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Abstract
Purpose  The purposes of the present study are to investigate the effects of reduced muscle loading by prolonged 
immobilization on the regeneration of fibrocartilaginous enthesis through endochondral ossification in rabbits.

Methods  Forty-eight rabbits underwent standard partial patellectomy were randomly divided into the control 
group and the prolonged immobilization (PIM) group. The immobilized cast was only maintained for the first 4 weeks 
in the control group, while for the first 12 weeks or until euthanization in the PIM group. The Patella-patella tendon 
complexes were harvested for Micro-CT and histology at week 6, 12 and 18.

Results  There was significantly lower bone volume in the PIM group than the control group at week 12, but not at 
week 6 and 18. At week 6, new bone was formed at the osteotomy site of the residual patella through endochondral 
ossification. At week 12, the chondrocytes in the tendon to bone interface were ordered and arranged in longitudinal 
rows separated by collagen fibres in the control group. While there were no visible fibers running continuously from 
tendon into bone in the PIM group. At week 18, a nearly normal fibrocartilaginous enthesis were regenerated in 
the control group. A similar fibrocartilaginous enthesis were also formed at the tendon to bone interface in the PIM 
group, but the four zones were not as distinct as that in the control group.

Conclusion  Muscle loading and endochondral ossification are involved in the regeneration of a fibrocartilaginous 
enthesis during tendon to bone healing in this partial patellectomy model.

Keywords  Muscle loading, Endochondral ossification, Tendon to bone healing, Fibrocartilaginous enthesis, Partial 
patellectomy
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Introduction
Entheses are sites of stress concentration at the region 
where tendons and ligaments attach to bone. Although 
there are two fundamentally different types of entheses 
according to the presence or absence of fibrocartilage 
at the attachment sites, the fibrocartilaginous entheses 
(also known as direct entheses) are more common [1]. 
The fibrocartilaginous entheses consist of four zones: 
fibrous tendon/ligament, unmineralized fibrocartilage, 
mineralized fibrocartilage and bone [2]. Unfortunately, 
the fibrocartilaginous entheses with four zones are hardly 
regenerated after repairing tendon to bone, such as rota-
tor cuff repair and anterior cruciate ligament (ACL) 
reconstruction [3]. Therefore, thousands of studies have 
been designed to explore how to promote tendon to bone 
healing, especially the regeneration of the unmineral-
ized fibrocartilage and mineralized fibrocartilage at the 
tendon to bone interface [4, 5], which consumes a lot of 
manpower and material resources.

An understanding of the natural development of the 
enthesis may allow scientists to develop biomimetic 
strategies for enhancing tendon to bone healing by 
regenerating nearly normal fibrocartilaginous enthesis. 
The fibrocartilaginous enthesis has many similarities to 
the structure of the growth plate that is formed during 
endochondral ossification of bone [6, 7]. The develop-
ment of fibrocartilaginous enthesis also follows pathways 
similar to those seen in the development of growth plate 
[6]. The Indian hedgehog-parathyroid hormone-related 
protein (Ihh-PTHrP) signaling pathway play essential 
roles in endochondral ossification at the growth plate 
via regulating chondrocyte proliferation and differentia-
tion, and also play critical roles in the development of a 
natural fibrocartilaginous enthesis [7, 8]. Based on ana-
tomical studies, the fibrocartilage in tendons and liga-
ments is an adaptation to compressive stress [9]. Where 
tendons and ligaments are subject to compression, they 
are frequently fibrocartilaginous. There is also a good 
correlation between the distribution of fibrocartilage 
within entheses and the levels of compressive stress [9]. 
While based on animal’s studies, muscle loading is nec-
essary for the development and formation of a natural 
fibrocartilaginous enthesis [6, 10]. Reduced muscle load-
ing during postnatal development impairs fibrocartilage 
formation at the entheses and leads to disorganized fiber 
distribution and inferior mechanical properties [6, 10]. It 
is unknown which kind of mechanical loading (muscle 
tensile force or compressive stress) are predominant in 
the fibrocartilage development of the entheses.

The partial patellectomy model in rabbits is firstly 
reported by Ling Qin and his colleagues [11, 12], and 
gradually used to study tendon to bone healing with var-
ied strategies [13, 14]. The Patella-patella tendon (PPT) 
complex is an anatomical structure comprising multiple 

types of tissues to meet the biomechanical demands in 
transmitting large tensile force allowing loading direc-
tion change and to sustain enormous compressive stress 
for generating joint motion [15]. Thus, the partial patel-
lectomy model could provide a unique observation of 
the remodeling of tendon to bone healing under differ-
ent kinds of mechanical loading. Most importantly, it is 
different from the tendon to bone healing in rotator cuff 
repair and ACL reconstruction, in which fibrous healing 
is dominated and the fibrocartilaginous entheses with 
four zones are hardly regenerated [3]. While a nearly nor-
mal fibrocartilaginous enthesis with four zones could be 
regenerated at the tendon to bone interface in this partial 
patellectomy model at the late stage of healing [16, 17]. 
Although it is unknown how this occurred, we specu-
lated that the tensile force of the quadriceps muscle and 
endochondral ossification should play an important role 
in the regeneration of the fibrocartilage at the tendon to 
bone interface in this unique model. Therefore, the pur-
poses of the present study are to investigate the effects of 
reduced muscle loading force by prolonged immobiliza-
tion on the regeneration of fibrocartilaginous enthesis at 
the tendon to bone interface through endochondral ossi-
fication using this unique animal model.

Methods
The Animal protocol has been approved by the animal 
research committee of our local institution. The animal 
studies have adhered to the ARRIVE guidelines.

Animal surgery and assignment
Forty-eight mature female New Zealand white rabbits 
(weight 3.5 ± 0.2 kg) underwent standard partial patellec-
tomy in the right hind limb using a previously established 
protocol [18] and were randomly divided into the control 
group and the prolonged immobilization (PIM) group. In 
brief, after the rabbits were anesthetized with 3% sodium 
pentobarbital (1 mL/kg intravenous injection, Sigma), the 
right knees were shaved and approached through a lat-
eral skin incision. Transverse osteotomy was performed 
between the proximal 2/3 and the distal 1/3 of the patella 
with a hacksaw. The distal 1/3 patella and the fibrocar-
tilage zone at the PPT junction were removed and two 
evenly spaced tunnels with a diameter of 0.8  mm were 
drilled longitudinally through the remaining patella from 
the osteotomy surface. The patellar tendon was sutured 
back to the remaining patella via the two tunnels with an 
absorbable PDS II suture (No. 3 − 0; Ethicon). A figure-
of-eight tension band wire (0.6  mm diameter stainless 
steel wire) was additionally applied around the superior 
pole of the patella and tibia to protect the repair suture 
from overstretching. The two ends of the stainless steel 
wire were connected by twisting. The twisted steel wire 
was only kept 3–4 cycles and the distal twisted steel wire 
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was removed. The operated knee was then immobilized 
at the resting position using a cast. The immobilized cast 
was only maintained for the first 4 weeks in the control 
group, while for the first 12 weeks or until euthanization 
in the PIM group. Tramadol (25 mg/L) was administered 
via the animals’ drinking water for 7 days postoperatively. 
Free cage activity was allowed after removal of the immo-
bilized cast. Rabbits were euthanized with an overdose 
of sodium pentobarbital at postoperative week 6, 12 and 
18 (N = 8 per time point in each group). The sample size 
was decided based on previous studies [19]. The PPT 
complexes were harvested and wrapped with 0.9% saline 
gauze and stored in plastic bags at -20  °C until further 
analysis.

Micro-CT scanning
The PPT complexes were fixed in 4% neutral buffered 
formalin and then washed with 0.9% saline to remove the 
residual formalin. The samples were scanned by micro-
CT (µCT 100, Scanco Medical) with 30-µm voxel size. 
Bone was segmented from the marrow and soft tissue 
for subsequent analysis using a global threshold, which 
was set to equal 210. Values equal to or greater than 
the threshold were used for representing bone tissue, 
whereas values below the threshold represented bone 
marrow and soft tissue. The newly formed bone at the 
PPT healing interface was separated from the remain-
ing patella by the osteotomy site. The bone volume (BV), 
bone volume/tissue volume (BV/TV), bone surface area/
total volume (BS/TV), trabecular thickness (Tb.Th), and 
trabecular spacing (Tb.Sp), and degree of anisotropy 
(DA) were measured and evaluated.

Histological analysis
After Micro-CT scanning, the specimens were decal-
cified with a 1:1 mixture of 50% formic acid and 20% 
sodium citrate and then embedded in paraffin. 7  μm 
thickness sections were prepared from the mid-sagittal 
plane of the PPT complex with a microtome (Microm 
HM 325, Thermo Scientific). The slides were stained with 
hematoxylin and eosin (H&E), Masson-trichrome stain-
ing and Safranin O-Fast Green for descriptive analysis 
of the newly formed bone and tendon to bone healing 
interface.

Statistical analysis
All measurements were expressed as mean ± standard 
deviation (SD). All analyses were performed using SPSS 
(version 23.0 for Windows, SPSS Inc, Chicago, Illinois). 
One-way analysis of variance (ANOVA) was used to 
detect differences between the two groups. Statistical sig-
nificance was set at P < 0.05.

Results
No severe complications were observed in either group. 
In the control group, after the cast was removed at post-
operative week 4, the rabbits began to use the operated 
limb to walk. The figure-of-eight fixation wires were 
found ruptured at postoperative week 12 and week 18 
when harvesting samples, but not at week 6. In the PIM 
group, after the immobilized cast was removed at post-
operative week 12, the rabbits began to use the oper-
ated limb to walk. The figure-of-eight fixation wires were 
found ruptured at postoperative week 18 when harvest-
ing samples, but not at week 6 and week 12. The bro-
ken modes of figure-of-eight fixation wires were found 
around the site of twisting in two types (loosening of 
twisting or fracture of the steel wires). The articular 
cartilage surfaces appeared normal with no evidence of 
advanced joint degeneration.

Micro-CT analysis
In the 3D midsagittal plane, an outgrowth of newly 
formed bone was found at the remaining proximal patella 
at postoperative week 6, 12 and 18 in both groups (Fig. 1). 
The BV of new bone increased gradually over time in 
both groups. At week 6 and 18, there was no signifi-
cant difference in BV between two groups (Fig.  1D). At 
week 12, there was significantly lower BV in the PIM 
group than the control group (Fig. 1D). The BV/TV did 
not show any statistically significant difference between 
the two groups at week 6, 12 and 18 (Fig. 1H) (Table 1). 
Three-Dimensional morphometric analysis revealed 
more advanced remodeling with better alignment of 
the bone matrix and the formation of larger marrow 
cavities (Table 1). The newly formed bone was gradually 
oriented and anisotropic along the long axis of muscle 
loading, which was indicated by higher DA (Table  1). 
The morphology of the newly formed bone in the control 
group was similar to that of the native patella at week 18 
(Fig. 1C).

Histological analysis
At postoperative week 6, both in the control and PIM 
group, the trabecular bone was newly formed at the 
osteotomy site of the residual patella through endochon-
dral ossification similar to that in bone fracture healing 
(Fig. 2). There were different types of chondrocytes, espe-
cially hypertrophic chondrocytes, appeared at the tendon 
to bone interface. These chondrocytes were unordered 
and not arranged in longitudinal rows separated by paral-
lel collagen fibres (Fig. 2).

At postoperative week 12, in the control group, the 
newly formed bone was prolonged and remodeled gradu-
ally through endochondral ossification in comparison 
with week 6. There was early formation of new short 
fibers running continuously from tendon into bone. 
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The chondrocytes in the tendon to bone interface were 
ordered and arranged in longitudinal rows separated by 
parallel collagen fibres (Fig. 3A-D). Hyaline cartilage-like 
cartilaginous metaplasia was developed in the interface 
next to the articular cartilage of the remaining patella. 
While in the PIM group, the newly formed bone was 
slightly prolonged through endochondral ossification in 
comparison with week 6. There were no visible newly 
formed collagen fibers running continuously from ten-
don into bone. These chondrocytes were still unordered 
and not arranged in longitudinal rows separated by paral-
lel collagen fibres (Fig. 3E-H). The cartilaginous metapla-
sia was also formed but less obvious in the interface next 
to the articular cartilage of the remaining patella.

At postoperative week 18, in the control group, a nearly 
normal fibrocartilaginous enthesis with four zones was 

regenerated at the tendon to bone interface though the 
remodeling was not completed. The newly formed bone 
was further prolonged and there was distinct formation 
of new collagen fibers running continuously and perpen-
dicularly from tendon into bone. The chondrocytes in the 
tendon to bone interface were surrounded by the inter-
woven network of collagen fibres or laid in rows between 
parallel fibres. The chondrocytes were also ordered in the 
direction of tensile force, along the axis of the patella-
patellar tendon complex. There was a partial mineraliza-
tion front similar to the tidemark between unmineralized 
fibrocartilage and mineralized fibrocartilage (Fig. 4A-D). 
The density of chondrocytes decreased in the cartilagi-
nous metaplasia under compression. While in the PIM 
group, the newly formed bone was also further prolonged 
and remodeled. A similar fibrocartilaginous enthesis was 

Table 1  Morphometric analysis of the newly formed bone
Week 6 Week 12 Week 18
Control PIM Control PIM Control PIM

BV (mm3) 3.94 ± 1.53 3.81 ± 1.60 10.28 ± 3.25 7.12 ± 2.04* 17.30 ± 4.54 15.41 ± 4.61
BV/TV (%) 64.30 ± 10.76 66.44 ± 12.47 63.48 ± 13.91 66.92 ± 11.35 62.25 ± 12.10 65.50 ± 14.82
BS/TV (1/mm) 11.06 ± 2.58 11.57 ± 2.35 9.15 ± 2.61 10.71 ± 1.95 6.53 ± 1.68 6.76 ± 1.66
Tb.Th (µm) 77.04 ± 9.11 75.00 ± 7.10 92.44 ± 10.58 81.73 ± 8.67* 113.70 ± 10.94 127.43 ± 17.23
Tb.Sp (µm) 42.17 ± 13.01 40.89 ± 13.95 48.54 ± 14.27 43.87 ± 12.96 68.17 ± 16.44 62.78 ± 14.04
DA [1] 1.43 ± 0.1 1.40 ± 0.11 1.58 ± 0.16 1.48 ± 0.12 1.74 ± 0.16 1.69 ± 0.18
BV: Bone volume; BV/TV: Bone volume/total volume; BS/TV: Bone surface area/total volume; Tb.Th: Trabecular thickness; Tb.Sp: Trabecular spacing; DA: Degree of 
anisotropy. *Statistical significance compared with the control group at the same time point: P < 0.05

Fig. 1  Representative micro-CT images of the midsagittal plane of the Patella. A-C: Control Group; F-H: Prolonged immobilization (PIM) group. A and 
F: Week 6; B and G: Week 12; C and H: Week 18. The dotted line indicates the osteotomy site. D and H: Comparison of the bone volume (BV) and bone 
volume to total volume (BV/TV) in newly formed bone. *Significant difference between the control group and PIM group (P < 0.05)
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also formed at the tendon to bone interface, but the four 
zones were not as distinct as that in the control group. 
The chondrocytes in the tendon to bone interface were 
surrounded by less organized collagen fibres. There was 
also a partial but inconspicuous mineralization front 
similar to the tidemark (Fig.  4E-H). The cartilaginous 
metaplasia was characterized with less cellular density 
and larger fibrochondrocytes. However, the healing and 
remodeling was still incomplete as compared to the nor-
mal entheses in both groups.

Discussion
The partial patellectomy repair model serves as a good 
model to evaluate the effects of tensile force and com-
pressive stress on tendon to bone healing due to the 
uniqueness of the PPT complex. The current study 

demonstrated that reduced muscle loading force by pro-
longed immobilization impaired the formation of fibro-
cartilaginous entheses at the tendon to bone interface 
through endochondral ossification. The muscle force 
drove the fibrochondrocytes at the entheses to arrange 
in a columnar pattern between penetrated collagen 
fibers along the axis of the PPT complex. The formation 
of hyaline cartilage-like metaplasia next to the articular 
cartilage of the remaining patella should be owing to the 
compressive stress.

Mechanical loading plays an important role in tendon 
to bone healing. Both the figure-of-eight wiring and cast 
immobilization were used to protect the repair in this 
model. In the control group, after removal of the cast at 
postoperative week 4, the figure-of-eight fixation wires 
were found ruptured at week 12. The figure-of-eight 

Fig. 3  Representative mid-sagittal sections of PPT complexes at week 12. A-D: Control Group; E-H: PIM group. B-D: the magnified region selected from 
the black rectangles in A; E-H: the magnified region selected from the circles in E. Black bar = 1 mm; White bar = 200 μm

 

Fig. 2  Representative mid-sagittal sections of PPT complexes at week 6. A-D: Control Group; E-H: PIM group. B-D: the magnified region selected from the 
black rectangles in A; E-H: the magnified region selected from the rectangles in E. Black bar = 1 mm; White bar = 200 μm
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fixation wires should have been broken even before week 
8 according to previous related studies [20, 21]. While in 
the PIM group, the figure-of-eight fixation wires were 
found intact until the removal of the cast at week 12. 
There was significantly lower BV in the PIM group than 
the control group at week 12. Prolonged immobilization 
impaired and delayed the regeneration of the fibrocar-
tilaginous entheses at the tendon to bone interface. The 
prolonged intact figure-of-eight fixation wires leaded by 
prolonged immobilization should have reduced the ten-
sile force going through the patella-patellar complexes 
and thus might affect the regeneration of the fibrocarti-
laginous entheses.

The concept of tendon to bone healing has changed 
from the ossification and incorporation of the ten-
don into the bone [22], to ossification or formation of a 
fibrous sleeve of callus [23], to bone ingrowth into the 
tendon [24]. The mechanical strength of tendon to bone 
healing was positively correlated with the amount of new 
bone formation [21, 24]. There are two types of ossifica-
tion: intramembranous and endochondral. The primary 
way endochondral ossification is distinguished from 
intramembranous ossification is the fact that cartilage is 
present during endochondral ossification. Fibrocartilagi-
nous entheses are mainly developed at the epiphyses of 
long bones and the short bones of the tarsus or carpus 
[9], where bone is primarily formed by endochondral 
ossification. Moreover, the fibrocartilaginous enthe-
sis has many similarities to the structure of the growth 
plate that is formed during endochondral ossification of 
bone [6]. Lu and Thomopoulos [3] summarized that the 
development of the fibrocartilaginous entheses was ini-
tially driven by endochondral ossification. Cartilage min-
eralized to form bone, and a fibrocartilaginous transition 
then developed at the interfaces between the bone and 

connective tissues. In this partial patellectomy model, 
the histological results indicated the fibrocartilaginous 
entheses with four zones regenerated at the tendon to 
bone interface via the cellular process of endochondral 
ossification. In the control group, there was also new for-
mation of collagen fibers running continuously from ten-
don into bone. The chondrocytes in the tendon to bone 
interface were ordered and arranged in longitudinal rows 
separated by the interwoven network of collagen fibres 
or laid in rows between parallel fibres. The chondrocytes 
were also ordered in the direction of tensile force, along 
the axis of the PPT complex. While the formation of new 
collagen fibers was impaired and delayed by the reduced 
tensile loading in the PIM group. The newly formed bone 
through endochondral ossification and newly formed 
penetrated collagen fibers drove by tensile loading even-
tually formed the fibrocartilaginous entheses with four 
zones.

The natural tendon to bone healing was mostly domi-
nated by fibrous healing in the literature. Rodeo et al. [24] 
studied the tendon to bone healing in an extra-articular 
tendon transfer model in dogs. They described a conti-
nuity between the collagen fibers and the surrounding 
bone with resembled Sharpey fibers. Grana et al. [25] 
reported a semitendinosus autograft healing in a femo-
ral bone tunnel in a rabbit model. They also observed a 
fibrous enthesis with Sharpey fibers formed at the tendon 
to bone interface. Similarly, Goradia et al. [26] recon-
structed ovine ACL with a semitendinosus free graft and 
reported regeneration of a fibrous enthesis character-
ized with Sharpey fibers. In the bone tunnel, mechani-
cal loading occurs mainly by shear forces, which might 
prevent the development of a fibrocartilage zone and 
lead to the development of a fibrous enthesis. Different 
from the above, there were only very limited publications 

Fig. 4  Representative mid-sagittal sections of PPT complexes at week 18. A-D: Control Group; E-H: PIM group. B-D: the magnified region selected from 
the black rectangles in A; E-H: the magnified region selected from the circles in E. Black bar = 1 mm; White bar = 200 μm
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reported a fibrocartilaginous enthesis with four zones 
regenerated at the tendon to bone interface during nat-
ural healing process. Weiler et al. [27] for the first time 
reported that a fibrocartilaginous enthesis with four 
zones could be regenerated during ACL reconstruction 
with a soft-tissue graft and an inside-out interference 
screw fixation. They divided the tendon to bone healing 
in ACL reconstruction into intra-tunnel healing and sur-
face healing. A fibrocartilaginous enthesis was formed 
at the surface healing, while a fibrous healing occurred 
at the intra-tunnel healing. They speculated that shear 
forces in the tunnel might lead to the development of 
such an indirect insertion and allow minor longitudinal 
movements between the graft tissue and the surround-
ing bone. In contrast, at the joint surface, tensile forces 
acted mainly perpendicular on the tendon to bone inter-
face and might facilitate to a regeneration of a fibrocar-
tilaginous enthesis. Yamakado et al. [28] investigated the 
tendon-to-bone healing under different mechanical load-
ing using an extra-articular model in rabbits and found 
that tensile force enhanced the regeneration of a fibro-
cartilaginous enthesis, compressive stress promoted a 
chondroid cell transformation, and shear force had little 
or no effect on regeneration of the enthesis. Wong et al. 
[29] evaluated the tendon healing in different regions 
of a bone trough using a partial patellectomy model in 
goats. At the base of the bone trough, a fibrocartilaginous 
enthesis with perpendicular bridging fibers was formed 
subjected to tensile force. While at the edge of the bone 
trough, a fibrous enthesis with oblique fibers was formed 
subjected to shear force. The orientation of penetrating 
fibers was aligned along the line of forces. In the current 
study, after the figure-of-eight fixation wires ruptured, 
patellar tendon transmitted muscle force in the direction 
of the longitudinal axis of the patella. The tensile forces 
acted mainly perpendicular on the tendon to bone inter-
face and facilitated to the formation of penetrated colla-
gen fibers running continuously from tendon into bone. 
A nearly normal fibrocartilaginous entheses with four 
zones were therefore regenerated at the tendon to bone 
interface based on the cellular process of endochondral 
ossification.

Mechanical loading plays a critical role in maintain-
ing the homeostasis of native musculoskeletal tissues. 
A fibrocartilaginous transition zone did not develop 
between the supraspinatus tendon and the humeral head 
until postnatal time points [10]. Pauwels [30] described 
the morphological cell transformation into chondroid 
cells when the soft-tissue was exposed to compressive 
loads. Moreover, compressive loads change tendon into 
a fibrocartilaginous morphology, mostly evident where 
tendons wrap around bony pulleys [31]. Compression 
stress leads to production of aggrecan, a large proteogly-
can in cartilage and thought to play a role in providing 

resistance to compression [32]. There is also a good cor-
relation between the distribution of fibrocartilage within 
an enthesis and the levels of compressive stress [9]. In 
summary, fibrocartilage in tendons and ligaments is usu-
ally developed under compressive stress. While tensile 
loading of tendon increases its stiffness, with organiza-
tion of tendon collagen fibres, and increases cell strain in 
the direction of loading [33]. Besides, tensile force leads 
to the production of proteins associated with tendon 
(e.g., type I collagen) [34]. In this partial patellectomy 
model, the presence of fibrocartilage might be viewed as 
an adaptation to postoperative tensile force generated to 
the PPT healing junction. The tensile force was almost 
parallel to the long axis of PPT complex and might 
thus explain the development of a fibrocartilage zone 
with chondroid cells aligning between orientated col-
lagen fibers. In contrast, the formation of cartilaginous 
metaplasia next to the articular cartilage of the remain-
ing patella should be owing to the compressive stress. 
Thomopoulos et al. have demonstrated that muscle load-
ing forces were necessary for the development of a func-
tional tendon enthesis, while unloading led to a loss of 
fibrocartilage transitional tissue at the tendon-to-bone 
attachment [10, 35, 36]. According to the findings of 
Schneider and Küsswetter [37], the tensile forces trans-
mitted by the collagen fibers create compressive stress to 
these cells laying between the fibers. Decreased muscle 
loading probably led to decreased compressive stress on 
chondral cells laying between the collagen fibers and sub-
sequently affected the formation of fibrocartilage at ten-
don to bone interface.

The present study has several limitations. Firstly, as 
there are several differences in knee between rabbits and 
humans, the findings of the study should not be simply 
generalized to patients associated with tendon to bone 
healing. Secondly, there are also several differences in 
tendon to bone healing among rotator cuff repair, ACL 
reconstruction and partial patellectomy model. Endo-
chondral ossification and tensile loading are involved in 
the regeneration of a fibrocartilaginous enthesis during 
tendon to bone healing in the partial patellectomy model. 
More research is needed to clarify the role of endo-
chondral ossification and tensile loading on tendon to 
bone healing in other models. Thirdly, the present study 
did not assess the healing quality in terms of the tensile 
strength of the tendon to bone healing interface. Sev-
eral previous studies have evaluated the healing strength 
in this partial patellectomy model [20, 21]. The failure 
line resulting from the tensile testing mostly occurred 
between the newly formed bone and the residual proxi-
mal patella, not at the newly formed fibrocartilaginous 
enthesis between the newly formed bone and patella ten-
don. The purpose of the study was to explore the effects 
of endochondral ossification and tensile loading on the 
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regeneration of fibrocartilaginous enthesis in this partial 
patellectomy model. In addition, previous study has dem-
onstrated that the size of the newly formed bone after 
partial patellectomy is positively correlated with the fail-
ure load in tensile testing [21]. It is speculated that there 
would be lower failure load in the PIM group in com-
parison with the control group. Fourthly, the figure-of-
eight fixation wires were found ruptured at different time 
point between the PIM and control group. These suggest 
prolonged immobilization should have reduced the ten-
sile force going through the patella-patellar complexes. 
Unfortunately, it was hard to quantitatively detect the dif-
ferences of muscle loading between the two groups.

Conclusions
In summary, a reduction in muscle loading force by pro-
longed immobilization impaired the formation of fibro-
cartilaginous entheses with four zones at the tendon to 
bone interface. Endochondral ossification and muscle 
loading are involved in the regeneration of a fibrocarti-
laginous enthesis during tendon to bone healing in this 
partial patellectomy model.
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