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Abstract
Increasing age appears to influence several morphologic changes in major tendons. 
However, the effects of aging on the cross-sectional area (CSA) of different ankle 
tendons are much less understood. Furthermore, potential differences in specific 
tendon regions along the length of the tendons have not been investigated in detail. 
Sixty healthy adult participants categorized by age as young (n  =  20; mean ± SD 
age = 22.5 ± 4.5 years), middle-age (n = 20; age = 40.6 ± 8. 0 years), or old (n = 20; 
age  =  69.9 ± 9.1 years), from both sexes, were included. The tendon CSA of tibialis 
anterior (TA), tibialis posterior (TP), fibularis (FT), and Achilles (AT) was measured 
from T1-weighted 1.5 T MR images in incremental intervals of 10% along its length 
(from proximal insertion) and compared between different age groups and sexes. 
The mean CSA of the AT was greater in the middle-age group than both young and 
old participants (p < 0.01) and large effect sizes were observed for these differences 
(Cohen's d > 1). Furthermore, there was a significant difference in CSA in all three 
groups along the length of the different tendons. Region-specific differences between 
groups were observed in the distal portion (90% and 100% of the length), in which 
the FT presented greater CSA comparing middle-age to young and old (p < 0.05). In 
conclusion, (1) great magnitude of morpho-structural differences was discovered in 
the AT; (2) there are region-specific differences in the CSA of ankle tendons within 
the three groups and between them; and (3) there were no differences in tendon CSA 
between sexes.
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1  |  INTRODUC TION

Several age-associated changes in tendon properties have been 
described in animal and human models. Studies have shown that 
biochemical, cellular, and pathological changes can cause progres-
sive tendon deterioration and contribute to age-related debilities in 
physical function and clinical burden (de Cássia et al., 2017; Marqueti 
et al., 2018; Stenroth et al., 2015). A change in structural, mechan-
ical, and material properties is probably linked to the decline of 
function and impairments observed in older individuals, which may 
increase the risk of injuries. Regarding structural and mechanical as-
pects, it is hard to separate the effects of aging per se and those ef-
fects of age-related decline in levels of physical activity (Lindemann 
et al.,  2020; Magnusson et al.,  2007; Magnusson & Kjaer,  2019; 
McCrum et al., 2018; Svensson et al., 2016).

There are accurate and valid methods to measure tendon CSA 
(Hayes et al., 2019; Pons et al., 2018), which appear to be responsive 
to interventions, such as exercises, immobilization, and also aging 
(Arampatzis et al.,  2007, 2010; Hansen et al.,  2003; Magnusson 
et al., 2003; Mansur, de Noronha, et al., 2021; Svensson et al., 2016). 
What is known from these studies is that exercise increases tendon 
CSA (Arampatzis et al., 2007, 2010), and that immobilization leads to 
a rapid decline in the mechanical properties of the tendon (Psatha 
et al.,  2012). No attempt has been made to fully investigate age-
induced differences and differences between sexes in tendon CSA 
of other ankle tendons such as tibialis anterior (TA), tibialis posterior 
(TP), and fibularis (FT). Among the likely reasons for this critical gap 
in the literature are that the Achilles tendon (AT) is the most com-
mon ankle tendon injured, especially in athletes, and the technical 
difficulty of measuring the other tendons due to their anatomical 
characteristics. The AT has a straight course, while the others have a 
curved course around the ankle. Furthermore, the anatomy of these 
tendons is less familiar to clinicians (De Maeseneer et al., 2018).

Interestingly, aging appears to result in reductions in the AT stiff-
ness and its elastic modulus, whereas the data on changes in the 
CSA are conflicting. Some studies reported a CSA increase in older 
participants, while others showed a decline (Magnusson et al., 2003; 
Onambele et al., 2006; Pang & Ying, 2006; Stenroth et al., 2015). 
The discrepancy observed between these studies may be attributed 
to the use of ultrasonography to measure the AT CSA, which has 
been shown to have insufficient reliability (Bohm et al., 2016; Ekizos 
et al., 2013). Sample size and the limited number of transversal scans 
(typically from three regions) and the significant heterogeneity of 
participants among studies (Magnusson et al.,  2003; Onambele 
et al., 2006; Stenroth et al., 2015) are additional possible confound-
ing factors.

Most of the studies assessed the AT CSA at a specific tendon 
length (usually where the CSA is assumed to be the narrowest), 
which varied between three and four centimeters proximal to the 
insertion of the AT at the calcaneus (Csapo et al., 2014; Magnusson 
et al., 2003; Stenroth et al., 2015). The remaining studies used an 
average of a few measures of CSA (usually three) of different ten-
don lengths (Arampatzis et al., 2007, 2010; Magnusson et al., 2003). 

However, since AT has a variation in shape from proximal to distal as 
it approaches the calcaneal insertion site, a simple reference point is 
likely to be insufficient to generate measures that truly represent the 
condition of the tendon (Benjamin et al., 2008).

Previous studies have shown the presence of regional changes 
in the AT CSA induced by training in young adults (Arampatzis 
et al., 2007; Kongsgaard et al., 2005; Magnusson et al., 2003; Nuri 
et al.,  2017). Non-uniform stress concentration occurs along the 
tendon's length, especially at entheses (i.e., region of insertion of 
the tendon), where there is a high-stress concentration (Benjamin 
et al., 2008; Magnusson et al., 2003). The different stress patterns 
may provoke diverse cellular reactions, and thus the tendon's vas-
cularity, shape, and size can influence the tendons' morphology 
(Barkhausen et al., 2003). Factors like aging and gender may cause 
different changes in CSA in specific regions for each tendon of the 
ankle because they have distinct functions and morphology. A re-
cent review (McCrum et al., 2018) analyzing age-related differences 
in human leg muscle-tendon units highlighted the lack of studies 
comparing specific regions of different tendons and between ages.

The present study investigates the age-related changes and dif-
ferences between sexes of the CSA for the main ankle tendons (TA, 
TP, FT, and AT), measured by MRI. We compared young, middle-age, 
and old adults of both sexes; also, we evaluated the tendons in detail, 
comparing potential regional differences in CSA along the tendons, 
and comparing these regions between the three groups.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

This is a cross-sectional observational study conducted to determine 
the effects of age on the CSA of the main ankle tendons (TA, TP, 
FT, and AT), by comparing young, middle-age, and old adults of both 
sexes. In addition, we assessed possible differences in the CSA of 
specific regions at increments of 10% along the length of the tendons 
and the age-related modifications in the CSA of these regions 
comparing between the three groups. Data were collected according 
to the Declaration of Helsinki and approved by an institutional Ethics 
Committee of Instituto de Pesquisa e Ensino HOME (IPE HOME) 
(Protocol n° 15816519.7.0000.0023) between November 2020 and 
May 2021. Informed consent was given by all participants before 
data collection.

2.2  |  Participants

Sixty men and women were divided into three groups according to 
their age as follows: young (age varying from 18 to 30 years), middle-
age (31 to 59 years), and old (≥60 years; Onambele et al.,  2006; 
Stenroth et al.,  2015; Thompson et al.,  2013, 2014). We included 
healthy individuals that performed or not recreational physical 
activities. We excluded participants with history of previous ankle 
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surgery or other orthopedic or neurological abnormalities of the 
lower limb; neurological, muscular, metabolic, or cardiovascular 
diseases or conditions that could affect muscle strength, such 
regular strength training or competitive sports.

2.3  |  MRI acquisition

All participants underwent magnetic resonance imaging (MRI) of 
the ankle. The device used was the Philips Ingenia 1.5  T scanner, 
and the scanning time lasted approximately 20 min per participant. 
Participants laid supine with the hip and knee extended and the 
ankle fixed in a relaxed position, including axial, coronal, and sagittal 
sequences with fat saturation (SPIR; Bohm et al.,  2014, 2016). 
Specific parameters of the axial T1-weighted sequence: Acquisition 
time of 03:12 min, TR of 2285, TE of 10, matrix size 200 × 240, field 
of view 120 × 151 mm, pixel size 0.6 × 0.6 mm, section thickness of 
4 mm with interspace thickness of 0.4 mm. The coil used was Head, 
centered just anterior to the tibiotalar joint with a serial reception 
of eight channels. Imaging was obtained continuously from the 
middle third of the leg to the lowest aspect of the calcaneus (Bohm 
et al., 2014, 2016).

2.4  |  Segmentation technique

The TA, TP, FT, and AT had the CSA manually measured in the axial 
T1-weighted sequence using the software OsiriX® (Pixmeo SARL, 
version 2.5.1; Arampatzis et al., 2007, 2010; Bohm et al., 2014, 2016). 
The entire tendon area visible in each image was manually outlined, 
excluding the peritendinous sheath, through the tracing technique 
(Mansur, Estanislau, et al., 2021). All three raters (H.M., B.A.S.A, and 
G.E.) were physicians and blinded to patient identity and group.

The tendons were segmented and analyzed in increments of 10% 
along the length of the tendons through specific regions of inter-
est (ROI). The sagittal images served to identify the locations of two 
landmarks to standardize the levels of the axial images. For the TA 
the landmarks were the most distal aspect of the muscle and at the 
level of the tibiotalar joint (Numkarunarunrote et al., 2007; Varghese 
& Bianchi,  2013); for TP the landmarks were the most distal por-
tion of the muscle and the most distal portion of the medial malle-
olus (Lockard et al., 2019; Numkarunarunrote et al., 2007); for FT 
the landmarks were the most distal aspect of the fibularis longus 
muscle and the tip of the lateral malleolus, to include the peroneal 
tunnel (Davda et al., 2017; Numkarunarunrote et al., 2007); and for 
AT landmarks were the most distal portion of the soleus muscle and 
the most proximal portion of the calcaneal tuberosity (Arampatzis 
et al., 2007, 2010). We defined ROIs for the tendons because some 
ran down along the ankle and followed a curved course around the 
malleolus, resulting in an artefactual signal (“the magic angle ef-
fect”). Therefore, it is difficult to acquire images perpendicular to 
the tendon on MRI, making the tendon borders ill-defined (Brushøj 
et al., 2006; Davda et al., 2017; Lockard et al., 2019).

We employed the intra-class correlation coefficient (ICC) to de-
fine the reliability of the CSA measurements of each tendon ana-
lyzed. Two independent raters, both physicians (HM and BASA) 
measured the CSA of each tendon once and they were blinded to 
the other rater's measurements. The overall ICC reliability was in the 
range of 0.91–0.98 among the different tendon CSA.

2.5  |  Normalization of data

To compare the structural tendon properties between groups, CSA 
was normalized to body mass to the power of 3/4 (m3/4). The power 
of 3/4 was chosen because allometric parameters that relate surfaces 
(e.g., tendon CSA) to body mass are closer to 3/4 than to the 2/3 
predicted by geometric similarity (Kongsgaard et al., 2005; Markovic 
& Jaric, 2004).

2.6  |  Statistical analysis

The quantitative outcomes were expressed as mean and standard 
deviation (±SD) or frequency distribution. Normality was 
consistently checked using the Shapiro–Wilk test. We used multiple 
one-way analysis of variance (ANOVA) and Bonferroni post hoc 
comparisons to examine if differences existed along tendon length 
within each group and between each group, for each tendon (TA, TP, 
FT, and AT) or its segment analyzed. Mann–Whitney tests were used 
to determine if differences existed between women and men. An 
alpha level of 0.05 was considered significant. Effect size (Cohen's 
d) was calculated for variables with statistical significant differences 
and interpreted as trivial (0 < d < 0.2), small (0.2 ≤ d < 0.5), medium 
(0.5 ≤ d < 0.8), and large (d ≥ 0.8; Cohen, 1992). All statistical analyses 
were performed using IBM SPSS Statistics software version 24.0 for 
Windows (SPSS Inc.).

3  |  RESULTS

Our sample included 60 participants (mean age of 44.4 ± 19.9 years; 
mean body weight 77.9 ± 15.4 kg), with 20 individuals for each group, 
young (22.5 ± 4.5), middle-age (40.6 ± 8.00), and old (69.9 ± 9.1), with 
the same numbers of men and women in each group. The baseline 
characteristics and tendon CSA for each group are described in 
Table 1.

The mean CSA of AT was significantly greater in the middle-age 
group when compared with both the young group (p < 0.01) and 
the old group (p < 0.01), with a large effect for both comparisons 
(Cohen's d = 1.57 and 1.48, respectively) (Tables 1 and 2). Figures 1–
4, show the axial and sagittal identification MRI for each tendon and 
the differences within tendon CSA for each tendon at every 10% of 
length.

In the three groups (young, middle-age, and old) there were spe-
cific regions along the tendons length (TA, FT, and AT) with statistically 
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different CSA. We observed differences within FT and AT for the 
young group (Figures 1b and 4b); AT, TA, and FT for the middle-age 
group (Figures 1b, 2b and 4b, respectively); and in AT for the old group 

(Figure  1). Along the entire tendon length, the only differences ob-
served between groups were in the FT (Figure 5). Middle-age partici-
pants presented greater CSA in the portion of 90% and 100% of the FT 

TA B L E  1  Comparison of the mean cross-sectional area (CSA) of the ankle tendons between different groups (young, middle-age, and old)

Variable
Sample 
(n = 60)

Young 
(n = 20)

Middle-age 
(n = 20) Old (n = 20) p-value

Middle-age X 
Young (ES)

Middle-age 
X Old (ES)

Side (R: L) 30: 30 9: 11 8: 12 13: 7 — — —

Age 44.4 ± 19.9 22.5 ± 4.5 40.6 ± 8.00 69.9 ± 9.1 <0.01 — —

Gender (M: F) 30: 30 10: 10 10: 10 10: 10 — — —

Weight 77.9 ± 15.4 72.4 ± 16.5 80.6 ± 17.8 74.7 ± 9.8 0.32 — —

TA_CSA_normalized 0.64 ± 0.15 0.65 ± 0.13 0.67 ± 0.09 0.61 ± 0.18 0.29 0.18 0.42

TP_CSA_normalized 0.85 ± 0.23 0.91 ± 0.22 0.87 ± 0.16 0.80 ± 0.28 0.28 0.21 0.31

FT_CSA_normalized 0.99 ± 0.25 0.93 ± 0.18 1.06 ± 0.21 0.93 ± 0.28 0.13 0.66 0.53

AT_CSA_normalized 2.59 ± 0.52 2.51 ± 0.58 3.42 ± 0.58 2.61 ± 0.51 <0.01a 1.57b 1.48b

p-value <0.01 as shown as bold.
Abbreviations: AT, Achilles; ES, effect size; FT, fibularis; mm2/Kg3/4, normalization; TA, tibialis anterior; TP, tibialis posterior.
aThere were significant differences of the AT CSA between middle-age and young and between middle-age and old groups (ANOVA one-way and 
Bonferroni post hoc comparison; p < 0.01).
bThe effect size for both comparisons was considered large according to Cohen's d values.

TA B L E  2  Comparison between groups (young, middle-age, and old) for the CSA of ankle tendons

TENDON

#

TA TP FT AT

Young Middle-age Old Young Middle-age Old Young Middle-age Old Young Middle-age Old

1 0.84 0.69 0.95 1.29 0.93 1.26 1.41 0.93 1.42 2.95 2.48 3.45

2 0.69 0.78 0.60 0.83 0.83 0.57 0.83 1.30 0.85 2.33 3.51 2.42

3 0.67 0.66 0.70 0.88 0.87 0.66 0.92 0.89 1.36 2.23 2.68 2.99

4 0.70 0.69 0.47 0.81 1.04 0.91 0.91 1.11 1.26 2.70 2.91 2.98

5 0.58 0.56 0.59 0.84 0.76 0.67 1.00 1.11 0.98 2.48 2.61 2.70

6 0.62 0.80 0.61 1.07 0.74 0.62 0.85 1.26 0.83 2.51 3.37 2.40

7 0.49 0.74 0.62 0.97 0.93 0.99 0.84 1.20 0.83 2.31 3.55 2.83

8 0.76 0.65 0.63 0.93 0.71 0.94 0.84 1.13 0.92 2.34 2.71 2.53

9 0.55 0.53 0.82 0.82 0.87 1.06 0.87 1.14 1.29 1.80 3.60 2.98

10 0.38 0.53 0.73 0.53 0.92 0.77 0.75 0.56 0.92 1.69 3.17 2.66

11 0.45 0.53 0.61 0.64 0.64 0.93 0.69 0.92 1.01 1.96 3.12 1.98

12 0.71 0.80 0.50 1.07 0.83 1.27 1.29 1.12 0.76 2.45 3.50 1.86

13 0.83 0.66 0.73 1.06 0.91 0.92 1.20 0.96 1.16 2.63 3.47 2.84

14 0.80 0.57 0.88 0.88 1.32 1.09 0.95 1.02 1.04 2.67 3.21 2.95

15 0.75 0.74 0.76 1.32 1.13 0.96 1.03 1.11 0.90 3.62 4.00 3.33

16 0.55 0.66 0.56 0.74 0.73 0.70 0.76 0.80 1.04 3.64 3.95 2.78

17 0.65 0.80 0.37 0.80 0.76 0.42 0.84 1.48 0.40 2.16 3.91 1.65

18 0.50 0.79 0.37 0.71 0.76 0.33 0.78 1.13 0.61 2.30 3.75 1.98

19 0.75 0.60 0.20 1.32 0.79 0.31 1.03 0.80 0.47 3.62 4.17 3.09

20 0.76 0.76 0.43 0.68 0.90 0.55 0.87 1.25 0.57 1.75 4.73 1.87

Mean 0.65 0.67 0.61 0.91 0.87 0.80 0.93 1.06 0.93 2.51* 3.42* 2.61*

*Note: There were significant differences in the mean AT CSA between middle-age and young and between middle-age and old groups (ANOVA one-
way test and Bonferroni post hoc comparison; p-value <0.01).
Abbreviations: AT, Achilles; ES, effect size; FT, fibularis; mm2/Kg3/4, normalization; TA, tibialis anterior; TP, tibialis posterior.
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length compared to young and old groups (p < 0.05; Figure 5d). Cohen's 
d values were 0.76 and 0.87 in the portion of 90% and 0.76 and 0.94 of 
100%, comparing FT of middle-age versus young and old, respectively.

There were the same number of men (n  =  30; mean age of 
45.7 ± 20.9 years; mean body weight 85.4 ± 12.6  kg) and women 
(n  =  30; mean age of 43.1 ± 19.3 years; mean body weight 
70.3 ± 14.3 kg) in our sample. The only difference observed between 
sexes was the weight (p < 0.01), with no difference in any tendon 
CSA, observed between women and men participants. However, 
when analyzing, per group, the non-normalized data presented dif-
ferences between sex for all tendons in the young group, TA and AT 
in the middle-age group, and AT in the old group, with large effects 
observed for AT differences (Table 3).

4  |  DISCUSSION

The main findings of the present study were the lack of differences in 
some of the ankle tendons (TA, TP, and FT) with aging; however, great 
morpho-structural differences were discovered in the AT, as indicated 
by a greater CSA measured through MRI in the middle-age group com-
pared with both young and old individuals. In addition, region-specific 
differences in the CSA along the length of all tendons were observed in 
all three groups. Furthermore, regional differences in the CSA between 
groups were present only in the distal portion (90% and 100%) of the 
FT, which was larger in the middle-age than the young and old groups. 
Lastly, the differences in the CSA of the ankle tendons between men 
and women were observed just for non-normalized data, for all groups.

F I G U R E  1  Achilles tendon (AT): Axial and coronal T1 MRI images (cross-sectional area [CSA] measurement in “green” and white arrow 
pointing to the location of the proximal landmark) (a); and statistical differences identified between specific regions of the AT with CSA 
measurements at every 10% of tendon length in each age group (b). For the AT we observed region-specific differences in the CSA along the 
length of the tendon within the three groups. BioRender web-based software was used to create the figure (license number MT23TQ8O9Z)

F I G U R E  2  Tibialis anterior (TA) tendon: Axial and coronal T1 MRI images (cross-sectional area [CSA] measurement in “green” and white 
arrow pointing to the location of the proximal landmark) (a); and statistical differences identified between specific regions of the TA with 
CSA measurements at every 10% of tendon length in each age group (b). For the TA we observed region-specific differences in the CSA 
along the length of the tendon only in the middle-age group. BioRender web-based software was used to create the figure (license number 
HB23TQ9TX0)
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Alterations in the structure, mechanical, and material properties 
of the tendons have been reported (Geremia et al., 2018; Lindemann 
et al., 2020; McCrum et al., 2018; Svensson et al., 2016). Since the 
tendon is a mechanosensitive and adaptive tissue, depending on its 
exposure to mechanical loading its properties can alter (McCrum 
et al., 2018; Svensson et al., 2016). For example, a consistent reduc-
tion in tendon stiffness (defined as force-elongation relationship 
of the tendon) with age has been shown in the literature (McCrum 
et al., 2018). In addition, there is a relatively consistent reduction in 
Young's modulus (i.e., the slope of the stress–strain relationship, where 
stress is tendon force relative to CSA and strain is tendon elongation 
in relation to resting length) with age. However, there is no consensus 
in the literature regarding the effects of aging on tendon CSA, which 

is directly linked to the other properties (McCrum et al., 2018). Animal 
data propose that aging is associated with an increase in tendon 
CSA, however, the human model reported conflicting results (Birch 
et al.,  1999; Magnusson et al.,  2003; Onambele et al.,  2006; Pang 
& Ying,  2006; Svensson et al.,  2016). A previous study (Onambele 
et al., 2006) has suggested progressive reductions in the AT in middle-
age and old when compared to young individuals. Meanwhile, other 
authors (Couppé et al.,  2014; Magnusson et al.,  2003; Stenroth 
et al., 2015; Svensson et al., 2016; Tweedell et al., 2016) have reported 
an increase in tendon CSA in older individuals.

Some important points in the methodologies could explain the 
conflicting results among studies. One point is that the CSA measure-
ment has mostly been performed with an ultrasound (US), a method 

F I G U R E  3  Tibialis posterior (TP) tendon: Axial and coronal T1 MRI images (cross-sectional area [CSA] measurement in “green” and white 
arrow pointing to the location of the proximal landmark) (a); and statistical differences identified between specific regions of the TP with 
CSA measurements at every 10% of tendon length in each age group (b). For the TP we observed no region-specific differences in the CSA 
along the length of the tendon. BioRender web-based software was used to create the figure (license number QX23TQ8E6J)

F I G U R E  4 Fibularis tendon (FT): Axial and coronal T1 MRI images (cross-sectional area [CSA] measurement in “green” and white arrow pointing 
to the location of the proximal landmark) (a); and statistical differences identified between specific regions of the FT with CSA measurements at 
every 10% of tendon length in each age group (b). For the FT we observed region-specific differences in the CSA along the length of the tendon 
within young and middle-age groups. BioRender web-based software was used to create the figure (license number OS23TQ8JMQ)
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with questionable accuracy (Bohm et al., 2016; Ekizos et al., 2013); a 
second point is the different landmarks to determine the tendon CSA; 
and a third point is heterogeneity in participants when comparing stud-
ies (McCrum et al.,  2018). For example, Onambele et al. (Onambele 
et al., 2006) measured AT CSA of 70 participants using the US. The 
participants were men and women divided into three groups (24 young 
[24 ± 1 year], 10 middle-aged [46 ± 1 year], and 36 older [68 ± 1 year]), 
and the average of three CSA measures was calculated. Stenroth 
et al.  (2015) assessed the AT CSA of 100 participants (33 young 
[24 ± 2 years] and 67 old [75 ± 3 years]) also using US, and Magnusson 
et al. (2003) included 19 women (9 young and 10 elderly) in their study 
and determined the AT CSA by a single measure from MRI. To our 
knowledge, this is the first study measuring CSA of the four main ten-
dons of the ankle (TA, TP, FT, and AT), including 60 participants equally 
divided into three groups, categorized by age as young, middle-age, 
and old, with the same numbers of men and women. We used 10 CSA 
measures to calculate the average for each tendon and observed a sig-
nificantly greater CSA only in the AT in the middle-age group when 
compared to young and old groups. Great morpho-structural differ-
ences were ratified by large effect sizes (Cohen's d values of 1.57 and 
1.48 for the difference between young vs. middle-age and middle-age 
vs. old groups, respectively). These findings reinforce the importance 
of calculating p-values accompanied by the effect size for observational 
and interventional studies (Fritz et al., 2012; Harrington et al., 2019).

The results observed in our study differ from previous stud-
ies and could be explained by several adaptive mechanisms. The 

reduced mechanical function of the tendon associated with lower 
voluntary neural activation of muscles occurs in older individu-
als compared to middle-age individuals, inducing a decrease in 
tendon CSA (Tweedell et al., 2016; Wu et al., 2016). Moreover, in 
middle-age individuals, the increase in the AT CSA may follow an 
intensification in the collagen formation and remodeling, counter-
acting the reduction in tendon material properties (stiffness and 
Young's modulus; Stenroth et al.,  2015) as a tendon mechanical 
safety factor (Magnusson et al.,  2003). Interestingly, a previous 
study (Thompson et al., 2013) showed results similar to ours with 
age-related changes in the neuromuscular function of the ankle 
plantar flexors. The middle-age group (43 ± 2 years) presented en-
hanced rates of muscle activation, with greater force compared 
to young (age  =  22 ± 2 years) and old (69 ± 5 years) individuals 
(Thompson et al., 2013). Svensson et al (Thompson et al., 2013), 
investigated the mechanical properties of the human patellar ten-
don (PT) from the young (26 ± 4 years) and elderly (66 ± 1 years) 
men and women, and the results showed that mechanical proper-
ties were not substantially altered through age or sex. In contrast, 
the physiology and level of physical activity are entirely different 
in the elderly (Arampatzis et al., 2007; Stenroth et al., 2015). The 
reduction in activity leads to a lower biosynthesis of connective 
tissue components, such as diminished collagen formation and 
remodeling (Kjaer et al.,  2005), indicating that the magnitude of 
tendon loading is a key factor in the adaptive responses. The pres-
ent results suggest that age mainly affects the most loaded ankle 

F I G U R E  5  Statistical differences identified between specific regions with cross-sectional areas (CSA) measurements at every 10% of 
tendon length between age groups for AT, TA, TP, and FT. for AT (a), TA (b), and TP (c) there were no differences between groups; for FT (d) 
there were statistically significant differences in the distal portion (90% [a] and 100% [b] of the length) between middle-age and young and 
between middle-age and old groups. BioRender web-based software was used to create the figure (license number PF23TQ8ZY3)
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tendon, namely the Achilles tendon. Future studies should explore 
the effect of age and the underlying cause of these changes in AT 
in greater detail.

It is well-accepted that tendons can remodel their mechanical 
and morphological properties in response to mechanical loading 
(Magnusson et al., 2003; McCrum et al., 2018). In addition, in an in-
novative study, Magnusson and Kjaer  (2003) showed a significant 

difference in AT CSA along its length, with the most distal portion 
up to 85% greater than the proximal portion, suggesting variability in 
the structural properties of the tendon. Confirming these findings, 
a previous study (Arampatzis et al.,  2007) demonstrated region-
specific hypertrophy of the AT, with an increase in the CSA at 60 
and 70% of its length after 14 weeks of high-strain-magnitude exer-
cise. However, to our knowledge, no previous study has measured 

TA B L E  3  Comparison of the mean cross-sectional area (CSA) of the ankle tendons between men and women for young, middle-age, and 
old groups, for normalized and non-normalized data

Group Variable

Men Women
Effect size 
(p-value)Mean SD Mean SD

Young (n = 20) TA-CSA_normalized 0.68 0.12 0.63 0.16 0.53 (0.54)

TP-CSA normalized 0.92 0.22 0.88 0.24 0.17 (0.65)

FT-CSA normalized 0.97 0.21 0.92 0.19 0.25 (0.82)

AT-CSA normalized 2.60 0.65 2.34 0.57 0.43 (0.36)

TA-CSA 
non-normalized

18.88 3.89 14.41 3.02 1.28b (0.019a)

TP-CSA 
non-normalized

25.08 3.26 19.69 3.14 1.68b (<0.01a)

FT-CSA 
non-normalized

26.60 4.56 20.98 2.36 1.55b (<0.01a)

AT-CSA 
non-normalized

71.04 13.20 53.14 8.86 1.59b (<0.01a)

Middle-age (n = 20) TA-CSA normalized 0.67 0.09 0.66 0.10 0.11 (0.89)

TP-CSA normalized 0.84 0.10 0.90 0.20 0.38 (0.59)

FT-CSA normalized 1.09 0.24 1.09 0.26 0 (0.82)

AT-CSA normalized 2.78 0.40 2.64 0.43 0.34 (0.45)

TA-CSA 
non-normalized

19.54 2.61 16.28 1.99 1.40b (0.013a)

TP-CSA 
non-normalized

24.64 2.70 22.24 4.76 0.62 (0.13)

FT-CSA 
non-normalized

32.03 6.24 26.99 7.20 0.75 (0.17)

AT-CSA 
non-normalized

81.58 11.26 64.87 10.36 1.54b (<0.01a)

Old (n = 20) TA-CSA normalized 0.64 0.29 0.58 0.06 0.29 (0.49)

TP-CSA normalized 0.78 0.34 0.79 0.22 0.03 (0.70)

FT-CSA normalized 0.94 0.35 0.97 0.24 0.09 (0.89)

AT-CSA normalized 2.68 0.64 2.49 0.42 0.35 (0.23)

TA-CSA 
non-normalized

16.71 7.07 14.11 2.18 0.49 (0.19)

TP-CSA 
non-normalized

20.52 8.51 19.24 5.65 0.18 (0.49)

FT-CSA 
non-normalized

24.61 8.52 23.83 6.73 0.10 (0.70)

AT-CSA 
non-normalized

71.06 16.84 60.26 8.83 0.80b (0.07a)

p-values are in parentheses as shown as bold.
Abbreviations: AT, Achilles; ES, effect size; FT, fibularis; mm2/Kg3/4, normalization; SD, Standard deviation; TA, tibialis anterior; TP, tibialis posterior.
aThere were significant differences for non-normalized CSA tendon between genders in young and middle-age groups (ANOVA one-way and 
Bonferroni post hoc comparison).
bThe effect size for comparisons was considered large according to Cohen's d values.
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the potential-specific region differences along the length of the four 
main ankle tendons, and between groups of different ages (McCrum 
et al.,  2018). Here, we observed that besides AT, the TA, TP, and 
FT also presented significant differences in the CSA of specific re-
gions along their lengths in young, middle-age, and old individuals. 
Moreover, the only region-specific differences observed between 
groups were a greater CSA in the distal portion (90% and 100% of 
the length) of the FT in the middle-age group compared to young and 
old groups. Therefore, the regional differences in tendon metabo-
lism or non-uniform elongations of the tendons along their length 
may result in different region-specific adaptations (Magnusson 
et al., 2003; Magnusson & Kjaer, 2003). Furthermore, our findings 
strongly suggest that these tendon capacities remain with aging, 
with region-specific differences in the CSA along the length of 
all tendons observed similarly in all three groups of age (McCrum 
et al., 2018; Svensson et al., 2016).

Few studies have investigated the effect of gender on ten-
don properties, most of them analyzing patellar and AT prop-
erties (Kongsgaard et al.,  2007; Magnusson et al.,  2007; Sarver 
et al.,  2017). In the present study, there were no differences in 
CSA of ankle tendons between men and women for normalized 
data. Previous studies reported similar results for different lower 
limb tendons. Burgess et al. (Burgess et al., 2009) reported simi-
larities between genders in the patellar properties, including CSA, 
tendon stiffness, and Young's modulus, in elderly participants. 
Furthermore, Morrison et al. (Morrison et al., 2015) showed no dif-
ferences in the AT stiffness or maximum isometric force between 
genders. A recent study (Sarver et al.,  2017) with mice showed 
that male and female tendons have very similar mechanical prop-
erties and biochemical composition, without AT CSA differences. 
Interestingly, (Magnusson et al.,  2007) highlighted the different 
adaptability of patellar tendon between genders showing a signif-
icant increase in tendon CSA only for trained men, while trained 
and untrained women had similar tendon sizes. However, compar-
ing both untrained men and women, similar patellar tendon CSA 
was observed (Magnusson et al.,  2007). Curiously, we observed 
that non-normalized data presented differences between genders 
for some tendons in the young, middle-age, and old groups. A com-
parable finding was observed in a recent study (Abián et al., 2021) 
examining patellar tendon morphology. When absolute measure-
ments were analyzed, greater strength was recorded for men; 
however, when strength was normalized by lower limb muscle 
mass the results showed no difference between men and women. 
Therefore, it suggests the importance of adequate data normaliza-
tion for the correct assessment of tendon properties.

There were several limitations within the present study. First, 
we could not measure the length, nor the entire tendons CSA from 
the point where a curved course around the ankle would be pres-
ent for some of the tendons, resulting in an artefactual signal called 
“the magic angle effect,” making it difficult to correctly measure 
its borders (Davda et al.,  2017; Lockard et al.,  2019; Varghese & 
Bianchi, 2013). Second, the FT (i.e., brevis and longus) appear black 
in the MRI and run in close connection, creating further difficulties 

in defining the borders for each tendon. Therefore, we calculated 
the CSA of both tendons as one tendon (FT; Lockard et al., 2019; 
Mansur, Estanislau, et al., 2021). Third, we did not precisely evaluate 
the level of activity or the exercise regimes of each participant; how-
ever, we excluded individuals who were engaged in regular strength 
training or competitive sports since it had already been shown the 
capacity of the tendon to adapt to exercises (Arampatzis et al., 2007; 
Magnusson et al., 2003; McCrum et al., 2018; Svensson et al., 2016).

To our knowledge, this was the first study that collectively an-
alyzed the effect of aging on CSA of the four main ankle tendons, 
and in detail investigated the potential region-specific differences 
of tendon CSA by comparing between different age groups, and the 
differences between men and women. Besides expanding the cur-
rent concepts of the literature, our findings can be used as normative 
values for clinical studies once all participants were healthy individ-
uals. However, further studies are necessary for the complete un-
derstanding of the differences observed between the CSA of young, 
middle-age, and old groups.

5  |  CONCLUSIONS

This study assessed the age-related changes and differences between 
gender of the main tendon's ankle CSA for the first time using MRI 
by comparing young, middle-age, and old adults of both sexes. The 
major results suggest that: (1) great magnitude of morpho-structural 
differences were discovered in the AT, as demonstrated by large 
effects sizes; (2) there were region-specific differences in the CSA 
of the ankle tendons within the three groups and between them; 
and (3) no differences between men and women were observed for 
any tendon CSA.
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