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Abstract: The dorsal movement of the Achilles tendon during ankle rotation is restricted by anatom-
ical obstructions. Previously, we demonstrated that the anatomical obstruction provides a gain
(gainaT) in the proximal displacement of the calcaneus compared to the change in the Achilles tendon
length. Here, we empirically validate and extend our previous modeling study by investigating the
effects of a broad range of obstruction locations on gainat. The largest gainat could be achieved
when the obstruction was located on the most ventral and distal sides within the physiological range
of the Achilles tendon, irrespective of the ankle position.
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1. Introduction

The movement of the foot during ankle plantarflexion is amplified compared with
the shortening of the plantarflexor muscles. This amplification translating the muscle
fascicle shortening into joint action, termed as a “gain”, is calculated as the ratio of the
magnitude of the calcaneus movement to that of muscle fascicle shortening. The gain was
reported to be typically higher than 2.3 [1]. Several mechanisms have been proposed to
explain the gain. The first mechanism considers the oblique orientation of the pennate
muscle fibers. For instance, Gans [2] suggested that a pennate fiber arrangement between
the aponeuroses, which remain at a constant distance from each other during contraction,
results in a movement of the aponeurosis parallel to the long axis of the muscle, which
is amplified compared with the shortening of the muscle fiber. This is due to fascicle
rotation by a factor equal to the inverse of the cosine of the pennation angle. The second
mechanism considers the mechanical constraints on the lateral movement (i.e., moving
closer or further away) of the aponeuroses. In particular, variations in the aponeurosis
separation (i.e., muscle thickness) before contraction varies the gain such that the aponeu-
roses moving closer together decrease the gain, and those moving further apart increase
the gain [3], a mechanism that becomes important during muscle atrophy that accom-
panies aging. However, these two effects are insufficient to completely account for the
overall amplification.

This discrepancy in the total amplification could be explained by a third mechanism
involving the mechanical constraint that prevents the outward (i.e., dorsal) movement
of the Achilles tendon, causing the tendon to bend. Hodgson et al. [3] first introduced
the concept of a rigid restriction on the dorsal movement of the Achilles tendon due to
the presence of a fixed inflection point or bend in the tendon during ankle plantarflexion.
They demonstrated through simulation that this inflection point or bend in the tendon
results in an amplification of the proximo-distal displacement of the calcaneus (the distal
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endpoint of the Achilles tendon) relative to the myotendinous junction between the soleus
muscle and the Achilles tendon (proximal start point of the Achilles tendon). This gain
from the Achilles tendon (gainat), which is defined as the ratio of the vertical displacement
of the calcaneus to the change in the Achilles tendon length, varies depending on both the
inflection point with respect to the ankle center of rotation (COR) and the ankle position.
In fact, Hodgson et al. [3] evaluated the gainat at three locations of the inflection point
(Supplementary Materials Figure S1) given by coordinates (x, y; horizontal and vertical
axes of a system of coordinates, in cm) and obtained the largest gainat for an inflection
point located at (3, 0) from ankle COR at (0, 0). This was followed by a decreasing order of
gainat observed at inflection points located at (4, 0) and (3, 2.5) during ankle plantarflexion.
In contrast, the gainat decreased as the ankle dorsiflexed. Several significant issues posed
in this previous report include the fact that the gainat is unknown at locations other than
the three locations mentioned above, and the geometrical structure of the actual human
musculoskeletal system is neglected. Further, the mechanisms determining the gainat are
still not well understood, and the location resulting in the largest gaint remains unknown.

Therefore, we extended a previous modeling study [3] from our research group by
performing direct measurements of the physiological range of the inflection point within
the Achilles tendon and the ankle position for in vivo humans using magnetic resonance
imaging (MRI). We investigated the effects of a broad range of inflection point locations
on the gainar during ankle rotation at the two positions. The present study conducted a
modeling investigation, because it was difficult to identify the location of the inflection
point within the Achilles tendon that exhibits the largest gainat within the physiological
range of the Achilles tendon using an in vivo human experimental study.

2. Methods

We used the simplified ankle model (Figure 1) based on the quadratic solution from
Appendix B in [3]. The movement of the calcaneus around the ankle center of rotation is
indicated by the dotted black arc with radius M. The Achilles tendon is attached to the
calcaneus but is prevented from anterior motion by an inflection point fixed at coordinates
Xp, Yp from the ankle center of rotation. This model helped to understand the effects of the
locations of the inflection point on gainat over a range of ankle positions.

The gainar is defined as the reciprocal of the change in the Achilles tendon length
(Al47) when the calcaneus is displaced by 1 mm, as follows:

1
AN, = —— 1
gamur Alar )
The Achilles tendon length (I o7) is defined as follows:
lar = dpmx + ddis (2)

where dp,or and dg;; are the distances from the myotendinous junction to the inflection
point and from the inflection point to the Achilles tendon insertion on the calcaneus,
respectively. They are given as follows:

dprox =\ (xp — %) + (v — vr) 3

2 2
duis =/ (x = )2+ (vp —¥) @
where the coordinates (x, y), (xp, ¥p), and (X, ym) represent the positions of the Achilles
tendon insertion on the calcaneus, inflection point, and myotendinous junction, respectively.
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Figure 1. Simplified ankle model with the presence of an inflection point. The inflection point
prevents the Achilles tendon from moving dorsally. The arc indicates the trajectory of the calcaneus
during ankle joint rotation. Radius M is the distance from the ankle center of rotation to the insertion
of the Achilles tendon on the calcaneus (i.e., inferior calcaneal tuberosity, grey cross symbol). Distance
dgis is the length of the segment from the inflection point to the insertion of the Achilles tendon
on the calcaneus, whereas dpyy is the length of the segment from the myotendinous junction to
the inflection point. The Achilles tendon length I 4 is defined as the sum of the distances from the
myotendinous junction to the inflection point and from the inflection point to the calcaneus.

We considered different coordinates for the inflection point within a physiological
range along the x and y axes during the ankle joint rotation (Figure 2). The physiological
range of the Achilles tendon was defined as the area within the Achilles tendon and
represented the area of a quadrilateral comprising four sides and four vertices. The upper
right and left points are on the same horizontal line as the myotendinous junction location
and are positioned on the most dorsal and ventral edges of the Achilles tendon. The lower
right and left points are on the same horizontal line as the most distal end of the Kager’s
fat pad and are positioned on the most dorsal and ventral edges of the Achilles tendon.

Signed and informed consent was attained to participate in an Institutional Review
Board-approved study. The physiological range of the Achilles tendon was determined using
velocity-encoded phase-contrast MRI as the ankle was rotated with a hydraulically operated
foot-pedal device. The details of this imaging technique and device have been previously
described [4]. MR images were acquired from three subjects (age: 26.7 & 6.4 years, height:
166.3 £ 4.0 cm, weight: 57.7 & 8.7 kg; two men and one woman) with a 1.5-Tesla MR scanner
(GE Healthcare, Milwaukee, WI, USA). Velocity encoding of 10 cm/s in the superior-inferior
direction was used, with three views per segment, repetition time of 13.3 ms, echo time
of 7.5 ms, flip angle of 20°, 3-mm slice thickness, 290-Hz receiver bandwith/pixel, 128 x
256 matrix size, 160 x 320 mm field of view (FOV), and two averages. Each subject was
instructed to fully relax as the ankle was passively plantarflexed and dorsiflexed using the
pedal device. The pedal device was made up of a computer-controlled, servomotor driven
“master” piston-cylinder (placed outside the magnet room) that enabled pumping of hydraulic
fluid in a prescribed /programmed cyclical manner, through high-pressure tubes to a “slave”
non-magnetic piston-cylinder inside the magnet bore that in turn rotated the foot pedal.
The pedal device was programmed to complete a rotational cycle of 30°, from 20° (ankle
plantarflexed position) to —10° (ankle dorsiflexed position).
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Figure 2. Representation of the physiological range of the inflection point within the Achilles tendon
where the gainar is calculated. The positions of the start (i.e., myotendinous junction) and end (i.e.,
inferior calcaneal tuberosity) points of the Achilles tendon, and ankle center of rotation are shown in
a typical sagittal-plane MR image from one subject. The ankle angle was set at approximately —10°
(ankle dorsiflexed position). The physiological range of the inflection point is defined as the area
within the Achilles tendon and is represented as the area (gray color) of a quadrilateral comprising
four vertices (points; indicated by white circle symbols).

The physiological range of the Achilles tendon was measured at the ankle plan-
tarflexed and dorsiflexed positions and subsequently averaged for the three subjects for
each ankle position. Additionally, the insertion positions of the Achilles tendon on the cal-
caneus and COR of the ankle were measured. The position of the Achilles tendon insertion
on the calcaneus was displaced along an arc of radius M centered at the ankle COR with
1 mm increments in the calcaneus displacement in plantarflexed and dorsiflexed positions.
We assumed that the dpy,x remained constant during each calcaneus displacement. Thus,
Al o1 could be calculated as follows:

Alar = dgis41 — dais %)

where d;;; and dy;s 11 denote the distance from the inflection point to the calcaneus in a
given ankle position and when the calcaneus position changes by 1 mm, respectively. The
moment arm was calculated as the shortest perpendicular distance between the COR and
the line connecting the inflection point to the calcaneus.
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All values are presented as the mean and standard deviations.

3. Results

The gainat always exceeded unity when the inflection point was located within the
physiological range for the two ankle positions (Figure 3, top). This indicates that the
calcaneus displacement has a gain corresponding to the change in the Achilles tendon
length. The largest gainat was realized when the inflection point is located on the most
ventral and distal sides, irrespective of ankle position. The ratio of the change in the
Achilles tendon length to the moment arm remains nearly constant (Figure 3, middle). The
product of the ratio of the change in the Achilles tendon length to the moment arm and the
x-coordinate of the calcaneus position remains nearly constant within the physiological
range of the Achilles tendon. This value equaled 0.990 and 0.996 when the ankle remained
in the plantarflexed and dorsiflexed positions, respectively (Figure 3, bottom). The ankle
angle and Achilles tendon insertion on the calcaneus (x, y) coordinates were measured
as20.7 £ 1.5° and (x =67.8 £ 7.1, y = —34.4 & 4.2) mm at the plantarflexed position, and
—9.3 £0.8° and (x =52.7 £ 9.9, y = —55.0 & 2.6) mm at the dorsiflexed position.

When using the proposed model, any change in the inflection-point position within
the physiological range of the Achilles tendon, while displacing the calcaneus relative
to the displacement of the myotendinous junction, causes the ratio of the change in the
Achilles tendon length to the moment arm to remain nearly constant. When the ratio of the
change in the Achilles tendon length to the moment arm was multiplied by the x-coordinate
position of the calcaneus, the value was approximately 1. These results indicate that gainat
can be estimated using the moment arm and the x-position of the calcaneus (calcaneus_x)

as follows:
., calcaneus_x

§AMAT = Moment arm ©)

Accordingly, the maximum relative error between gaina calculated considering the
change in the Achilles tendon length (Equation (1)) and that calculated using the moment
arm (Equation (6)) equals 0.38% and 0.98% in the plantarflexed and dorsiflexed positions,
respectively.
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Figure 3. Effects of inflection point locations and ankle positions on gainar (top), ratio of change in the Achilles tendon
length to moment arm (middle), and product of the ratio of change in the Achilles tendon length to moment arm and the
x-coordinate of calcaneus position (bottom), for 1 mm calcaneus displacement. We used a model where the position of the
inflection point is varied, whereas the displacements of the myotendinous junction with respect to the calcaneus remains
constant. Three-dimensional surface plots showing the change in the Achilles tendon length (Z axis) with respect to the
location of the inflection point along the x (X axis) and y (Y axis) directions. This change is shown for two ankle positions:
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We evaluated the effects of a broad range of inflection point locations on the gainar,
during ankle rotation at two ankle positions. The largest gainaT was observed when the
inflection point is located on the most ventral and distal sides within the physiological
range. However, unexpectedly, this was independent of the ankle position. The former
result is observed because as the gainat increases and the inflection point is closer to the
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ankle COR. These results are not consistent with those presented by Hodgson et al. [3],
who demonstrated that as the gainat increases, the inflection point is closer to the ankle
COR. This difference might be partly due to the different models of the inflection point
and ankle position employed. While our model relied on human data obtained empirically
from physiological experiments, Hodgson et al. [3] established their model on logical
speculation; thus, it was not based on human data. The results of our model are partially
supported by the findings of the experimental investigation conducted by Csapo et al. [5],
who demonstrated that there was no significant difference in the gainaT among passive
ankle rotations from 10° to 20°, 0° to 10°, and —10° to 0°.

Gainar is not determined solely by the distance from the ankle COR to the inflection
point but rather by the geometrical arrangement of the inflection point, myotendinous
junction, and ankle position relative to the ankle COR. Although the geometry of the
ankle COR and ankle position is determined by an intrinsic arrangement, the location
of the inflection point can be variable. Our previous experimental and computational
investigations using a multi-modality approach revealed that the inflection point of the
Achilles tendon is due to neither the nature of the tissue deformations surrounding the
Achilles tendon nor its physical properties [4]. Instead, we concluded that the inflection
point results from the geometric architecture of the Achilles tendon and its configuration
relative to the surrounding tissues, such as the Kager’s fat pad. This pad is a mass
comprised of adipose tissue, the synovial membrane located in the superior tuberosity
of the calcaneal bone inferiorly, and the Achilles tendon posteriorly [6]. As the ankle
plantarflexes, the calcaneus moves proximally and dorsally, and a force is produced in
the ventral direction around the inflection point location. These configurations appear
to deform the Kager’s fat pad, the degree of which is determined by the stiffness of the
Kager’s fat pad. Because this pad is comprised of adipose cells [7], such deformation is
assumed to minimize pressure change during ankle flexion [8]. Surgery [9], aging [10], and
diabetic disease [11] alter the stiffness of the fat pad due to fibrosis, resulting in changes in
the location of the inflection point, and ultimately, in the gainar.

The importance of the gain mechanism, amplifying muscle fascicle shortening to a
larger calcaneus movement [1], has been recognized in terms of the action of skeletal lever
systems [12], with a gain higher than 2.3 being observed in such systems. For explaining
such gains completely, note that the fiber architectural and aponeurosis movement effects
could increase the gains by 0.04 to 0.50 for pennation angles from 15 to 50°, and by 0.08 to
0.33 for aponeurosis separations from 14.9 to 18.9 mm, respectively [3]. If the remaining
gain (1.47~2.18) is because of the mechanism of the inflection point, the change in the
Achilles tendon length is required to be in the range of 0.46 to 0.68 mm relative to 1 mm
calcaneus displacement. Our findings reported herein indicate that this condition can be
sufficiently satisfied by the inflection point location. Our results highlight a previously
unappreciated occurrence of gain mechanism that occurs at the level of the Achilles tendon,
and they explain the apparent discrepancy between the change in the muscle fascicle length
and the calcaneus displacement.

Individuals with pronounced tendon curvature may be at a higher risk of Achilles
tendon rupture. A smaller change in the Achilles tendon length relative to the moment
arm at plantarflexion than that at dorsiflexion is demonstrated in Figure 3 (middle). This
suggests a short moment arm in extreme plantarflexion that translates to higher tendon
loading. Our modeling investigation revealed that the constraint to the posterior movement
of the Achilles tendon due to a presence of inflection point reduces the moment arm at the
ankle over a wide range of ankle angles [13]. Thus, people with highly curved tendons
experience higher tendon loads, resulting in a higher risk of Achilles tendon ruptures.

The limitation of this study is associated with the measurement of the COR. The
selection of the sagittal image strongly influenced the determination of the COR. The
talocrural joint axis was not orthogonal to the sagittal plane; it deviated by approximately
15° from the transverse plane and by approximately 20° from the coronal plane [14]. Further,
the shape of the bone depicted in the imaging plane could be altered as a function of the
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joint movement [15]. These may be potential factors inducing errors in the determination of
the COR. Another limitation in the present study was the determination of the physiological
range of the position of the inflection points determined in the case of the three volunteers.
Further, it is well established that there is gender difference in anthropometric parameters
of the Achilles tendon while there is no racial difference [16]. In contrast, a biomechanical
study of the viscoelastic properties of the Achilles tendon complex showed higher stiffness
in black athletes [17]. Future studies need to be conducted with diverse ranges of subjects.

In conclusion, as a result of our model study investigating the relationship between
the broad range of location of the inflection point and the degree of gainar, the largest
gainat can be realized when the inflection point is located on the most ventral and distal
sides within the physiological range of the Achilles tendon regardless of the ankle position.
Thus, this study affords a better understanding of the possible factors influencing the
gainar, the evaluation of which might be essential to accurately predict the joint kinematics
generated by large muscle-tendon complexes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/diagnostics11112097 /s1, Figure S1: The simplified model used to calculate the gainat with
respect to the three positions of the inflection point relative to the ankle center of rotation (Hodgson
et al. 2006).

Author Contributions: Conceptualization, R.K. and S.S.; methodology, S.S.; formal analysis, N.Y.;
investigation, R.K. and S.S.; data curation, R.K.; writing—original draft preparation, R.K.; writing—
review and editing, RK., N.Y,, S.T., and S.S.; visualization, R K. and N.Y.; supervision, S.T. and S.S.;
project administration, S.S.; funding acquisition, R.K.,, S.T., and S.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science (JSPS) Grant-
in-Aid for Scientific Research (KAKENHI) (C), grant number 16K01740, NIH-NIA grant number 5
RO1 AG056999-05; and the Ministry of Education, Culture, Sports, Science and Technology (MEXT)
grant number hp180202.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of University of California,
San Diego.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

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

References

1.  Maganaris, C.N.; Baltzopoulos, V.; Sargeant, A.J. In vivo measurement-based estimations of the human Achilles tendon moment
arm. Eur. J. Appl. Physiol. 2000, 83, 363-369. [CrossRef] [PubMed]

2. Gans, C. Fiber architecture and muscle function. Exerc. Sport Sci. Rev. 1982, 10, 160-207. [CrossRef] [PubMed]

3. Hodgson, J.A,; Finni, T,; Lai, A.M.; Edgerton, V.R,; Sinha, S. Influence of structure on the tissue dynamics of the human soleus
muscle observed in MRI studies during isometric contractions. J. Morphol. 2006, 267, 584-601. [CrossRef] [PubMed]

4. Kinugasa, R.; Taniguchi, K.; Yamamura, N.; Fujimiya, M.; Katayose, M.; Takagi, S.; Edgerton, V.R; Sinha, S. A multi-modality
approach towards elucidation of the mechanism for human Achilles tendon bending during passive ankle rotation. Sci. Rep.
2018, 8, 4319. [CrossRef] [PubMed]

5. Csapo, R;; Hodgson, J.; Kinugasa, R.; Edgerton, V.R.; Sinha, S. Ankle morphology amplifies calcaneus movement relative to
triceps surae muscle shortening. J. Appl. Physiol. 2013, 115, 468-473. [CrossRef] [PubMed]

6. Ly, ].Q.; Bui-Mansfield, L.T. Anatomy of and abnormalities associated with Kager’s fat pad. Am. J. Roentgenol. 2004, 182, 147-154.
[CrossRef] [PubMed]

7.  Theobald, P; Bydder, G.; Dent, C.; Nokes, L.; Pugh, N.; Benjamin, M. The functional anatomy of Kager’s fat pad in relation to
retrocalcaneal problems and other hindfoot disorders. J. Anat. 2006, 208, 91-97. [CrossRef] [PubMed]

8.  Ghazzawi, A.; Theobald, P.; Pugh, N.; Byrne, C.; Nokes, L. Quantifying the motion of Kager’s fat pad. J. Orthop. Res. 2009, 27,

1457-1460. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/diagnostics11112097/s1
https://www.mdpi.com/article/10.3390/diagnostics11112097/s1
http://doi.org/10.1007/s004210000247
http://www.ncbi.nlm.nih.gov/pubmed/11138576
http://doi.org/10.1249/00003677-198201000-00006
http://www.ncbi.nlm.nih.gov/pubmed/6749514
http://doi.org/10.1002/jmor.10421
http://www.ncbi.nlm.nih.gov/pubmed/16453292
http://doi.org/10.1038/s41598-018-22661-7
http://www.ncbi.nlm.nih.gov/pubmed/29531268
http://doi.org/10.1152/japplphysiol.00395.2013
http://www.ncbi.nlm.nih.gov/pubmed/23743400
http://doi.org/10.2214/ajr.182.1.1820147
http://www.ncbi.nlm.nih.gov/pubmed/14684529
http://doi.org/10.1111/j.1469-7580.2006.00510.x
http://www.ncbi.nlm.nih.gov/pubmed/16420382
http://doi.org/10.1002/jor.20900
http://www.ncbi.nlm.nih.gov/pubmed/19396861

Diagnostics 2021, 11, 2097 90f9

10.

11.

12.

13.

14.

15.

16.

17.

Kitagawa, T.; Nakase, J.; Takata, Y.; Shimozaki, K.; Asai, K.; Tsuchiya, H. Histopathological study of the infrapatellar fat pad in
the rat model of patellar tendinopathy: A basic study. Knee 2019, 26, 14-19. [CrossRef] [PubMed]

Kinoshita, H.; Francis, PR.; Murase, T.; Kawai, S.; Ogawa, T. The mechanical properties of the heel pad in elderly adults. Eur. |.
Appl. Physiol. Occup. Physiol. 1996, 73, 404—409. [CrossRef] [PubMed]

Hsu, T.C.; Wang, C.L.; Shau, Y.W.; Tang, ET.; Li, K.L.; Chen, C.Y. Altered heel-pad mechanical properties in patients with Type 2
diabetes mellitus. Diabet. Med. 2000, 17, 854-859. [CrossRef] [PubMed]

Carrier, D.R.; Heglund, N.C,; Earls, K.D. Variable gearing during locomotion in the human musculoskeletal system. Science 1994,
265, 651-653. [CrossRef] [PubMed]

Sinha, S.; Kinugasa, R. Imaging Studies of the Mechanical and Architectural Characteristics of the Human Achilles Tendon in
Normal, Unloaded and Rehabilitating Conditions. In Achilles Tendon; Cretnik, A., Ed.; IntechOpen: London, UK, 2012; pp. 1-22.
Hashizume, S.; Iwanuma, S.; Akagi, R.; Kanehisa, H.; Kawakami, Y.; Yanai, T. In vivo determination of the Achilles tendon
moment arm in three-dimensions. J. Biomech. 2012, 45, 409-413. [CrossRef] [PubMed]

Shibanuma, N.; Sheehan, E.T.; Stanhope, S.J. Limb positioning is critical for defining patellofemoral alignment and femoral shape.
Clin. Orthop. Relat. Res. 2005, 434, 198-206. [CrossRef] [PubMed]

Patel, N.N.; Labib, S.A. The Achilles Tendon in Healthy Subjects: An Anthropometric and Ultrasound Mapping Study. J. Foot
Ankle Surg. 2018, 57, 285-288. [CrossRef] [PubMed]

Fukashiro, S.; Abe, T.; Shibayama, A.; Brechue, W.F. Comparison of viscoelastic characteristics in triceps surae between Black and
White athletes. Acta Physiol. Scand. 2002, 175, 183-187. [CrossRef] [PubMed]


http://doi.org/10.1016/j.knee.2018.07.016
http://www.ncbi.nlm.nih.gov/pubmed/30150068
http://doi.org/10.1007/BF00334416
http://www.ncbi.nlm.nih.gov/pubmed/8803499
http://doi.org/10.1046/j.1464-5491.2000.00394.x
http://www.ncbi.nlm.nih.gov/pubmed/11168328
http://doi.org/10.1126/science.8036513
http://www.ncbi.nlm.nih.gov/pubmed/8036513
http://doi.org/10.1016/j.jbiomech.2011.10.018
http://www.ncbi.nlm.nih.gov/pubmed/22055426
http://doi.org/10.1097/01.blo.0000155078.52475.63
http://www.ncbi.nlm.nih.gov/pubmed/15864053
http://doi.org/10.1053/j.jfas.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29275904
http://doi.org/10.1046/j.1365-201X.2002.00985.x
http://www.ncbi.nlm.nih.gov/pubmed/12100357

	Introduction 
	Methods 
	Results 
	Discussion 
	References

