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Dual-energy X-ray absorptiometry (DXA) in single energy mode has been shown to permit the visualisa-
tion of bone and soft tissue, such as the patellar tendon through two-dimensional sagittal imaging.
However, there is no validated DXA-based measurement of the Achilles tendon moment arm (dar). The
aims of this study were: 1) to compare in vivo DXA derived measurements of the dar at rest against
two previously validated methods: tendon excursion (TE) and magnetic resonance imaging (MRI) at three
ankle angles (-5°, 0° and +10°). 2) analyse the intra-day reliability of the DXA method at all ankle angles
and compare between methods. Twelve healthy adults (mean + SD: 31.4 £ 9.5 years; 174.0 £ 9.5 cm; 76.
2 + 16.6 kg) participated in this study, involving test-retest DXA scans, ultrasound scans and one MRI
scan. The dar was defined as the distance from the centre of the calcaneal-tibial joint axis to the
Achilles tendon (AT) muscle-tendon line of action. DXA derived dat measures were significantly greater
than MRI measurements (19.7-24.9%) and were 45.2% significantly larger than the TE method. The test-
retest reliability of the DXA technique at 0° was high [CV = 1.38%; ICC = 0.96] and despite the consistently
larger dar lengths obtained using DXA, MRI and DEXA data were strongly correlated (r = 0.878, p < 0.001).
In conclusion, the DXA technique allowed for highly reproducible in vivo dyr measurement at rest, which
has implications for the calculation of AT forces in vivo and the ability to predict the measurement from
one tool to the other, thereby providing a novel basis to contrast existing and future studies.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction musculoskeletal modelling (Clarke et al., 2015; Maganaris, 2004;

Maganaris et al., 1998; Sheehan, 2012). Accurate measurement of

The Achilles tendon moment arm (dar) is a measure widely used
within biomechanics and important when converting individual
muscle forces from the gastrocnemius (GM) and soleus into a
moment about the ankle or vice versa (Clarke et al., 2015;
Maganaris et al., 1998; Rasske et al., 2017). dat length is defined
as a perpendicular distance from the ankle joints axis of rotation
to the Achilles tendon (AT) muscle-tendon line of action
(Fletcher and Maclntosh, 2018; Maganaris, 2003; Sheehan, 2012).
Its length has implications both clinically and experimentally as
it can relate joint torques and muscle forces, with the dar vital in
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the dar length is important when discussing the muscle-tendon
at the ankle joint as larger dar lengths allow for greater muscle-
tendon displacement, velocities and larger joint moments
(Maganaris, 2004).

Reliable and valid methods are required when obtaining param-
eters such as dar which proves difficult due to the complex nature
of defining the axis of rotation (Alexander et al., 2017) and deter-
mining the line of action. Numerous techniques have been imple-
mented in the measurement of dar in vivo such as magnetic
resonance imaging (MRI) and ultrasound imaging as the accuracy
and repeatability associated with medical imaging techniques sur-
pass the simplicity of surface measurements and cadaver tissue
(Alexander et al., 2017; Wilson et al., 1999). The ultrasound and
MRI techniques have become common practice in the measure-
ment of the dar (Fath et al., 2010). Whereas, to our knowledge,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2020.110204&domain=pdf
https://doi.org/10.1016/j.jbiomech.2020.110204
mailto:david.tomlinson@mmu.ac.uk
https://doi.org/10.1016/j.jbiomech.2020.110204
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com

AJ. Buffey, G.L. Onambélé-Pearson, R.M. Erskine et al.

dual-energy X-ray absorptiometry (DXA), has yet to be routinely
utilised in the measurement of dar. However, DXA under single
energy mode has been shown to produce two-dimensional (2D)
sagittal images that permit the visualisation of bone and soft tissue
with high water content, formerly validated against MRI in the
patellar tendon moment arm (dpr) (Erskine et al., 2014). With a
‘high definition instant vertebral assessment’ (IVA-HD) DXA proto-
col, high-quality sagittal images of the knee joint allowed the dpr to
be measured when rested at full extension (Erskine et al., 2014).

MRI provides high visibility of the anatomical structure captur-
ing bony configurations of the calcaneal-tibial joint, depicting soft
tissue and allowing the line of action to be easily identified (Fath
et al., 2010; Fletcher and Maclntosh, 2018; Hashizume et al.,
2012; Rugg et al., 1990). This permits dar to be measured directly
without erroneous assumptions regarding the actual path of the
tendon (Rugg et al., 1990). With MR, dar is estimated as a distance
using the centre of rotation (COR) technique where the distance
from the joint axis to the muscle-tendon line of action is measured
(Rugg et al., 1990). The ultrasound technique termed tendon excur-
sion (TE) operates without clear identification of the joint COR or
muscle-tendon action line, providing an estimation of day length
(Fath et al., 2010). TE calculates dar during passive rotation of the
ankle as the ratio of tendon displacement at the musculotendinous
junction (MT]) to joint rotation (Fletcher and Maclntosh, 2018).

Since no previous study has measured dar utilising DXA, the
opportunity to directly compare the three techniques discussed
above in vivo has not been available. The ability to utilise DXA in
the measurement of dar is advantageous, as the novel method pro-
posed, would be quicker, cheaper and more accessible compared to
an MRI and allows the calculation of dar length whereas TE pro-
vides an estimation of dar length. Therefore, by directly comparing
DXA, MRI and ultrasound a comparison can be provided for any
measurement differences, which is essential when looking to reli-
ably compare results between studies (Erskine et al., 2014). Fur-
thermore, a relatively novel application of DXA dar requires
validation, preferably against a recognised or the current gold stan-
dard technique such as MRI (Erskine et al., 2010; Onambele-
Pearson and Pearson, 2012). The aims of the current study were
twofold: 1) to investigate the in vivo assessment of dar at rest
using: DXA, MRI and ultrasound to observe whether differences
exist between the imaging protocols. 2) to determine the reliability
of dar measurements using DXA. It was hypothesised that: 1) the
intraday reliability of the DXA protocol would be high, and 2) ultra-
sonography would underestimate measurements made using the
MRI technique and that DXA measurements would overestimate
those of the MRI and ultrasound at all ankle joint angles. We
hypothesised that DXA would overestimate MRI measurements
of dar length as a previous study which investigated this novel
DXA method found DXA to overestimate MRI when comparing
measurements of the dpr (Erskine et al, 2014). Similarly, we
hypothesised ultrasonography or the TE method to underestimate
MRI dar measurements due to previous research highlighting this
(Hashizume et al., 2016).

2. Methods
2.1. Participants

Twelve healthy adults (eight men and four women) were
recruited to participate in this study in line with previous moment
arm validation studies (Erskine et al.,, 2014; Hashizume et al,,
2016). Age, stature and body mass (mean * SD) were as follows:
31.4 + 9.5 years, 174.0 £ 9.5 cm, and 76.2 + 16.6 kg, respectively.
Participants self-reported as physically active and free of lower
limb musculoskeletal injuries, ankle joint/AT disorders with no
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history of ankle surgery and not pregnant (relating to the radiation
exposure during the DXA scan). Participants provided written
informed consent before participating in this study, which con-
formed with the Declaration of Helsinki (World Medical, 2013).
This study was approved by the local ethics committee of Manch-
ester Metropolitan University.

2.2. Experimental protocol

Over two laboratory visits the participants day of their right
ankle was quantified using three techniques. On the first labora-
tory visit, the participants dar was assessed twice using a Discovery
W DXA scanner [Hologic Inc., Bedford, USA] to allow the reliability
of the DXA protocol to be investigated, and assessed twice using
ultrasonography [Esaote Biomedica, Genoa, Italy]. On the second
laboratory visit, 24 h later, the participants dat was measured once
using a 0.25-T G-Scan MRI scanner [Esaote Biomedica, Genoa,
Italy].

2.3. Scanning protocols

For the MRI protocol, participants laid on their left side and
were instructed to remain still and relaxed inside a 0.25-T
G-Scan MRI scanner [Esaote Biomedica, Genoa, Italy] with their
right knee extended (Fig. 1a). The sole of the right foot was positioned
against a custom-made wooden device, with the ankle secured to the
device using two non-elastic Velcro straps. The custom-made device
allowed manipulation of the ankle and fixed the angle of the ankle
joint for the subsequent scans (—5° 0° and +10°). Sagittal ankle
scans were acquired using a Turbo 3D T1-weighted sequence with
the following scanning parameters: time of repetition = 40 ms; time
to echo = 16 ms; matrix = 256 x 256; field of view = 180 mm x 180
mm,; slice thickness = 3.4 mm; interslice gap = 0 mm.

For the DXA session, six single energy IVA-HD scans [Hologic
Inc., Bedford, USA] with the participant lying on their right side
(Fig. 1b) were taken at the three pre-determined ankle joint angles,
with two scans taken per joint angle (—5°, 0° and +10°). The right
ankle was manipulated and fixed at these angles using the same
custom-made wooden device utilised in the MRI protocol
(Fig. 1b). The IVA-HD parameters were as follows: scan length =
20.3 cm; scan width = 13.7 cm; line spacing = 0.0241 cm; point
resolution = 0.1086 cm; scanning time = 11 s. The acquired sagittal
images of the participant’s right ankle were attained by placing the
ankle joint with the lateral aspect of the limb within the imaging
zone. To enable the reliability of IVA-HD DXA scans to be analysed,
the procedure was repeated, which required participants to be
removed and then repositioned back on the scanner in between
DXA scans.

For the TE protocol, participants were seated on an isokinetic
dynamometer [Cybex Norm, Cybex International, New York, USA]
with their right ankle securely fixed with inextensible straps. The
right knee was fully extended with the right thigh strapped to
the dynamometer chair (Fig. 1c). The participants hip angle was
set to 85° and the participants were secured to the dynamometer
at the shoulders and hip with inextensible straps. The centre of
the lateral malleolus was aligned visually to the axis of rotation
of the dynamometer. Participants preconditioned the muscle-ten-
don complex using five ramped isometric plantarflexions at 50% of
self-perceived maximum (Maganaris and Paul, 1999), and then
performed three maximum voluntary plantar-flexion contractions.
Thereafter, the maximum range of motion (ROM) of the
dynamometer was set to the participant’s voluntary maximum
plantarflexion and maximum dorsiflexion. To familiarise the par-
ticipants, the ankle was passively rotated through the ROM limit
at a constant velocity of 1°-s~! prior to assessing dar. To measure
dat, the ankle was passively rotated through the ROM, during
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Fig. 1. Representative images illustrating (A) the lower limb positioning within the (A) magnetic resonance imaging, (B) dual energy x-ray absorptiometry (DXA) and (C)

tendon excursion protocol.

which the displacement of the GM MT] was recorded using B-mode
ultrasound with a 7.5 MHz, 50 mm linear probe [Esaote AUS5,
Biomedica, Genoa, Italy]. The probe was fixed in position using a
custom-built foam cast. To ensure accurate measurements of dis-
placement, a 2 mm echo-absorptive tape was placed over the
MT]J at 0° ankle position to check for movement of the probe. If
any movement was detected the test was repeated. This procedure
was repeated to measure the reliability of the TE protocol, the par-
ticipant was removed from the dynamometer between assess-
ments, with all pen markings and tape removed before the
measurement process was repeated.

2.4. Image analysis

All DICOM images from the MRI and DXA scans were imported
to a DICOM viewer [Osirix 2.7.5, Osirix Foundation, Geneva,
Switzerland]. For MRI scans, the midsagittal slice was identified
(typically between slice 12-15) and dar was then calculated from
the joint COR identified using the Reuleaux’ method (see Fig. 2a).
The dar for the single 2D DXA DICOM image was measured as
reported for the MRI analysis (see Fig. 2b).

When analysing dar with the TE method at 0° ankle angle, the
maximal plantarflexion and dorsiflexion of one ROM test was
screen grabbed and analysed using Image] [Image] 1.45 s; National
Institutes of Health] software. The displacement of the MT] away
from the echo absorptive marker was measured at maximal

plantarflexion (See Fig. 2c). The total displacement was then
divided by the change in the ankle angle through a full ROM
(Tomlinson et al., 2014).

2.5. Statistical analyses

Statistical analysis was performed using SPSS (Version 25, SPSS
Inc., Chicago, IL, USA). Data reduction reliability was confirmed
using two datasets for the TE, DXA and MRI. Coefficients of vari-
ance (CVs) for the novel DXA technique were calculated between
datasets. The intra class correlation coefficients (ICC, model:
2-way mixed; types: absolute agreement and consistency) were
calculated for the DXA method to determine the test-retest relia-
bility of the novel DXA method (See Table 2). The mean value of
the first dataset measurements for TE, DEXA and MRI was used
in the statistical analysis. Parametricity of the day data utilised
the Shapiro-Wilk test (sample normally distribution) and the
Levene’s test (homogeneity of variance). Thus, a repeated-
measures ANOVA (rANOVA) was used to examine between-
methods differences of DXA, MRI and TE with a Bonferroni
correction for post hoc pairwise comparisons at 0° ankle angle.
An rANOVA was used to examine between-methods differences
of DXA and MRI with a Bonferroni correction for post hoc pairwise
comparison at —5° and 10° ankle angle. A Pearson’s product-
moment correlation was used to examine the associations between
the DXA and MRI dat data at —5°, 0° and 10° and between TE and

Fig. 2. Representative images demonstrating: (A) the anatomical landmarks used to measure Achilles tendon (AT) moment arm (dar) in the MRI COR method. The near
horizontal green line represents the measurement of the individuals dar from the AT line of action (straight white line) to the estimated centre of the calcaneal joint. (B) The
measurement process of a single 2D dual energy x-ray absorptiometry (DXA) scan for the analysis of dar. The near horizontal green line represents the measurement of the
individuals dar from the AT line of action to the estimated centre of the calcaneal joint and (C) illustrating tendon elongation measured during the tendon excursion
technique. The dashed red lines represent the movement of the gastrocnemius medialis muscle-tendon junction during passive rotation of the ankle. The echo absorptive is

shown as the faint black line through the ultrasound image.
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DXA and TE and MRI at 0°. Bland-Altman plots were developed
using SPSS to illustrate the mean difference between DXA and
MRI derived dar measurements; the limits of agreement were set
at 1.96 x SD of the method difference. Statistical significance
was accepted with p < 0.05 and all data are presented as
means * SD unless otherwise stated.

3. Results

DXA-originated dar values were consistently higher at all ankle
angles measured (Table 1) than those determined from the MRI
and TE techniques, especially at 0° ankle angle (Fig. 3). Thus at 0°
ankle angle, there was a main effect of measurement method on
attained dar value (F(1.144, 12.588) = 133.571, p < 0.001). Post
hoc tests revealed that DXA dat measurement resulted in a 19.7%
greater dar measurement compared to MRI (p < 0.001). MRI dar
measurement resulted in a 40.8% greater dar measurement com-
pared to TE (p < 0.001) and when comparing TE and DXA, DXA
dar measurements were 45.2% greater than TE dar measurements
(p < 0.001).

There was an interaction between the DXA and MRI techniques
and ankle angles (F(1,11) = 10.808, p = 0.007). Post hoc pairwise
comparison revealed that at —5° ankle angle DXA dar measure-
ments were greater (22.6%) than those derived from MRI technique
(p<0.001) and at 10° ankle angle DXA dar measurements were lar-
ger (24.9%) than MRI (p < 0.001).

There was a strong positive correlation between DXA and MRI
(r=0.878,n =12, p < 0.001) (See Fig. 4).

No relationship was observed between TE and DXA (r = 0.383,
n=11,p=0.219) or TE and MRI (r = 0.293, n = 11, p = 0.356).

The test-retest reliability of the DXA method was excellent,
demonstrated by low CVs and ICC values > 0.75 at all ankle angles
measured (See Table 2). However the test-retest reliability of the
TE method was poor, demonstrated by the CV and ICC values
< 0.5 at 0° ankle angle (See Table 2),

Heteroscedasticity was observed in the residuals (i.e. [DXA-
MRI]*2] between DXA and MRI dar measurements) at —5°
(p = 0.010) and 10° (p = 0.046) ankle angle. At 0° ankle angle, the
distribution of the residuals was homoscedastic, suggesting that
the between method difference was not dependent on dar when
measured at this ankle angle.

This study observed a systematic over-approximation of dat
length when measured using the DXA technique compared to the
MRI technique. If DXA was utilised in place of MRI, DXA would
overestimate MRI dar length by 9 to 11 mm (See Fig. 5a, 5b and 5c¢).

4. Discussion

In this study, the reliability of a novel DXA technique, for the
measurement of individuals dar length in vivo, was assessed in a
healthy young adult population. The main findings from this study
have shown that the novel 2D DXA method produced highly repro-
ducible dar measurements given its low CVs and high ICCs. Thus, to
our knowledge, this shows for the first time that the DXA imaging
technique enables a reliable measure of dar length. The hypothesis

Table 1
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was accepted as the novel DXA technique gave significantly larger
dar measurements at all ankle angles measured when compared to
the established 2D MRI method and the TE technique. Despite the
consistently larger DXA dar measurements, the DXA and MRI tech-
niques were in strong agreement irrespective of inter-individual
differences in ankle joint dimensions. The agreement was shown
through Bland-Altman plots and the significant positive correlation
between the DXA and MRI techniques when assessing dar length,
in vivo. A lack of association between TE vs. MRI and DXA was
observed, suggesting its suitability in measuring the dar needs fur-
ther analysis.

The novel DXA technique permitted the visualisation of the AT,
allowing the measurement of individuals dar, through a single
high-quality 2D sagittal image. The single energy IVA-HD scan pro-
tocol discerns soft tissue with high water content such as the AT
and enables the resting ankle joint and more specifically the AT
to be visualised at the investigated —5°, 0° and 10° ankle angles.
The sagittal images attained could depict the tibia, fibula, medial
malleolus, calcaneus, talus and navicular bone clearly (Fig. 2b).
Hence it was possible to measure the dar, i.e. the perpendicular dis-
tance from the estimated ankle joints axis of rotation to the AT
muscle-tendon line of action (Maganaris et al., 2000). The visuali-
sation of the AT through the DXA derived image compared to the
MRI derived image is less clear and appears as a shadow (though
distinct) image compared to the clear anatomical image provided
by the MRI technique (See Fig. 3a and 3b). While this may cause
a small potential error in discerning the AT from the DXA sagittal
images compared to MRI, we propose that a suitably trained
researcher with knowledge of the AT and the anatomical image
of the ankle joint will be able to discern the AT from the DXA
derived sagittal image.

The 29.5 + 6.2 mm (TE) in vivo, dar values reported within this
study were comparable to previous findings using TE. These pre-
vious studies have reported similar dar lengths compared with
our data at 32 mm (29 to 36 mm 95% confidence intervals (CI))
(Baxter and Piazza, 2018) and 31 + 3.7 mm in sprinters when
measuring dar with the TE technique (Lee and Piazza, 2009).
However, even larger dar measurements have been reported
when using the TE technique at 38 mm (35 to 42 mm 95% CI)
(Fath et al., 2010) and 41.6 + 5.5 mm (Lee and Piazza, 2009) that
would be comparable to our MRI derived dar values (43.3 + 3.7
mm (MRI)). The measurements reported using the novel 2D
DXA technique, 53.9 + 5.2 mm, are closely comparable to previ-
ous dar values where researchers measured dar with the MRI
method. Previously, dar values of 53 mm (51 to 56 mm 95% CI)
(Baxter and Piazza, 2018) and 54 mm (51 to 57 mm 95% (CI)
(Fath et al., 2010) have been reported when measured using the
MRI technique. When rationalising the larger estimations of dar
length through the DXA technique, it was previously addressed
that the DXA method produces a single sagittal image which rep-
resents an ‘average’ view of the calcaneal-tibial joint (Erskine
et al.,, 2014). Whereas the MRI technique allows for analysis at
a multitude of ‘slices’ in the sagittal plane, possibly accounting
for some of the 19.7-24.9% difference in dar lengths between
DXA and MRI at the different ankle angles as the COR point will
not be identical.

The Achilles tendon moment arm (dar) length measured using dual energy x-ray absorptiometry (DXA) and magnetic resonance imaging (MRI) at the three predetermined ankle

angles and tendon excursion (TE) at 0°.

DXA MRI p-Value
dar (-5°) (mm) 50.9 + 4.5 415 +3.4 <0.001
dar (0°) (mm) (*) 53.8 +5.0 295+ 6.2 433 £36 <0.001
dar (10°) (mm) 56.7 + 5.8 454 +38 <0.001

Data are reported mean * SD. (* denotes that the p-value reported was from the Bonferroni corrected post hoc).
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Table 2
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Achilles tendon moment arm (dar) measurement along with the CV (%) between the two datasets (test-retest) and ICC for the dual energy x-ray absorptiometry (DXA) and tendon

excursion (TE) method.

DXA (-5°) DXA (0°) DXA (10°) TE (0°)
dar (mm) Test 1 50.9 + 4.5 53.8 + 5.0 56.7 + 5.8 31.8+48
dar (mm) Test 2 514+48 53.4+43 582 + 6.7 28.6 £5.7
CV (%) 2.15 1.38 3.01 11.65

ICC (Lower CL - Upper CL) *
ICC (Lower CL - Upper CL) **

0.89 (0.68-0.97)
0.89 (0.66-0.97)

0.96 (0.86-0.99)
0.96 (0.86-0.99)

0.76 (0.38-0.92)
0.77 (0.37-0.93)

0.44 (-0.11-0.81)
0.50 (-0.14-0.85)

* indicates absolute agreement and ** indicates consistency).
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Fig. 3. Displaying Achilles tendon moment arm (dar) length at 0° ankle angle
measured by tendon excursion (TE), dual energy x-ray absorptiometry (DXA) and
magnetic resonance imaging (MRI). *** denotes a significant difference between
tendon excursion (TE) and dual energy x-ray absorptiometry (DXA) measurements
(p < 0.001); between DXA and MRI (p < 0.001); *** and between TE and MRI
(p < 0.001).
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Fig. 4. Displaying the Pearson correlation between measurements attained using
the dual energy x-ray absorptiometry (DXA) and magnetic resonance imaging (MRI)
techniques comparing measurements taken at all ankle angles (solid black
line = linear correlation (r = 0.878, p < 0.001); dashed line = line of identity; n = 12).

Previous research has demonstrated that the use of dissimilar
techniques such as TE and MRI as well as dissimilar methodologies
when using the same technique in measuring dar has led to vari-
ances in da estimations (Sheehan, 2012). A weak relationship
was reported, in our results, when comparing the TE method to
the 3D MRI protocol. Previous literature has suggested that indi-
viduals have varying AT stiffness and slack length which makes
evaluating individuals dar difficult when utilising the TE technique
(Baxter and Piazza, 2018; Hashizume et al., 2016). Variances in AT

stiffness and slack length dictate the potential tendon elongation
during passive ankle movements (TE) and illustrates variability
within the healthy adult cohort (Fletcher and Maclntosh, 2018;
Muraoka et al., 2002).

Hashizume et al. (2016) reported a significant correlation
between TE and 3D MRI, however reporting a correlation value
of (p = 0.05, r? = 0.352) which constitutes a ‘weak’ relationship. This
finding was similarly reported by Baxter and Piazza (2018) who
revealed only a positive trend (p = 0.052, r? = 0.21) but not either
a significant or a ‘strong’ relationship. This led those researchers
to suggest that the TE method may not be suitable to evaluate
the singular variability of individuals dar (Hashizume et al.,
2016). The lack of correlation observed within our results between
TE and MRI (p = 0.356, 2 = 0.085) is thus comparable to previous
research (Baxter and Piazza, 2018).

Our results observed larger dar lengths at greater plantarflexion
ankle angles, with —5° ankle angle exhibiting the shortest dar
length (Table 1). The novel DXA technique was shown to be highly
reliable at 0° ankle angle, with low CVs and high ICCs. Both —5° and
+10° were also shown to provide reliable measurements (Table 2).
Our results showed the TE method to have poor reliability at 0°
ankle angle, when intrepreting the CV and ICC scores between
the test-retest data sets. The CV and ICC scores (< 0.5) and there-
fore the reliability of the TE method were comparably worse than
the novel DXA method (Table 2).

The difference between methods in absolute dar lengths
described here would have significant implications for the calcula-
tion of AT force. For example, the AT force in a healthy adult pop-
ulation with an ankle plantarflexion moment of 20 N m and a dar of
43 mm (measured via MRI) would be ~ 465 N. However, if the dar
value measured via DXA replaced the MRI measure in the equation
(e.g. 53 mm) the AT force would be calculated as ~ 377 N, a differ-
ence of ~ 88 N. It is acknowledged though, that investigations in
different populations and additional work would be required
before a universal correction factor may be applied (Erskine
et al., 2014). A post hoc power analysis (1-p err prob) of this study
was < 0.99, thus confirming that the results of this study can be
generalised to young healthy adult populations.

The findings of this study could allow for the use of DXA-
derived dar measurements to be used in the calculation of the
GM and AT properties. The results may also mean that future
research should be cautious when selecting the TE method to
determine dar (Hashizume et al., 2016). With popularity of DXA
rising in recent years to measure muscle mass and body composi-
tion, it would be beneficial to utilise DXA based dar measurements.
The ability to utilise the DXA technique to measure dar would
allow for researchers to determine muscle-tendon forces, which
would be helpful in illustrating group differences and/or interven-
tion induced variations in calf ‘muscle strength’. The DXA tech-
nique, however, delivers radiation to participants, with the
effective dose estimated to be 56 puSv with the IVA-HD protocol.
Fortunately, this effective dose is ‘extremely low’ and is well below
the maximum recommended annual dose regarded as safe, i.e.
1,000 pSv (Njeh et al., 1999). Despite the ‘extremely low’ radiation,
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Fig. 5. . Bland-Altman plots demonstrating: (A) the systematic bias (+9.4 mm) when measuring dar at —5° ankle angle when measured by the novel dual energy x-ray
absorptiometry (DXA) technique compared to the magnetic resonance imaging (MRI) protocol. (B) The systematic bias (+10.4 mm) when measuring dar at 0° ankle angle
when measured by the novel DXA technique compared to the MRI protocol. (C) The systematic bias (+11.3 mm) when measuring dar at 10° ankle angle when measured by the
novel DXA technique compared to the MRI protocol. Solid line = mean differences; dashed lines = limits of agreement.

researchers may wish to use DXA in future studies examining dar
length as this novel protocol is quicker than the MRI technique
and DXA is cheaper and more easily accessible. Studies examining
muscle mass refer to DXA as the gold standard measurement tech-
nique and therefore if already being utilised in the assessment of
muscle mass or body composition, researchers will be able to accu-
rately determine dar length and therefore muscle-tendon forces in
one laboratory visit.

This study utilised 2D imaging in all methods investigated,
which needs to be addressed when comparing its findings to pre-
vious work. Hashizume et al. (2012) found that when employing
2D methods to measure day length as opposed to 3D imaging tech-
niques that the dar length will be overestimated. However, as all
techniques investigated were 2D, the reliability and agreement
between techniques can be accepted at the 2D level. Further inves-
tigation would be required to examine the agreement between the
novel DXA technique and 3D MRI analysis. Following on from the
results of this study, the use of DXA in the assessment of individu-
als dar has been shown to be reliable at rest. Further investigation
should explore the measurement of dar during differing isometric
muscle contraction intensity at a range of ankle joint angles.

5. Conclusion

This study has illustrated that reliable measurements of dat
length at rest can be estimated from the IVA-HD DXA scan proto-
col. The novel DXA method gave consistently longer dar lengths
(19.7-24.9%) at all ankle angles measured (-5°, 0°, +10°) compared
to the reference MRI method. However, we have shown the novel
DXA and MRI techniques were in strong agreement irrespective of
inter-individual differences in ankle joint dimensions. This finding

provides a novel method in the calculation of AT forces in vivo and
allows comparisons to be drawn between existing and future
studies.
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