.14
26.00 – 76.00

48.20 ± 11.74
27.00 – 80.00

45.00 ± 10.47*
18.00 – 67.00

40.61 ± 11.64*
20.0 – 70.00

Female

53.88 ± 13.91*
28.00 – 78.00

47.52 ± 10.71
32.00 – 68.00

48.37 ± 11.54
31.00 – 75.00

42.29 ± 10.13*
18.00 – 62.00

40.29 ± 11.40*
20.00 – 70.00
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Table 2 (continued)
18–29

30–39

40–49

50–59

60–70

Male

52.94 ± 13.34*
32.00 – 78.00

51.39 ± 13.56
26.00 – 76.00

48.10 12.05
50.75 – 80.00

50.75 ± 8.99
35.00 – 67.00

41.31 ± 12.51*
25.0 – 66.00

METs

4420.48 ± 2452.66*
99 – 14,319

2884.12 ± 1776.39*
446 – 9225

3232.47 ± 2187.42*
0 – 9996

2660.67 ± 1937.10*
132 – 10,890

2699.68 ± 1747.85*
438 – 11,070

Female

4445.82 ± 2036.551*
495 – 8244

2564.92 ± 1866.13*
693 – 9225

2405.92 ± 1163.00*
462 – 5772

2208.56 ± 1239.75*
132 – 5772

2445.86 ± 1333.65*
438 – 5346

Male

4388.02 ± 2935.65
99 – 14,319

3244.96 ± 1634.32
446 – 7812

3765.73 ± 2523.64
0 – 9996

3621.41 ± 2725.52
1512 – 10,890

3254.91 ± 2381.71
822 – 11,070

*

statistically significant differences between the 18-29 yr age and the other age bands = p < 0.05

Values are presented as the mean ± standard deviation. The minimum and maximum values are presented underneath the mean ± standard deviation. The values for
the whole sample are presented in the first row for each of the characteristics

Table 3 Spearman’s rank correlations (rs) between age and each
dependent variable
All
MT
PA
FL
MQ
Dm

Female

Male

r

-.56*

-.71*

-.40*

r

-.50

*

*

-.31*

r

-.30

*

*

-.27*

r

*

.40

r

-.24
*

-.62
-.29
*

.26*

.52
*

*

-.21
*

-.27*

Tc

r

.20

.19

.13

GS

r

-.27*

-.43*

-.14

5 × CR

r

.30*

.35*

.22*

1 min CR
*

r

-.32

*

*

-.38

-.21*

p < 0.05

rs = Spearman’s rank correlation coefficient

MT muscle thickness, PA pennation angle, FL fascicle length, MQ muscle quality,
Dm maximal displacement, Tc total contraction speed, GS grip strength, 5 X CR 5
timed chair rise, 1 min CR 1 min chair rise

Relationships between age and muscle morphology,
contractile properties, strength and functional capability

Age was associated with all dependent variables for
the whole sample (rs = 0.20- 0.56, p < 0.05) and females
(rs = 0.19 -0.71, p < 0.05), see Table 3. Tc and GS were
not associated with age in the males (p > 0.05). The largest correlation coefficient was observed between age
and MT for the whole sample, females and males. Overall, lower correlations were found in the males compared to the females, specifically, moderate correlations
were only observed between age and MT (rs = -0.40)
and PA (rs = -0.31) in the males, the remaining variables
had small correlation coefficients (rs = 0.10—0.27).

Analysis of variance
Curvilinear relationships were observed between age and
the following variables: MT (whole sample and males)
and GS (whole sample, females and males). This was confirmed when age squared significantly contributed to the

model for the aforementioned variables. Visual representations of the associations and regressions between age
and MT and GS in the females and males can be seen in
Figs. 2a, b, 3a and b.
Negative linear relationships were observed between
age and the following variables: MT (females), PA (whole
sample, females and males), FL (whole sample, females
and males), Dm (whole sample, females and males) and
the 1-min chair rise test (whole sample, females and
males). Age did not statistically significantly account for
any variances in the 5 timed chair rise test in the males
(p > 0.05). Positive linear correlations were observed
between age and MQ (whole sample and females), Tc
(whole sample, females and males) and the 5 timed chair
rise (whole sample and females).
The largest slope of regression line was observed between
age and MT was in the females (r2 = 0.48, p < 0.05). The
larger r2 value in the females (r = 0.48) compared to the
males (r = 0.26) indicates that age accounted for a larger
variance in MT in the females compared to the males.
Please see S2 for the full regression analysis.
Figure 4 displays the association between age and MT
for the whole sample across 18-70yrs. Visual inspection
of Fig. 4 shows differences in MT across the age range. A
difference in mean MT of 0.01 cm per annum is shown
by the r equation.
Multiple regression analysis of age and physical activity
levels as predictors of changes in muscle morphology,
function and functional capability

Table 4 presents the findings from the multiple regression
analysis. It was revealed that when combined, age and
physical activity were significant predictors of changes
in all the variables. The r2 values demonstrate that the
model (the interaction between age and physical activity)
explained a larger variance in each of the dependent variables for the whole sample (r2 = 0.04—0.32), compared
to either age (r2 = 0.04—0.30) or physical activity alone
(r2 = 0.03—0.10).
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Fig. 2 a and b Scatter plots to illustrate the relationship between age and MT in the males and females. The blue line represents the time point
when differences in MT were noticeable from the youngest adults

Discussion
This is the first study to evaluate indices of VL muscle morphology, muscle function and lower extremity functional capability in a sample of healthy adults
aged 18-70yrs (with ≥ 50 adults per age band). Age was
negatively associated with vastus lateralis MT, PA, FL
Dm, upper body strength and lower extremity functional capability. Also, there were positive associations between age and VL echo intensity and the total

contraction time, yet the magnitude of the correlation
coefficients between age and the indices of muscle
morphology, function and functional capability were
not the same. In particular, MT was the variable which
demonstrated the largest association with age for the
whole sample. Comparisons of age-related differences
between the age bands revealed that it was not until
the 50–59 age band when differences in all of the variables were statistically different to the youngest adults
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Fig. 3 a and 3b Scatter plots to illustrate the relationship between age and GS in the males and females. The blue line represents the time point
when differences in GS were noticeable from the youngest adults

(18-29yrs). We suggest that the statistically significantly lower physical activity levels and lower number
of weight-bearing exercise sessions may be a possible
reason, alongside natural age-related changes, for the
differences in those > 50yrs. Gender analysis revealed
larger age-related differences and associations with age
in the females compared to the males. However, males
were more active compared to the females, suggesting
that physical activity may have played an important role
in preventing age-related differences in muscle health in
the males.

Curvilinear relationships were observed between
age and MT and age and GS in the whole sample and
the males, suggesting that MT and GS do not peak in
the third decade and then differ linearly across the
subsequent age bands. This is consistent with previous research studies which also reported curvilinear
declines in GS in both females and males [30–32].
Together, age and physical activity were contributing
factors to differences observed in muscle morphology,
contractile properties, strength and functional capability. Yet, age remained a significant correlate of the
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Fig. 4 A scatter graph to illustrate the association between age and measurements of MT across 18-70yrs of age. The individual dots have been
colour coded to represent the corresponding age band. The boxes represent the mean ± SD measurement of MT for each of the age bands

variables, more so than physical activity, suggesting
that differences in muscle morphology, muscle function and lower extremity functional capability as a
result of age are inevitable, both in females and males.
Age was more strongly associated with MT compared
to the other measures of muscle health

Findings from this study are suggestive that MT undergoes
larger age-related differences compared to the other indices of muscle health. This is an important finding because
MT underpins laboratory muscle function and functional
capability [16]. Furthermore, research studies have suggested that alterations in muscle mass lead to subsequent
impairments in the contractile elements of the muscles and
muscle strength, and therefore physical performance [33].
Larger age-related differences in MT compared to GS
were found between the youngest (18-29yrs) and oldest
adults (60-70yrs). When bivariate correlations were conducted to control for the effect of height, weight and physical activity, the correlations were still stronger between
age and MT compared to age and GS, suggesting that age
accounts for larger differences in MT compared to GS.
It could be argued that handheld dynamometry may not
be the most appropriate tool to detect changes in muscle
strength of healthy adults [34] as the lower limbs undergo
larger age-related declines compared to the upper limbs
[35]. Recently, the EWGSOP recommended the 30-s chair
rise test as a proxy measure of lower limb muscle strength
[10]. Healthy younger adults may not struggle to rise out

of a chair continuously for 30 s, resulting in the test not
being able to detect the degradation of functional capability in younger adults. It has been suggested that extended
timed tests, e.g. a 900 m gait test or a 1-min chair rise test,
may be more applicable, as it allows individuals to work
to their maximum for a longer period of time, which may
allow for the changes in functional capability to be identified [11]. Hence the 1-min chair rise test was performed
in this study. Considering the 1-min chair rise test as a
proxy measure of lower limb strength, larger age-related
differences in mean MT between the youngest and oldest
adults were found compared to lower extremity functional
capability (1-min chair rise), at 29% and 24% respectively.
These findings provide evidence that measurements of MT
are important when investigating age-related differences in
muscle health.
Interestingly, within this study, the rate of change per
decade in mean MT and mean GS after 50yrs was the
same (9%), indicating an accelerated loss of strength after
50yrs. This is in line with Samson et al. [36] and Vianna
et al. [32] who both reported an accelerated loss of muscle strength after 55yrs. A variety of factors including age,
hormones [36], changes in the size of the muscle (MT) and
reduced physical activity levels are plausible explanations
for these larger differences in strength after 50yrs. Based
upon the findings from this study, it could be suggested
that future interventions should explore the possibility of
implementing approaches to prevent age-related differences in MT and GS prior to 50yrs because after this time

Jacob et al. BMC Geriatrics

(2022) 22:538

Page 12 of 15

Table 4 Multiple regression analysis summary for age and physical activity as predictors for muscle morphology, function and
functional capability
B

SE B

Β

T

-0.12

.00

-.49

-9.38***

r2

Adj. r2

.32***

.31***

.25***

.24***

.11***

.10***

.24***

.23***

.10***

.09***

.04***

.03***

.10***

.09***

.10***

.09***

.13***

.12***

MT
Age
METS

***

3.36

.00

.18

3.47

-.06

.00

-.43

-7.83***

PA
Age
METS

***

.00

.00

.15

2.67

-.02

.00

-.29

-4.85***

FL
Age
METS

***

3.99

.00

.09

1.42

.55

.89

.34

6.18***

Echo intensity
Age
METS

***

-.00

.00

-.27

-4.77

-.03

.00

-.24

-3.87***

Dm
Age
METS

***

.00

.00

.15

2.46

Age

.18

.06

.20

3.13***

METS

.00

.00

-.02

-.27

-.13

.04

-.18

-3.04***

Tc

GS
Age
METS

***

.00

.00

.21

3.47

Age

.03

.00

.28

4.68***

METS

–7.54

.00

-.10

-1.63

Age

-.26

.05

-.32

-5.41***

METS

.00

.00

.09

1.50

5 timed chair rise

1 min chair rise

Abbreviations: B unstandardized beta, SE B standard error for unstandardized beta, β standardised beta, t t test statistic, *** = p < .001

point differences in these variables, in particular strength,
accelerate.
Differences in muscle thickness, pennation angle,
fascicle length, muscle quality, contractile properties,
strength and lower extremity functional capability were
not noticeable from the youngest age band (18‑29yrs)
until the 50‑59 yr age band

Differences in the indices of muscle morphology (MT, PA,
FL and echo intensity), function (contractile properties
and GS) and functional capability (5 timed chair rise and
1 min chair rise tests) were not statistically significantly
different from the youngest adults until 50yrs. These findings are consistent with previous findings from studies
which reported muscle quantity [37], strength [30–32] and
functional capability noticeably decline after 50yrs [5].
A possible reason for the differences observed may
be the physical activity levels of the 18-29 yr olds and
50-59 yr olds. The younger adults (18-29yrs) were more

active than those aged 50-59yrs. Furthermore, a higher
total number of weight bearing exercises such as strength
training, high intensity interval classes, boxing and running were reported in the youngest (18-29yrs) adults
compared to those aged 50-59yrs, 63 vs. 41. On the other
hand, a higher total number of lower weight-bearing exercises, such as swimming, cycling, walking and yoga, were
reported in those aged 50-59yrs (56) in comparison to the
youngest (18-29yrs) adults [17]. The benefits of resistance
training on the morphology and function of the muscle
have been well documented [38–43]. From the above evidence, it seems reasonable to suggest the lower intensity
exercises, including less weight bearing exercises, may
have influenced the age-related differences in the variables
of muscle health after 50yrs. Hence, both the frequency
and type of physical activity plays an important role in
mediating the age-related differences in muscle morphology, function and functional capability. One implication of these study findings is that interventions aimed at
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preventing age-related differences in muscle health may
need to be implemented prior to 50yrs and that physical
activity may need to play a part in these interventions.
The interaction between age and physical activity account
for a larger variance in the variables compared to age
and physical activity alone

The inevitable effect of age on skeletal muscles is supported by research from Piasecki et al. [44], who provided evidence of natural age-related remodelling of
motor units irrespective of physical activity levels.
Although age accounted for a larger variance in the
measures of muscle health within this study compared to
physical activity, it is not known whether the age-related
differences and associations observed would have been
larger if the sample included within this study were not
as physically active. Therefore, it could be suggested that
whilst the effect of age on the skeletal muscle is unavoidable, physical activity plays a key role in mediating the
declines in muscle health, not to mention the other benefits of physical activity on the reducing the chance of
metabolic and cardiovascular diseases, musculoskeletal
conditions, obesity and cognitive impairments [45].
Gender comparisons

Larger associations and age-related differences in the
indices of muscle morphology, function and functional
capability were found in the females compared to the
males. Females and males are different in many ways,
including genetics, physical and physiological make
up, for example males naturally have a larger amount
of muscle mass compared to females [37]. Within this
study, males were taller, heavier and had higher mean
measures of muscle morphology (except for echo intensity values), strength and lower extremity functional
capability relative to the females. When controlled for
height, weight and physical activity levels, most of the
correlations between age and the variables were still
stronger in the females compared to the males. Thus,
it could be suggested that females undergo larger agerelated differences in muscle health compared to males.
That said, the males were more highly active compared
to of the females). Thus, the physical activity levels of the
males may be a reason for the smaller age-related differences in the males compared to the females. The findings
highlight that future studies investigating age-related
differences and declines in muscle health should include
both females and males, and that the findings between
the genders cannot be generalised to one another.
Limitations and future directions

Upper body strength was measured using handheld
dynamometry in this study and a proxy measure of
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lower limb was measured using the 1-min chair rise test
as proposed by the EWSOP [10]. Using measurements
of upper body strength to reflect lower limb strength
changes comes with its limitations, this is because
research studies have provided evidence of the larger
strength declines in the upper leg muscles, specifically
the anterior thigh muscles, compared to the muscles of
the upper arm [46]. This may be a possible reason for
the smaller differences in GS compared to MT observed
within this study.
This was a cross-sectional study design and allowed
for age-related characteristics and differences in variables of muscle health to be determined in a sample
of healthy adults. However, the specific decline in the
measures of muscle health across 18-70yrs cannot
be ascertained from this study. Therefore, whilst this
study reported age-related differences across the various age bands, there is a need for a future study/studies
to determine the age-related decline in measurements
of muscle morphology, function and functional capability in healthy adults aged 18-70yrs.

Conclusion
In conclusion, the present study provides preliminary
evidence that age-related differences in the indices of
muscle morphology, function and functional capability
are not statistically different from the youngest adults
until the 50–59 age band. The study found that age was
associated with differences in indices of muscle morphology, function and functional capability. However,
these variables do not differ similarly across the lifespan, in particular the evidence was suggestive that the
thickness of the VL changed the most with age across
the adult lifespan. From these initial findings, it could
be suggested that interventions aimed at preventing
sarcopenia and frailty should be targeted at those aged
50yrs. The findings also provide suggestive evidence
that age-related differences in the indices of muscle
morphology, function and functional capability cannot
be generalised between genders. Although the effects
of age on indices of muscle morphology, function and
functional capability are inevitable, physical activity
played an important role in mediating differences in the
aspects of muscle health within this study. Therefore,
these findings further support the use of physical activity as a non-medical intervention to reduce the risk
of sarcopenia. The findings from this cross-sectional
study provide insights which could be used to inform
the design of future studies aiming to develop normative reference ranges for the aspects of muscle health
across the adult lifespan, as well as studies aiming to
devise interventions to prevent sarcopenia in females
and males.

Jacob et al. BMC Geriatrics

(2022) 22:538

Supplementary Information

Page 14 of 15

5.

The online version contains supplementary material available at https://doi.
org/10.1186/s12877-022-03183-4.
Additional file 1: Supplementary file S1. Operationaldetail for the
measurements of muscle morphology, function and functionalcapability.
Additional file 2: Supplementary file S2. Furtherstatistical tests.

6.
7.

Acknowledgements
n/a

8.

Authors’ contributions
Conceptualization: IJ, MIJ, PF, GJ. Data curation: IJ, AJ. Formal Analysis: IJ Funding acquisition: not applicable (part of a PhD project). Investigation: IJ, Methodology: IJ, AJ, PF, MIJ, Project administration: IJ and PF, Resources: IJ,, Software:
IJ, Supervision: MIJ, PF and GJ, Validation: IJ, Visualization: IJ. Writing – original
draft: IJ. Writing – review & editing: MIJ, GJ, PF and AJ. All authors approved the
final version of the manuscript.

9.

Funding
No funding was received for this study.

12.

Availability of data and materials
Underlying research materials related to our paper (for example data, samples
or models) can be accessed by contacting i.jacob@leedsbeckett.ac.uk.

13.

Declarations

15.

Ethics approval and consent to participate
All procedures involving human participants were in accordance to the ethical
standards of Leeds Beckett University and were performed in accordance with
the ethical standards laid down in the 1964 Declaration of Helsinki and its later
amendments. The research was approved by the Research Ethics Committee
of Leeds Beckett University. All participants provided informed consent.

10.
11.

14.

16.

17.

Consent for publication
Notapplicable

18.

Competing interests
There is no conflict of interes.

19.

Author details
1
Musculoskeletal Health Research Group, Leeds Beckett University, Leeds,
England. 2 Centre for Pain Research, Leeds Beckett University, Leeds, England.
3
Department of Science and Health, Institute of Technology Carlow, Carlow,
Ireland.
Received: 5 April 2022 Accepted: 1 June 2022

20.
21.
22.
23.

References
1. Abe T, Ogawa M, Loenneke JP, Thiebaud RS, Loftin M, Mitsukawa N.
Association between site-specific muscle loss of lower body and one-leg
standing balance in active women: the HIREGASAKI study. Geriatr Gerontol Int. 2014;14(2):381–7.
2. Hairi NN, Cumming RG, Naganathan V, Handelsman DJ, Le Couteur DG,
Creasey H, et al. Loss of muscle strength, mass (sarcopenia), and quality
(specific force) and its relationship with functional limitation and physical
disability: the Concord Health and Ageing in Men Project. J Am Geriatr
Soc. 2010;58(11):2055–62.
3. Janssen I, Heymsfield SB, Ross R. Low Relative Skeletal Muscle Mass (Sarcopenia) in Older Persons Is Associated with Functional Impairment and
Physical Disability. 2002. Report No.: 00028614/02.
4. Bohannon RW. Hand-grip dynamometry predicts future outcomes in
aging adults. J Geriatr Phys Ther. 2008;31(1):3–10.

24.
25.
26.

27.

Francis P, Toomey C, Mc Cormack W, Lyons M, Jakeman P. Measurement of
maximal isometric torque and muscle quality of the knee extensors and
flexors in healthy 50- to 70-year-old women. Clin Physiol Funct Imaging.
2017;37(4):448–55.
Sayer AA, Syddall HE, Martin HJ, Dennison EM, Anderson FH, Cooper C.
Falls, sarcopenia, and growth in early life: findings from the Hertfordshire
cohort study. Am J Epidemiol. 2006;164(7):665–71.
Kawakami Y, Abe T, Fukunaga T. Muscle-fiber pennation angles are
greater in hypertrophied than in normal muscles. J Appl Physiol (1985).
1993;74(6):2740–4.
Kawakami Y, Abe T, Kuno SY, Fukunaga T. Training-induced changes
in muscle architecture and specific tension. Eur J Appl Physiol Occup
Physiol. 1995;72(1–2):37–43.
Kawakami Y, Ichinose Y, Fukunaga T. Architectural and functional features
of human triceps surae muscles during contraction. J Appl Physiol (1985).
1998;85(2):398–404.
Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al.
Sarcopenia: Revised European consensus on definition and diagnosis.
Age and Ageing: Oxford University Press; 2019. p. 16–31.
Francis P, Lyons M, Piasecki M, Mc Phee J, Hind K, Jakeman P. Measurement of muscle health in aging. Biogerontology. 2017;18(6):901–11.
Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz
AV, et al. The Loss of Skeletal Muscle Strength, Mass, and Quality in Older
Adults: The Health, Aging and Body Composition Study. 2006.
Hughes VA, Frontera WR, Roubenoff R, Evans WJ, Singh MAF. Longitudinal
changes in body composition in older men and women: role of body
weight change and physical activity 1–4. 2002.
Bodine SC. Disuse-induced muscle wasting. Int J Biochem Cell Biol.
2013;45(10):2200–8.
Oikawa SY, Holloway TM, Phillips SM. The Impact of Step Reduction on
Muscle Health in Aging: Protein and Exercise as Countermeasures. Front
Nutr. 2019;6:75.
Abe T, Ogawa M, Loenneke JP, Thiebaud RS, Loftin M, Mitsukawa
N. Relationship between site-specific loss of thigh muscle and gait
performance in women: the HIREGASAKI study. Arch Gerontol Geriatr.
2012;55(2):e21–5.
Narici MV, Maganaris CN, Reeves ND, Capodaglio P. Effect of aging on
human muscle architecture. J Appl Physiol (1985). 2003;95(6):2229–34.
Macgregor LJ, Hunter AM, Orizio C, Fairweather MM, Ditroilo M. Assessment of Skeletal Muscle Contractile Properties by Radial Displacement:
The Case for Tensiomyography. Sports Med. 2018;48(7):1607–20.
Simunic B, Koren K, Rittweger J, Lazzer S, Reggiani C, Rejc E, et al.
Tensiomyography detects early hallmarks of bed-rest-induced
atrophy before changes in muscle architecture. J Appl Physiol (1985).
2019;126(4):815–22.
Bohannon RW, Magasi SR, Bubela DJ, Wang Y-C, Gershon RC. Grip and
knee extension muscle strength reflect a common construct among
adults. Muscle Nerve. 2012;46(4):555–8.
Greig CA, Young A, Skelton DA, Pippet E, Butler FM, Mahmud SM. Exercise
studies with elderly volunteers. Age Ageing. 1994;23(3):185–9.
Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth BE,
et al. International physical activity questionnaire: 12-country reliability
and validity. Med Sci Sports Exerc. 2003;35(8):1381–95.
Jacob I, Francis P, Jones G, Johnson MI. A Protocol to measure vastus lateralis vastus muscle thickness using B mode ultrasonography. In: University
LB, editor. Research Gate. 2021.
Blazevich AJ, Gill ND, Zhou S. Intra- and intermuscular variation in
human quadriceps femoris architecture assessed in vivo. J Anat.
2006;209(3):289–310.
Jacob I, Jones G, Francis P, Johnson MI. The effect of limb position on
measured values of vastus lateralis muscle morphology using B Mode
ultrasound. Translational Sports Medicine. 2021;4(6):697–705.
Martin-Rodriguez S, Loturco I, Hunter AM, Rodriguez-Ruiz D, MunguiaIzquierdo D. Reliability and Measurement Error of Tensiomyography to
Assess Mechanical Muscle Function: A Systematic Review. J Strength
Cond Res. 2017;31(12):3524–36.
Hunter AM, Galloway SD, Smith IJ, Tallent J, Ditroilo M, Fairweather
MM, et al. Assessment of eccentric exercise-induced muscle damage
of the elbow flexors by tensiomyography. J Electromyogr Kinesiol.
2012;22(3):334–41.

Jacob et al. BMC Geriatrics

(2022) 22:538

Page 15 of 15

28. Leong DP, Teo KK, Rangarajan S, Lopez-Jaramillo P, Avezum A Jr, Orlandini
A, et al. Prognostic value of grip strength: findings from the Prospective
Urban Rural Epidemiology (PURE) study. Lancet. 2015;386(9990):266–73.
29. Cohen J. Statistical Power Analysis for the Behavioural Sciences. New York:
Routledge Academic; 1988.
30. Dodds RM, Syddall HE, Cooper R, Benzeval M, Deary IJ, Dennison EM, et al.
Grip strength across the life course: normative data from twelve British
studies. PLoS ONE. 2014;9(12): e113637.
31. Kallman DA, Plato CC, Tobin JD. The role of muscle loss in the age-related
decline of grip strength: cross-sectional and longitudinal perspectives. J
Gerontol. 1990;45(3):M82–8.
32. Vianna LC, Oliveira RB, Araujo CG. Age-related decline in handgrip strength differs according to gender. J Strength Cond Res.
2007;21(4):1310–4.
33. McDonagh MJ, Davies CT. Adaptive response of mammalian skeletal
muscle to exercise with high loads. Eur J Appl Physiol Occup Physiol.
1984;52(2):139–55.
34. Yeung SSY, Reijnierse EM, Trappenburg MC, Blauw GJ, Meskers CGM,
Maier AB. Knee extension strength measurements should be considered as part of the comprehensive geriatric assessment. BMC Geriatr.
2018;18(1):130.
35. Abe T, Sakamaki M, Yasuda T, Bemben MG, Kondo M, Kawakami Y, et al.
Age-related, site-specific muscle loss in 1507 Japanese men and women
aged 20 to 95 years. J Sports Sci Med. 2011;10(1):145–50.
36. Samson MM, Meeuwsen IB, Crowe A, Dessens JA, Duursma SA, Verhaar
HJ. Relationships between physical performance measures, age, height
and body weight in healthy adults. Age Ageing. 2000;29(3):235–42.
37. Janssen I, Heymsfield SB, Wang Z, Ross R. Skeletal muscle mass and distribution in 468 men and women aged 18–88 yr. 2000.
38. Abe T, DeHoyos DV, Pollock ML, Garzarella L. Time course for strength and
muscle thickness changes following upper and lower body resistance
training in men and women. Eur J Appl Physiol. 2000;81(3):174–80.
39. Franchi MV, Reeves ND, Narici MV. Skeletal Muscle Remodeling in
Response to Eccentric vs Concentric Loading : Morphological, Molecular,
and Metabolic Adaptations. Front Physiol. 2017;8:447.
40. Reeves ND, Maganaris CN, Narici MV. Plasticity of dynamic muscle
performance with strength training in elderly humans. Muscle Nerve.
2005;31(3):355–64.
41. Reeves ND, Narici MV, Maganaris CN. In vivo human muscle structure
and function: adaptations to resistance training in old age. Exp Physiol.
2004;89(6):675–89.
42. Santos R, Valamatos MJ, Mil-Homens P, Armada-da-Silva PAS. Muscle thickness and echo-intensity changes of the quadriceps femoris
muscle during a strength training program. Radiography (Lond).
2018;24(4):e75–84.
43. Seynnes OR, de Boer M, Narici MV. Early skeletal muscle hypertrophy and
architectural changes in response to high-intensity resistance training. J
Appl Physiol (1985). 2007;102(1):368–73.
44. Piasecki M, Ireland A, Jones DA, McPhee JS. Age-dependent motor unit
remodelling in human limb muscles. Biogerontology. 2016;17(3):485–96.
45. McPhee JS, French DP, Jackson D, Nazroo J, Pendleton N, Degens H.
Physical activity in older age: perspectives for healthy ageing and frailty.
Biogerontology. 2016;17(3):567–80.
46. Samuel D, Wilson K, Martin HJ, Allen R, Sayer AA, Stokes M. Age-associated changes in hand grip and quadriceps muscle strength ratios in
healthy adults. Aging Clin Exp Res. 2012;24(3):245–50.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

