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Comparative Anatomy of Rabbit and Human
Achilles Tendons with Magnetic Resonance and
Ultrasound Imaging

Geoffrey P Doherty,! Yoichi Koike,? Hans K Uhthoff,>* Martin Lecompte,! and Guy Trudel**"

We sought to describe the comparative anatomy of the Achilles tendon in rabbits and humans by using macroscopic observation,
magnetic resonance imaging, and ultrasonography. The calcaneus—Achilles tendon-gastrocnemius—soleus complexes from 18 New
Zealand white rabbits underwent ultrasound (US) and magnetic resonance (MR) imaging and gross anatomic sectioning; these
results were compared with those from a cadaveric gastrocnemius-soleus—Achilles tendon-calcaneus specimen from a 68-y-old
human male. The medial and lateral gastrocnemius muscle tendons merged 5.2 + 0.6 mm proximal to the calcaneal insertion mac-
roscopically, at 93% of their course, different from the gastrocnemius human tendons, which merged at 23% of their overall course.
The rabbit flexor digitorum superficialis tendon, corresponding to the flexor digitorum longus tendon in human and comparable in
size with the gastrocnemius tendons, was located medial and anterior to the medial gastrocnemius tendon proximally and rotated
dorsally and laterally to run posterior to the Achilles tendon—calcaneus insertion. In humans, the flexor digitorum longus tendon
tracks posteriorly to the medial malleolus. The soleus muscle and tendon are negligible in the rabbit; these particular comparative
anatomic features in the rabbit were confirmed on the MR images. Therefore the rabbit Achilles tendon shows distinctive gross
anatomical and MR imaging features that must be considered when using the rabbit as a research model, especially for mechanical
testing, or when generalizing results from rabbits to humans.

Abbreviations: FOV, field of view; MR, magnetic resonance; NEX, number of excitations; TE, echo time; TR, recovery time; PD, proton

density; TSE, turbo spin echo; US, ultrasound

The Achilles tendon, also referred to as the calcaneal or calcane-
an tendon, is one of the most commonly injured sites in the lower
limb.13%” Research into Achilles tendon injury, surgery, and repair
relies heavily on animal models, including rats,’ dogs,”° cats,!”
and rabbits.>>5912141518.21,29.30 The rabbit has been used widely
for Achilles tendon research because it is commonly available
and the size of the Achilles tendon is suitable for both histologic
assessment and mechanical testing.421.29,30

Compared with human anatomy (Figure 1), some peculiari-
ties of the rabbit leg are known, such as the absence of the flexor
digitorum longus tendon as well as the presence of the flexor
digitorum superficialis tendon.*?* However, those peculiarities
have never been described in terms of relationship to the Achilles
tendon, nor have they been studied with imaging modalities.

We proposed to document the anatomy around the Achilles
tendon in the rabbit and correlate gross pathologic sections with
both magnetic resonance (MR) and ultrasound (US) imaging. Our
objectives were to describe the anatomic relationship between the
Achilles and flexor digitorum superficialis tendons and to clarify
the appearance of those tendons on both MR and US imaging.

Materials and Methods

Materials. The protocol for these experiments was approved
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by the University of Ottawa Ethics Committee, adhering to
guidelines set forth from the institutional animal care and use
committee. One right gastrocnemius—soleus—Achilles tendon—
calcaneus unit from a 68-y-old man was harvested postmortem
for macroscopic observation and MR and US imaging. Eighteen
adult female New Zealand White rabbits (Orytolagus cuniculus;
average weight, 2.6 kg; Charles River Canada, Saint-Constant,
Quebec, Canada) were used and singly housed in stainless steel
rabbit racks (Ancare, Bellmare, NY). These animals were used
later in a study of mechanical properties of the rabbit Achilles
tendon. Animals were euthanized with overdoses of pentobar-
bital (100 mg/kg intravenously) and bilateral gastrocnemius-so-
leus—Achilles tendon—calcaneus complexes were resected en bloc.
Each specimen then was wrapped in gauze, moistened in saline
solution without fixation, and stored at —13 °C until imaging.
Magnetic resonance imaging. At the time of testing, the speci-
mens were allowed to thaw gradually to room temperature. The
tendons were aligned and imaged in groups of 6 in a specially
designed box (Figure 2). MR imaging was performed using a Sym-
phony 1.5 T MR unit (Siemens Medical Systems, Iselin, NJ) and
its extremity coil. The human Achilles tendon was imaged with
the axial proton density (PD) dual echo (recovery time [TR], 3000
ms; echo time [TE], 15 ms, field of view [FOV], 130 mm; matrix,
512 x 512, number of excitations [NEX], 1; slice thickness, 3 mm),
axial T1 spin echo (TR, 513 ms; TE, 12 ms; FOV, 130 mm; matrix,
512 x 512; NEX, 2; slice thickness, 3 mm), and sagittal T1 spin echo
(TR, 3490 ms; TE, 15 ms; FOV, 130 mm; matrix, 512 x 512; NEX, 2;
slice thickness, 2 mm) sequences. For the rabbit specimens, axial
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Figure 1. MR image of human Achilles and flexor digitorum longus
tendons. The Achilles tendon is in the posterior compartment (large ar-
row) on an axial T2 TSE image with fat saturation. The flexor digitorum
longus muscle runs in the deep-posterior compartment, and its tendon
runs posterior the medial malleolus (small arrow).

images were obtained with T1 spin echo (TR, 400 ms; TE, 14 ms;
FOV, 130 mm; matrix, 640 x 640, NEX, 2; slice thickness, 3 mm) and
dual echo (PD and T2-weighted images) turbo spin echo (TSE)
(TR, 4680 ms; TE, 15 and 87 ms; FOV, 130 mm; matrix, 640 x 640;
NEX, 2; slice thickness, 3 mm) acquisitions. Sagittal images were
obtained with T1 spin echo (TR, 428 ms; TE, 14; FOV, 130 mm;
matrix, 512 x 512; NEX, 2; slice thickness, 2 mm), PD TSE (TR, 2720
ms; TE, 20; FOV, 130 mm; matrix, 512 x 512; NEX, 2; slice thickness,
2 mm), and sagittal T2 TSE (TR, 3050 ms; TE, 20 ms; FOV, 130 mm;
matrix, 512 x 512; NEX, 2; slice thickness, 2 mm) acquisitions. The
maximal anteroposterior measurements of each medial and lateral
gastrocnemius tendons and flexor digitorum superficialis tendon
were obtained at 15 mm proximal to the Achilles tendon—calca-
neus insertion, using measuring tools for Horizon Rad Station
imaging software (version 3.3, McKesson, San Francisco, CA); and
means and standard deviations were calculated.

Ultrasonography. US images of the human and rabbit Achilles
tendons were captured using a HDI 5000 unit (Philips Medical
Systems, Markham, Ontario, Canada). Axial images were ob-
tained at 5-mm intervals, starting at the calcaneal insertion and
proceeding 8 cm proximally in the human and 3.5 cm proximally
in the rabbit, by using a compact linear-array transducer (CL10-5,
Philips Medical Systems). Three sagittal images—at the medial,
midpoint, and lateral aspects of the tendon—were obtained with a
linear-array 50-mm transducer (L12-5, Philips Medical Systems).

The maximal anteroposterior measurement of the human
Achilles tendon was calculated. Measurements of maximal an-
teroposterior dimension of rabbit tendons were planned but not
obtained, as individual tendons could not be identified clearly in
either the axial or sagittal plane.

Macroscopic observation. After imaging of the rabbit speci-
mens, Achilles tendons were observed macroscopically, and
the anatomic relationships of the tendons of medial and lateral
gastrocnemius, soleus, and flexor digitorum superficialis were

Comparative imaging anatomy of the rabbit and human Achilles tendons

Figure 2. The waterproof, 2-story, acrylic box designed to image rabbit
Achilles tendons accommodated 6 rabbit Achilles tendons attached
to their calcanei and aligned them in the same plane. The acrylic box,
plastic screws, and rubber seals did not interfere with US and MR imag-
ing. The box was filled with saline solution for imaging. (A) Schematic
representation of the box containing 6 rabbit tendons. (B) Photograph of
the box actually used.

recorded. The point at which the lateral and medical gastrocne-
mius tendons merged to form the common Achilles tendon was
measured with calipers in reference to the calcaneal insertion.
The calcaneus—Achilles tendon—-gastrocnemius—soleus complex
was sectioned in the transverse plane at0, 2, 5, 7, 10, 12, 15, 17, 20,
and 22 mm from the calcaneal insertion, and sections were fixed
in formaldehyde for 2 wk.

Results
Gross anatomy. In the human sample, the medial and lateral
heads of the gastrocnemius muscle converged 200 mm proximal
to the calcaneal insertion, at 23% of their course to the Achilles
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Figure 3. MR and US images of a cadaveric human Achilles tendon. (A) The Achilles tendon (white arrow) on an axial PD image. The plantaris tendon

(*) runs medial to the Achilles tendon. A, anterior; P, posterior; M, medial; L, lateral. (B) The Achilles tendon (white arrow) on a sagittal PD image. S,
superior; P, posterior; C, calcaneus. (C) The Achilles tendon (white arrow) on an axial US image. A, anterior; P, posterior; M, medial; L, lateral. (D) The
Achilles tendon (white arrow) on a sagittal (D) US image. S, superior; P, posterior.

tendon insertion (the total length of gastrocnemius muscle-soleus
muscle—Achilles tendon complex was 260 mm). The mass of
gastrocnemius—soleus muscle provided fibers to form the Achilles
tendon, which rotated externally as they tracked distally. The
Achilles tendon was accompanied only by the plantaris tendon in
the posterior compartment. The flexor digitorum longus muscle
was in the deep-posterior compartment, and its tendon ran be-
hind the medial malleolus (Figure 3).

In all 18 rabbits, the anatomic relationships between the ten-
dons of the medial and lateral gastrocnemius, soleus, and flexor
digitorum superficialis were found to be consistent and reproduc-
ible. The flexor digitorum superficialis tendon was located medi-
ally and anterior to the medial gastrocnemius tendon (Figure 4).
The lateral gastrocnemius tendon, to which there was negligible
contribution from the soleus muscle, was located anterolateral to
the medial gastrocnemius muscle.

As the medial gastrocnemius tendon tracked distally, it rotated
laterally to become posterior in relationship to the lateral gastroc-
nemius tendon. The medial and lateral gastrocnemius muscles
each provided fibers to the rabbit Achilles tendon. These fibers
converged only 5.2 + 0.6 mm (mean * 1 standard deviation)
proximal to the Achilles tendon—calcaneal insertion, at 93% of the
overall course to the Achilles tendon insertion (the total length of
the gastrocnemius—soleus—Achilles complex, from muscle origin
proximally to tendon insertion distally, measured 70.0 + 10.0 mm).
The flexor digitorum superficialis tendon tracked medially and
posteriorly, in relation to the medial and lateral head of gastrocne-
mius components, and inserted posteriorly to the Achilles tendon
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at the calcaneus. At this level, it shared the same sheath as the
Achilles tendon. At the level of the calcaneus, the flexor digitorum
superficialis tendon was positioned immediately posterior to the
Achilles tendon—calcaneus insertion (Figure 4).

MR imaging. The human Achilles tendon was accompanied
only by the plantaris tendon in the posterior compartment
(Figure 3). The flexor digitorum longus muscle ran in the deep-
posterior compartment, and its tendon tracked posterior to the
medial malleolus. The anteroposterior dimension of the Achilles
(6.7 mm) was much larger than that of the flexor digitorum
longus tendon (1.3 mm).

The rabbit Achilles, medial and lateral gastrocnemius, and
flexor digitorum superficialis tendons have low signal intensity
on all imaging sequences. The particular gross anatomic
relationships of these tendons were confirmed on the MR
images. The soleus muscle was not detected in the axial or
sagittal plane. In the 3-mm cross-sectional images, the 2 gastroc-
nemius tendons were seen distinctly as they tracked inferiorly
from their respective muscles (Figure 4). At 15 mm proximal
to the Achilles tendon—calcaneus insertion, the anteroposterior
dimension of the flexor digitorum superficialis tendon (1.7 £ 0.1
mm) was comparable to those of the tendons of the medial (1.7
+0.1 mm) and lateral (1.8 £ 0.1 mm) heads of the gastrocnemius
muscles (Figure 4). The combined Achilles tendon (2.1 £0.1 mm)
was visualized only on the images taken approximately 3 mm
from the calcaneal insertion. On sagittal images, the individual
tendons were difficult to separate due to rotation of the medial
and lateral gastrocnemius and flexor digitorum superficialis
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Figure 4. Axial PD MR images (left panels) and axial gross anatomy sections (right panels) of the rabbit calcaneus—Achilles tendon—gastrocnemius-soleus
complex. F, flexor digitorum superficialis tendon; M, medial gastrocnemius tendon; L, lateral gastrocnemius tendon; A, Achilles tendon. (A) Axial PD
MR image at 0 mm proximal to the calcaneus. (B) Axial PD MR image at 3 mm proximal to the calcaneus. (C) Axial PD MR image at 6 mm proximal to
the calcaneus. (D) Axial PD MR image at 9 mm proximal to the calcaneus. (E) Axial PD MR image at 12 mm proximal to the calcaneus. (F) Axial PD MR
image at 15 mm proximal to the calcaneus. (G) Axial PD MR image at 18 mm proximal to the calcaneus. (H) Axial PD MR image at 21 mm proximal to
the calcaneus. (I) Axial PD MR image at 24 mm proximal to the calcaneus. (J) Transverse cross-section gross anatomy image at 0 mm proximal to the
calcaneus. (K) Transverse cross-section gross anatomy image at 2 mm proximal to the calcaneus. (L) Transverse cross-section gross anatomy image at
5 mm proximal to the calcaneus. (M) Transverse cross-section gross anatomy image at 10 mm proximal to the calcaneus. (N) Transverse cross-section
gross anatomy image at 12 mm proximal to the calcaneus. (O) Transverse cross-section gross anatomy image at 15 mm proximal to the calcaneus. (P)
Transverse cross-section gross anatomy image at 17 mm proximal to the calcaneus. (Q) Transverse cross-section gross anatomy image at 20 mm proximal
to the calcaneus. (R) Transverse cross-section gross anatomy image at 22 mm proximal to the calcaneus.
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Sl el
Figure 5. Sagittal PD MR image of the rabbit calcaneus—Achilles ten-
don-gastrocnemius-soleus complex. S, superior; I, inferior; A, anterior;
P, posterior; C, calcaneus.

tendons (Figure 5).

US imaging. The maximal anteroposterior dimension of the hu-
man Achilles tendon measured 5.9 mm.

Transverse US images of the rabbit calcaneus—Achilles ten-
don-gastrocnemius—soleus complex were obtained but were
technically difficult to interpret due to the extensive anisotropy
caused by the 3 distinct sets of tendon fibers tracking in different
orientations. The axial plane did not yield conclusive images for
identifying or measuring each muscle and tendon (Figure 6). Sag-
ittal images did show tendon fibers, but again, the anisotropy and
small dimension made accurate identification impossible.
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Figure 6. Axial (A) and sagittal (B) US image samples of a rabbit calca-
neus—Achilles tendon-gastrocnemius-soleus complex. The axial image
is of a left leg at 20 mm proximal to the calcaneal insertion of the Achil-
les tendon; RT, right. The sagittal image was obtained approximately at
midsection; SUP, superior.

Discussion

The human Achilles is the most commonly injured tendon in
the lower leg.!%?” The rabbit has been used widely for Achilles
tendon research.23581214151821.2930 Knowledge of the anatomy of
Achilles tendon in rabbits is important for planning experimental
research and generalizing the results to human problems. Here
we describe the unique anatomy of the rabbit Achilles and flexor
digitorum superficialis tendons and the appearance of the ten-
dons, which were well demonstrated on MR imaging but poorly
characterized on US images.

In rabbit, the medial head of the gastrocnemius muscle takes ori-
gin from the popliteal surface of the femur proximal to the medial
condyle, whereas the lateral head arises from the lateral femoral
condyle and joins the soleus tendon distally.* We found that the 2
distinct gastrocnemius tendons fused at 93% of their course, close to
the calcaneal insertion. This finding is quite different from human
anatomy, where the tendons of the medial and lateral heads of the
gastrocnemius muscle converge more proximally, at 23% of their
course in our human specimen, to form the Achilles tendon.!?3
The imaging of the human Achilles specimen in this study depicts
normal anatomy, as previously documented.!16
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We also document the lateral rotation of the medial gastrocne-
mius tendon in rabbit as it tracks distally, where it is positioned
posterior to the lateral gastrocnemius tendon. This rotation seems
equivalent to the spiral arrangement of collagen fibers within hu-
man Achilles tendons: as the human Achilles tendon descends,
the fibers rotate externally approximately 90 degrees.! The rota-
tional arrangement of the 2 gastrocnemius tendons may allow
some elongation and elastic recoil, which helps the Achilles ten-
don store energy.

The flexor digitorum superficialis muscle in rabbits, corre-
sponding to the flexor digitorum longus muscle in humans, arises
from the middle half of the posterior surface of the tibia.* As the
flexor digitorum superficialis tracks distally, it rotates laterally
and is positioned posteriorly in relationship to the Achilles ten-
don. This anatomical position is quite different from that of the
flexor digitorum longus in human, which runs behind the medial
malleolus.!®? In rabbits, the flexor digitorum superficialis glides
on the Achilles tendon—calcaneus junction. This anatomical char-
acteristic is reminiscent of the flexor digitorum longus in human,
which glides on the flexor hallucis longus tendon and which in
the foot divides into 4 parts that typically insert into the lateral 4
distal phalanges.!%?

Additional anatomic features in rabbits should be considered.
At the midpart of the Achilles tendon, approximately 15 mm
proximal to the Achilles tendon—calcaneus insertion, the 2 gas-
trocnemius head tendons are seen distinctly, and the flexor digito-
rum superficialis tendon is comparable in size to either the medial
or lateral gastrocnemius tendon and shares the same fascia. Some
studies report mechanical testing of the rabbit Achilles tendon
but fail to report isolation of the flexor digitorum superficialis ten-
don.6142%30 Different treatment of the flexor digitorum superficia-
lis tendon at the time of testing may explain the large variations
in mechanical strength previously reported.!42%%

MR imaging of the rabbit Achilles tendon in the cross-sectional
plane at 3-mm intervals allows for detailed views that match the
particular relationships found on gross cross-section anatomy.
Sagittal images at 2-mm intervals were less helpful, and this draw-
back can be explained by the small dimension of the tendons and
the rotation of tendons with respect to the anteroposterior plane
as one tracks from the proximal to distal aspect of the tendons.
Particular attention and care could be made to create oblique—sag-
ittal MR views of these tendons on image acquisition; doing so
might improve tendon visualization in a longitudinal axis. Only 2
studies have previously imaged the rabbit Achilles tendon using
MR imaging, and they did not comment on particular anatomic
relationships.®?® Blaiser and White® imaged the rabbit hindlimb
in the coronal and sagittal planes without axial sections. As we
have shown in this study, the anatomy is most clearly demon-
strated in the axial plane. Seo and colleagues?® did acquire images
in the axial plane but do not describe the 2 separate gastrocne-
mius tendons and relatively short Achilles tendon and, although
they identified the flexor digitorum superficialis tendon, they did
not elaborate on its relation to the Achilles tendon.

The normal sonographic appearance of a tendon depends
upon the incident beam being perpendicular to the tendon.?’
Anisotropy causes a reduction in tendon echogenicity with only
subtle modifications in the incident beam angle,!® and this ar-
tifact can be mistaken for underlying disease and tendinosis.”
The difficulty with the US examination of the rabbit Achilles
tendon in our study was due to the small size of all 3 tendons
and the different courses of these tendons of the hindlimb,

Comparative imaging anatomy of the rabbit and human Achilles tendons

the medial and lateral gastrocnemius and flexor digitorum
superficialis. Indeed, previous US studies of the rabbit Achilles
tendon?>? obtained similar size measurements to those found in
our series, but they do not depict any anatomic detail present in
the hindlimb. In addition, any measurements obtained in those
earlier studies may reflect several tendons, depending at which
level the measurement is taken. The unique anatomy of the rabbit
Achilles tendon, its 2 major contributors, and its proximity to the
prominent flexor digitorum superficialis tendon cause particular
technical difficulties on US examination. We therefore do not
recommend US examination for tracking of the Achilles in this
model.

There are possible limitations to the study design that we
wish to address. We assumed that freezing and thawing of the
specimens did not alter the anatomic relations around the Achilles
tendon. In addition, measures could be reported as cross-sectional
area, although we believe the correlation between anteroposterior
dimension and cross-sectional area in these round tendons
support our conclusions. Finally, future studies could investigate
tendon size at multiple levels.

In conclusion, the gross and imaging anatomy of the rabbit
Achilles tendon differ from those of the human tendon: the lateral
and medial gastrocnemius tendon fibers merge into the Achilles
tendon very distally, the contribution of the soleus is negligible,
and a large flexor digitorum superficialis tendon within the
Achilles tendon sheath rotates dorsally and laterally and runs
posterior to the Achilles tendon—calcaneus insertion. These
peculiarities must be considered when using the rabbit Achilles
tendon as a research model. Generalization of research results to
human Achilles tendon disease hinges on proper consideration of
these anatomic and imaging features.
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