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Improved Achilles tendon healing by early mechanical
loading in a rabbit model
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Abstract: Objective: To investigate the structure and the attachment strength of a healing tendon-bone interface
and the role of mechanical loading in tendon healing. Methods: Sixty rabbits underwent unilateral detachment and
repair of the Achilles tendon. Thirty animals were immobilized (Group A), and the others wereallowed loadingimme-
diately postoperatively (Group B). Animals were sacrificed at 4 weeks and evaluated for histological and biomechani-
cal testing. Statistical analysis was performed with an independent t test with significance set at P = 0.05. Results:
The ultimate stress was greater in group B (4.598 + 1.321 N/mm?) compared with the control group (3.388 + 0.994
N/mm?) (P < 0.05). Similarly, a more organized tendon-to-bone interface with a larger area of chondrocytes was
found in group B (P < 0.05). Conclusion: Mechanical loading improves the structure and the attachment strength of

the healing tendon-to-bone interface.
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Introduction

The healing of tendon to bone is a basic require-
ment for the long-term survival of tendon sur-
gery. The weakest link following reconstruction
is not the graft itself but the fixation between
the graft and the bone until graft osseointegra-
tion occurs [1, 2]. The tendon-bone insertion is
a structure that links tendon and bone-two
materials that exhibit dramatically different
mechanical behaviors. The insertion site con-
sists of a gradation of cell types, collagen types,
mineral contents and collagen fiber orienta-
tions. However, this complex attachment cre-
ates a particularly difficult challenge in effec-
tively responding to injuries and achieving re-
construction following surgery.Repair site heal-
ing is characterized by poor-quality scarring
that remains of poor quality long after surgery
[3].

The healing process of the tendon-to-bone
interface isinfluenced by a number of environ-
mental, biological, andmechanical factors. In
particular, the role of the mechanicalenviron-

ment, as influenced by postoperative reha-
bilitation,significantly affects tendon-to-bone
healing.Previous studies have demonstrated
that mechanical loading plays a critical role in
maintaining the homeostasis of native muscu-
loskeletal tissue [4, 5]. Additionally, increased
force is beneficial to healing in a number ofmus-
culoskeletal tissues; for example, increased
compressionimproves bone fracture healing,
and early mobilizationimproves anterior cruci-
ate ligament healing [6, 7]. Uninjured ligaments
and tendons as well as their entheses are sen-
sitive to their mechanical environments and
generally demonstrate increases in the tensile
modulus in response to increasing loads [4]. In
contrast, stress deprivation is associated with
a decline in mechanical properties [5, 8, 9]. The
influence of mechanical loads on a healing
enthesis, however, remains unclear, and stud-
ies have been limited by an inability to quantify
or control the loads applied to the tendon-bone
interface.

We developed a rabbit model of Achilles tendon
reconstruction that allowed for controlled cyclic
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axial loading of the healing tendon-bone inter-
face. The purpose of this study was to deter-
mine the effect of mechanical load on healing
between soft tissue and bone. Our overall
hypothesis was that loading would improve ten-
don-to-bone healing compared with that result-
ing from prolonged immobilization.

Method

This study was approved by our Institutional
Review Board and Institutional Animal Care and
Use Committee. A total of 60rabbits (Shanghai
Super, B&K Laboratory Animal Corp. Ltd.) were
used in thisstudy.The rabbits were randomly
assigned to one of two postoperative regimens:
postoperative immobilization in a cast for 4
weeks (Group A, n = 30) or immediate postop-
erative loading (Group B, n = 30). The animals
were euthanized at 28 days (4 weeks) postop-
eratively for biomechanical testing and histo-
morphometric analysis of the bone-tendon-
bone complex.

Animal surgery

The animals wereanesthetized with an intrave-
nous injection of Nembutal (pentobarbital, 50
mg/kg). The hind limbs were shavedand pre-
pped with alternating alcohol and chlorhexidi-
nescrubs in triplicate. A longitudinal posterior
midline incision and medial andlateral full-
thickness skin flaps were made to identify and
isolate the Achilles tendon. The Achilles tend on
was detached from its footprint. A #15 blade
knife was used to clear the fibrocartilage com-
pletely of the calcaneus, leaving a bleeding
bone. Next, the Achilles tendon ends were at-
tached to the calcaneus, using the appropriate
suture repair type, with a figure-of-eight stitch.
The wound was irrigated and closed with 4-0
monofilament suture.

Histomorphometric analysis

Ten animals in each group were euthanized to
obtain specimens consisting only of the calca-
neus with the attachedAchilles tendon and
muscle at 4 weeks for histologic examination.
The specimens were fixed in 10% neutral buff-
ered formalin, then decalcified with Immunocal,
and finally embedded in paraffin with the ten-
don at approximately 45° from the bone. Mu-
Itiple sections of 5 microns thick were cut in the
coronal plane through the repairedAchilles ten-

1145

donand the insertion into the calcaneus. Then,
the sections were stained with hematoxylin and
eosin (H&E) and safraninQ/fast green. A light
microscope was used to examine the calcaneal
tuberosity specimens, the repaired tendon-
bone insertionsites, and the mid-substances of
the Achilles tendons. Digital images were taken
using a SPOT RT camera, and semi-quantitative
analyses were performed using computerized
image analysis to determine the amount of new
fibrocartilage based on the areas of metachro-
masia with safraninO staining. SafraninQ/fast-
green stains proteoglycans reddish-purple, a
phenomenonreferred to as metachromasia. Im-
ageJ software was usedto manually outline the
areas of metachromasia on safraninO slides at
40 x magnification on 4 sequential coronal se-
ctions.The total area for each specimen was
then recordedas micrometers squared, and the
mean plus or minus standarddeviation for each
group was determined [10]. Semi-quantitative
histomorphometric analyses were performed
by 3 independent observers who were blinded
to the study.

Biomechanical testing

At week 4, 20 animals per group were eutha-
nized for biomechanical testing. The Achilles
tendon was isolated carefully to ensure that the
muscle belly and the sutures were detected
away from the tendon. The specimens were
wrapped in gauze soaked in phosphate-buff-
eredsaline (Gibco) and stored at -80°C until the
time of analysis. At the time of testing, the
specimens were thawed at roomtemperature
overnight, and all excess muscleand the sutu-
res were carefully removed. Digital calipers
were used to measure the cross-sectional area
of theAchilles-tendon-to-boneinterface. The sp-
ecimen was then transferred to a uniaxial test-
ing system. The tendon was secured in a screw
grip using sandpaperand ethyl cyanoacrylate
glue. The calcaneus was secured ina custom-
designed vise grip. The tendon was securedto a
45-N load cell attached to a linear bearing that
allowedalignment of the tendon in the direction
of its pull. The tendon was preloaded to 0.10 N
and then loaded to failure at a rate of 14
microns/s until the tendon-to-bone interface
failed, at which point the maximum loads at fail-
ure were recorded and a 1-micron resolution
micrometer was used to measure the displace-
ment. The ultimate stress index (USI) at failure
was defined by dividing the ultimate force at
failure by the cross-sectional area.
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Figure 1. The comparison of the fibrocartilage between the groups with inde-
pendent sample t tests (P < 0.05). Representative histology images of car- Results
tilage at theinsertionsites. Slides were prepared with safraninO/fast green-

stains that stained the proteoglycans in cartilage a magenta colour. There was
a greater area of metachromasia found in the loading group compared with

the immobilizationgroup at 4 weeks.
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Figure 2. The comparison of the ultimate stress in-
dices between the groups with independent sample
t tests (P < 0.05). There were higher ultimate stress
indices in the loading group comparedwith the im-
mobilizationgroup at 4 weeks.

Statistical analysis

The primary outcome of this study was estab-
lishingthe biomechanical integrity of the ten-
don-to-bone attachment. A power analysis (PA-
SS 11) was performed with the data from our
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Thetendon-to-bone interface
had healed in all animals at
the time of necropsy. There
were nosigns of infection in
any specimen. There were no appreciable dif-
ferences between the groups.

Histomorphometric analysis

There was a poorly organized, highly cellular,
fibrovascular granulation tissue at the tendon-
to-bone interface in group B. Butin group A, the
interface was less cellular and began to show
matrix organization in line with the tensile pull
of the tendon. Fibrocartilage was seen starting
to form at the interface; however, the chondro-
cytes were immature and disorganized in group
B. And there was more fibrocartilage, and this
fibrocartilage was more organized in group A.
Fibrovascular scar tissue was found at the ten-
don-bone interface in all specimens. There was
markedly more fibrocartilage (P < 0.05) at the
tendon-bone interface in group B (625.3 *
109.5 mm?) compared with Group A (395.3 +
201.3 mm?) (Figure 1).

Biomechanical testing

Similar results were found with regard to the
biomechanical testing. At 4 weeks, the ultimate
stress index was significantly greater (P < 0.05)
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in group B (4.598 + 1.321 N/mm?) than in
group A (3.388 + 0.994 N/mm?) (Figure 2).

Discussion

The purpose of this study was to determine the
effect of mechanical loading on tendon-to-bone
healing after Achilles tendon reconstruction.
We hypothesized that mechanical stimulation
would provide an improved healing response
compared with that resulting from prolonged
immobilization. The results demonstrated sig-
nificant improvement in the structure and the
attachment strength of the healing tendon-to-
bone interface in the group with mechanical
loading.

It is known that loading and tension play a large
role in overall musculoskeletal tissue function.
Musculoskeletal tissues respond to stress,
both in normal homeostatic and in injured or
healing conditions. The factors that affect heal-
ing are partly environmental and biological, but
the mechanical environment also has signifi-
cant influence. Previous studies have clearly
demonstrated that mechanical loading plays a
critical role in maintaining the homeostasis of
both the biological response and the mechani-
cal behavior of native musculoskeletal tissue.
Uninjured ligaments and tendons as well as
their entheses are sensitive to their mechanical
environments and generally demonstrate an
increase in tensile modulus in response to
increasing loads, and stress deprivation is cor-
respondingly associated with a decline in
mechanical properties [5, 8, 11-13]. Similarly,
bone is very sensitive to mechanical loads.
Increased loading promotes new-bone forma-
tion and increased mechanical properties,
whereas stress deprivation can lead to pro-
found decreases in bone mineral density and
rapid resorption.

After tendon injury, operative intervention is
often necessary to restore function. Previous
work has shown inferior healing when operative
repair is delayed following injury [3, 14].
Although current therapies produce functional
outcomes in the short term, long-term repair
outcomes vary with respect to type of injury,
injury location, and severity [15]. A large num-
ber of tendon injuries result from ruptures at
the tendon-to-bone insertion site. The tendon-
bone insertion is a structure that links tendon
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and bone-two materials that exhibit dramati-
cally different mechanical behaviors. This com-
plex zonal interface is characterized by the inte-
gration of a tendon’s collagen fibers transition-
ing through a fibro cartilaginous region into the
mineralized bone. The differences in the mate-
rial properties of the soft and hard tissue lead
to high stress concentrations at this site, con-
tributing to injury [16-19]. As a result, it is par-
ticularly difficult to effectively respond to these
injuries and achieve reconstruction following
surgery. In an effort to improve tendon-to-bone
healing, the application of static or cyclic load-
ing at the insertion site may be necessary to
restore the zonal phenotype [16, 20, 21].
Additionally, the repair tension, the amount of
tension placed on a tendon to reattach it to the
bone, is important in recreating theinsertion
site [3].

The influence of mechanical loads on a healing
en thesis has been controversial. For example,
in a model of flexor tendon injury, the muscle
loading was as beneficial to healing at the ten-
don-bone interface as it was to the biomechani-
cal properties [13]. However, a prior study by
the same group found that early exercise after
repair of an acute rotator cuff tear impaired
healing compared with that resulting from
immobilization [8]. Sakai et al. similarly found
healing and graft attachment strength to be
better with postoperative immobilization [9].

Clinical studies have also been performed to
address the role of mechanical stimulation. Ito
et al. found no significant differences in anteri-
or laxity, joint proprioception, or thigh muscle
strength at one year postoperatively between
the groups with and without mechanical load-
ing [22]. Henriksson et al. randomized patients
to be managed with an early range of motion or
with plaster cast immobilization, and they found
no significant differences [23]. Gomez et al.
showed that increased static stress was benefi-
cial to the properties of the healing medial col-
lateral ligament [24]. Increased cyclic stress, in
contrast, was detrimental to medial collateral
ligament healing [11].

Our observations of the improved biomechani-
cal and histological properties of the healing en
thesis after Achilles tendon reconstruction
when mechanical loads were applied support-
ed our main hypothesis.
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Conclusion

In conclusion, we found that mechanical stimu-
lation was beneficial to tendon-to-bone healing
in a rabbit model.

Acknowledgements

The work is supported by The national natural
science foundation, No.81441117.

Disclosure of conflict of interest
None.

Address correspondence to: Dianming Jiang, De-
partment of Orthopaedics, The First Affiliated Ho-
spital of Chongging Medical University, 1 Yixue-
yuan Road, Chongging, 400016, China. E-mail:
jiang_dm2014@163.com

References

[1] Rodeo SA, Arnoczky SP, Torzilli PA, Hidaka C,
Warren RF. Tendon-healing in a bone tunnel. A
biomechanical and histological study in the
dog. J Bone Joint Surg Am 1993; 75: 1795-
1803.

[2] Panni AS, Milano G, Lucania L, Fabbriciani C.
Graft healing after anterior cruciate ligament
reconstruction in rabbits. Clin Orthop Relat
Res 1997; 203-212.

[3] Galatz LM, Rothermich SY, Zaegel M, Silva MJ,
Havlioglu N, Thomopoulos S. Delayed repair of
tendon to bone injuries leads to decreased bio-
mechanical properties and bone loss. J Orthop
Res 2005; 23: 1441-1447.

[4] Hannafin JA, Arnoczky SP, Hoonjan A, Torzilli
PA. Effect of stress deprivation and cyclic ten-
sile loading on the material and morphologic
properties of canine flexor digitorum profun-
dus tendon: an in vitro study. J Orthop Res
1995; 13: 907-914.

[5] Thomopoulos S, Zampiakis E, Das R, Silva MJ,
Gelberman RH. The effect of muscle loading
on flexor tendon-to-bone healing in a canine
model. J Orthop Res 2008; 26: 1611-1617.

[6] Perren SM. Fracture healing. The evolution of
our understanding. Acta Chir Orthop Traumatol
Cech 2008; 75: 241-246.

[7]1  Shelbourne KD, Klotz C. What | have learned
about the ACL: utilizing a progressive rehabili-
tation scheme to achieve total knee symmetry
after anterior cruciate ligament reconstruc-
tion. J Orthop Sci 2006; 11: 318-325.

[8] Thomopoulos S, Williams GR, Soslowsky LJ.
Tendon to bone healing: differences in biome-
chanical, structural, and compositional proper-

1148

(9]

(10]

(11]

[12]

[13]

(14]

[15]

(16]

[17]

(18]

[19]

ties due to a range of activity levels. J Biomech
Eng 2003; 125: 106-113.

Sakai H, Fukui N, Kawakami A, Kurosawa H.
Biological fixation of the graft within bone after
anterior cruciate ligament reconstruction in
rabbits: effects of the duration of postopera-
tive immobilization. J Orthop Sci 2000; 5: 43-
51.

Gulotta LV, Kovacevic D, Ehteshami JR, Dagher
E, Packer JD, Rodeo SA. Application of bone
marrow-derived mesenchymal stem cells in a
rotator cuff repair model. Am J Sports Med
2009; 37: 2126-2133.

Kamps BS, Linder LH, DeCamp CE, Haut RC.
The influence of immobilization versus exer-
cise on scar formation in the rabbit patellar
tendon after excision of the central third. Am J
Sports Med 1994; 22: 803-811.

Thornton GM, Shao X, Chung M, Sciore P,
Boorman RS, Hart DA, Lo IK. Changes in me-
chanical loading lead to tendonspecific altera-
tions in MMP and TIMP expression: influence
of stress deprivation and intermittent cyclic
hydrostatic compression on rat supraspinatus
and Achilles tendons. Br J Sports Med 2010;
44: 698-703.

Arnoczky SP, Lavagnino M, Egerbacher M, Ca-
ballero O, Gardner K. Matrix metalloproteinase
inhibitors prevent a decrease in the mechani-
cal properties of stress-deprived tendons: an
in vitro experimental study. Am J Sports Med
2007; 35: 763-769.

Thomopoulos S, Genin GM, Galatz LM. The de-
velopment and morphogenesis of the tendon-
to-bone insertion - what development can te-
ach us about healing. J Musculoskelet Neu-
ronal Interact 2010; 10: 35-45.

Sharma P, Maffulli N. Tendon injury and tendi-
nopathy: healing and repair. J Bone Joint Surg
Am 2005; 87: 187-202.

Bedi A, Kovacevic D, Fox AJ, Imhauser CW,
Stasiak M, Packer J, Brophy RH, Deng XH, Ro-
deo SA. Effect of early and delayed mechanical
loading on tendon-to-bone healing after ante-
rior cruciate ligament reconstruction. J Bone
Joint Surg Am 2010; 92: 2387-2401.

Galatz LM, Charlton N, Das R, Kim HM, Hav-
lioglu N, Thomopoulos S. Complete removal of
load is detrimental to rotator cuff healing. J
Shoulder Elbow Surg 2009; 18: 669-675.
Gimbel JA, Van Kleunen JP, Lake SP, Williams
GR, Soslowsky LJ. The role of repair tension on
tendon to bone healing in an animal model of
chronic rotator cuff tears. J Biomech 2007; 40:
561-568.

Hettrich CM, Rodeo SA, Hannafin JA, Enteshami
J, Shubin Stein BE. The effect of muscle paraly-
sis using Botox on the healing of tendon to
bone in a rat model. J Shoulder Elbow Surg
2011; 20: 688-697.

Int J Clin Exp Med 2015;8(1):1144-1149



[20]

[21]

[22]

1149

A rabbit modelof improvedAchilles tendon healing

Stasiak M, Imhauser C, Packer J, Bedi A, Bro-
phy R, Kovacevic D, Jackson K, Deng XH, Ro-
deo S, Torzilli P. A Novel In Vivo Joint Loading
System to Investigate the Effect of Daily Me-
chanical Load on a Healing Anterior Cruciate
Ligament Reconstruction. J Med Device 2010;
4:15003.

Brophy RH, Kovacevic D, Imhauser CW, Stasiak
M, Bedi A, Fox AJ, Deng XH, Rodeo SA. Effect of
short-duration low-magnitude cyclic loading
versus immobilization on tendon-bone healing
after ACL reconstruction in a rat model. J Bone
Joint Surg Am 2011; 93: 381-393.

Ito Y, Deie M, Adachi N, Kobayashi K, Kanaya A,
Miyamoto A, Nakasa T, Ochi M. A prospective
study of 3-day versus 2-week immobilization
period after anterior cruciate ligament recon-
struction. Knee 2007; 14: 34-38.

[23] Henriksson M, Rockborn P, Good L. Range of

(24]

motion training in brace vs. plaster immobiliza-
tion after anterior cruciate ligament recon-
struction: a prospective randomized compari-
son with a 2-year follow-up. Scand J Med Sci
Sports 2002; 12: 73-80.

Gomez MA, Woo SL, Amiel D, Harwood F, Kita-
bayashi L, Matyas JR. The effects of increased
tension on healing medical collateral liga-
ments. Am J Sports Med 1991; 19: 347-354.

Int J Clin Exp Med 2015;8(1):1144-1149



