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INTRODUCTION

A rotator cuff (RC) tear is a common soft tissue in-
jury of the shoulder joint. Although surgical repair has 
become the primary treatment for RC tears, the failure 
rate of RC repair ranges from 5-57% [1,2]. The re-
paired tendon-bone interface has been identified as a 
mechanical weak point [3], which may contribute to 
re-tearing. Therefore, it is fundamentally necessary to 
clarify the numerous factors that affect tendon-to-bone 
healing after RC repair. 

It is well known that the histological structure of 
the repaired tendon-bone interface is completely dif-
ferent from that of a normal tendon insertion. In a nor-
mal tendon insertion, the tendon attaches to the bone 
via fibrocartilage tissue, which consists of four zones: 
the tendon, fibrocartilage, mineralized cartilage, and 
bone [4,5]. These structures functionally transfer the 
stress between the dissimilar materials [6]. Addition-
ally, the transition from the mineralized cartilage to 
the tendon is gradual and continuous, and there is no 
clearly defined boundary between the zones, especial-
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ly at the ultrastructural level [7]. These structures act 
as a shock absorber by reducing the stiffness gradient, 
and also contribute to a reduction in the tendon angu-
lation so that further shear stress does not occur. 

In contrast, the repaired tendon anchors to the 
bone via fibro-vascular tissue rather than via the re-
generation of the fibrocartilaginous insertion [3,6]. 
The mechanical properties of the repaired tendon-
bone interface cannot reach a normal physiological 
level, and histologically, a clear boundary is evident 
between the tendon and bone. These morphological 
alterations can result in biological instability after RC 
repair [8].

Analyzing the postnatal development of a normal 
tendon insertion in detail may provide insights into the 
regeneration of a normal tendon insertion at the re-
paired tendon-bone interface after RC repair. Thus, 
several researchers have already studied the develop-
ment of normal insertions [9-16]. However, the differ-
ences in the cellular structural properties between 
postnatal and adult insertions at the ultrastructural 
level have not yet been clarified. A better understand-
ing of these ultrastructural properties would help in 
determining ways to reduce the occurrence of re-tears. 

Although conventional electron microscopy has 
provided a detailed description of the ultrastructure of 
a normal tendon insertion, it has been impossible to 
gauge the morphological structure of the entire region 
of a normal tendon insertion at electron microscopic 
resolution, and three-dimensional (3D) information 
has also been limited because the analysis is only done 
using a number of single sections.

Recently the development and introduction of fo-
cused ion beam/scanning electron microscope (FIB/
SEM) tomography render it possible to analyze a wid-
er area with a higher resolution at the ultrastructure 
level, as fine ablation could be performed by FIB to 
obtain a flat surface, even for hard tissue like bones. In 
addition, the serial stack images allow for the recon-
struction of the 3D ultrastructure of cells [7,17-20], 
and this has led to an improved understanding of the 
fine morphology and development of normal tendon 
insertion. Moreover, each serial stack image can be 
used to quantitatively analyze the ultrastructural prop-
erties of the cells at the tendon insertion. FIB/SEM 
tomography can analyze the 3D ultrastructure of cells 
at the transmission electron microscopic level. Moreo-
ver, each serial stack image can be used to quantita-
tively analyze the structural properties of the cells at 
the tendon insertion at the ultrastructural level.

In the present study, we clarified the morphologi-
cal differences between postnatal and adult tendon in-

sertions in terms of the cellular structural properties 
using 3D reconstructed ultrastructural image obtained 
by FIB/SEM tomography.

MATERIALS AND METHODS

Study Design:
This study was approved by the ethics review 

board of the Kurume University Animal Care Center. 
Postnatal Sprague–Dawley rats (aged 1 week; postna-
tal tendon insertions) and adult Sprague-Dawley rats 
(aged 12 week; weight, 510-550 g; adult tendon inser-
tions) were used as a model of normal tendon inser-
tion. In total, six rats were sacrificed, and shoulders of 
both the right and left side were removed. The mor-
phological structure of the normal insertion was eval-
uated using hematoxylin and eosin (HE) staining un-
der a light microscope, and the 3D ultrastructure of the 
cells was evaluated using FIB/SEM tomography. Ad-
ditionally, the volume of the whole cell bodies, nuclei, 
and cytoplasm in each experimental group were meas-
ured and compared in a quantitative analysis (Fig. 1). 

Conventional histology:
 After removal of the supraspinatus tendon-humer-

us complex, the specimens were fixed in 4% buffered 
formalin. In adult insertions, specimens were addi-
tionally decalcified with Kalkitox solution (Wako 
Pure Chemical Industries, Ltd., Osaka, Japan). The 
specimens were embedded in paraffin and cut into 
5-μm thick sections. The slides were stained with HE. 
The specimens were visualized under a light micro-
scope (BZ-X710; Keyence, Osaka, Japan) and photo-
micrographs were obtained.

FIB/SEM tomography
Sprague-Dawley rats were deeply anesthetized 

with diethyl ether and sodium pentobarbital, transcar-
dially perfused through the left ventricle with heparin-
containing saline, and subsequently fixed with half 
Karnovsky solution (2% paraformaldehyde, 2.5% glu-
taraldehyde, and 2 mM CaCl2 in 0.1 M cacodylate 
buffer). After perfusion fixation, the supraspinatus 
tendon-humerus complexes were harvested and fur-
ther immersed in the same fixative for 2 h at 4°C. Af-
ter decalcification with 5% EDTA solution for the 
adult insertions, the specimens were cut into small 
cubes and further fixed with 2% ferrocyanide and 1% 
OsO4. Subsequently, the specimens were treated with 
1% thiocarbohydrazide and then immersed in a 1% 
OsO4 solution. For en bloc staining, the specimens 
were immersed in a solution of 4% uranyl acetate so-
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lution overnight and finally washed with distilled wa-
ter. The specimens were further en bloc stained with 
Walton’s lead aspartate solution. They were then de-
hydrated with a graded ethanol series, infiltrated with 
an epoxy resin mixture, and polymerized at 60°C for 
72 h. The surface of each embedded specimen was ex-
posed with a diamond knife, and the resin blocks were 
trimmed and placed on an appropriate holder. Each 
specimen was fixed to the stage of the FIB/SEM ma-
chinery (Quanta 3DFEG; FEI, Hillsboro, OR, USA). 
Serial images of the block face were acquired by re-
peated cycles of sample surface milling using a fo-
cused gallium ion beam (milling step: 100 nm, 700 
cycles) and by image acquisition using SEM as a com-
positional contrast image from secondary electrons 
(landing energy, 2.5 keV). The reconstructed images 
covered the supraspinatus tendon insertion. Approxi-
mately 700 block face images could be obtained per 
specimen. The morphology of the cells was evaluated 
after 3D reconstruction using Amira 5.5 software 
(FEI). The 3D morphology of the cells was extracted 
using a semi-manual procedure [7,8,21,22]. Briefly, 
all image stacks ware normalised using a histogram-
based image filter, and a median filter was applied to 
prepare for threshold segmentation. The cellular re-
gions ware selected using the threshold method; ir-
regular regions in the selected regions were manually 
removed [8].

Quantitative analysis of the structural properties on 
FIB/SEM tomography

After reconstruction, we performed a quantitative 
analysis of the whole cells within the evaluated area. 
First, we reconstructed 93 cells in postnatal insertions 
and 58 cells in adult insertions. Subsequently, we ex-
cluded 37 cells in postnatal insertions and 27 cells in 
adult insertions because the cell bodies were partly 
outside the reconstructed range, and we could not 
track the entire body of these cells. Thus, we included 
56 cells in postnatal insertions and 31 cells in adult 

insertions in the quantitative analysis. The volumes of 
each cell body and nucleus were measured. Addition-
ally, the total cell volume, nuclei volume, cytoplasmic 
volume, and also cytoplasmic-total cell volume ratio 
were calculated using Amira software (Fig. 2). These 
structural properties were compared between postna-
tal and adult insertions. 

Fig. 1.  Diagram of study design: Six rats were sacrificed, 
and both the right and left shoulders were removed. The 
morphological structure of the normal insertion was eval-
uated using hematoxylin and eosin (HE) staining, and the 
3D ultrastructure of the cells in the normal insertion was 
evaluated using FIB/SEM tomography.

Fig. 2.  Cytoplasmic volume (green), nuclei volume (blue), and 
total volume (green and blue). Cytoplasmic to total volume ratio 
were calculated using Amira software.
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Statistical analysis:
Statistical analyses were performed using JMP 

version 13 software (SAS Institute INC., Cary, USA). 
Data are expressed as means and standard deviations. 
The Wilcoxon test was used to evaluate differences in 
structural properties between postnatal and adult in-
sertions. P values <0.05 were considered statistically 
significant. These data were shown as Box-and-whisk-
er graphs.

RESULTS

Conventional histology
In postnatal insertions, the immature collagen 

bundles were directly attached to the epiphyseal nu-
clei, and their boundary was clearly identified. Addi-
tionally, the boundary line between the immature col-
lagen bundles and epiphyseal nuclei was flat but not 
interdigitated (Fig. 3a). In the tendon midsubstance/
insertion, spherical cells, in columnar formation, were 
observed between the immature collagen bundles 
(Fig. 3b). In the epiphyseal nuclei, typical chondroid 
cells were evident [22]. On the other hand, matured 
collagen bundles were solidly attached to the bone tis-
sue in adult insertions. The boundary line between the 
fibrocartilage and mineralized cartilage was also flat, 
similar to that in the postnatal insertions. However, the 
boundary line between the mineralized cartilage and 
the bone formed deep interdigitations. Fibro-cartilage-
like cells, in columnar formation, were located be-
tween the matured collagen bundles. The cells became 
more spherical toward the bone side. These structures 
in adult insertions looked similar to previous descrip-
tions [4,5]. 

Fig. 4.  Reconstructed configurations of cells at the tendon 
insertion of the areas equivalent to those surrounded by the 
blue rectangular frame in Fig. 3.: (a) Spherical-shaped cells 
were irregularly localized between the loose and irregular 
collagen bundles in the tendon insertion. Additionally, the 
many cell processes had an irregular direction. (b) The 
cells at the insertion between the matured collagen bundles 
had an ellipsoidal shape. Furthermore, the direction of the 
cell processes was oriented to that of the adjacent collagen 
bundles.

Fig. 3.  Histological micrograph of the tendon insertion (HE staining): (a) The boundary line 
between the immature collagen bundles and epiphyseal nuclei was flat. (b) The boundary line 
between the mineralized cartilage and the bone formed deep interdigitations. The blue rectangu-
lar frames in each micrograph indicate the areas equivalent to those in Fig. 4a & b, respectively.
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3D morphology of the whole cell body on FIB/SEM 
tomography

In postnatal insertions, spherical cells were irregu-
larly localized between the loose and irregular colla-
gen bundles in the tendon insertion area. Additionally, 
the direction of cell processes emerging from the cell 
volume was irregular (Fig. 4a). In the adult insertion, 
the cells in the insertion area were ellipsoidal and were 
located between matured collagen bundles. Although 
the number of cell processes decreased in adult inser-
tions, the length of each process increased. Further-
more, the orientation of the cell processes became par-
allel to that of the surrounding collagen bundles (Fig. 
4b).

Quantitative analysis of the structural properties on 
FIB/SEM tomography

In total, we analyzed 56 cells in postnatal inser-
tions and 31 cells in adult insertions in the quantitative 
analysis of the structural properties. The cytoplasmic 
volume was significantly greater in postnatal inser-
tions (268.79±81.2μm3) than in adult insertions 

(190.5±50.83μm3; P<0.01) (Fig. 5a). Similarly, the 
nuclei volume was significantly greater in postnatal 
insertions (109.98±33.17μm3) than in adult insertions 
(65.86±8.66μm3; P<0.01) (Fig. 5b). Additionally, the 
total volume was significantly greater in postnatal in-
sertions (378.77±104.73μm3) than in adult insertions 
(256.36±57.68μm3; P<0.01) (Fig. 5c). In contrast, the 
cytoplasmic-total volume ratio was significantly 
greater in the adult insertion (73.72±3.28%) than in 
the postnatal insertion (70.62±6.68%; P<0.01) (Fig. 
5d).

DISCUSSION

The present study investigated the morphological 
differences between postnatal and adult tendon inser-
tions in terms of cellular structural properties using 
FIB/SEM tomography. To our knowledge, this study 
is the first to examine the differences in cellular struc-
tural properties between postnatal and adult tendon 
insertions with a resolution at the transmission elec-
tron microscopic level. The main findings of the study 

Fig. 5.  Box-and-whisker diagram of cellular structural proper-
ties at the tendon insertion: (a) Cytoplasmic volume (b) Nuclei 
volume (c) Total volume (d) Ratio of the cytoplasm to total cell 
volume at tendon insertion of postnatal and adult rat large nod-
ule of humerus.
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can be summarized as follows: 1) on conventional his-
tology, the boundary line between the immature col-
lagen bundles and epiphyseal nuclei was flat in the 
postnatal insertions.

Similarly, the boundary line between the fibrocar-
tilage and mineralized cartilage was flat in the adult 
insertions; however, the boundary line between the 
mineralized cartilage and bone formed deep interdigi-
tations. 2) The morphology of the cells between the 
collagen bundles in the adult insertions was complete-
ly different from that of the postnatal insertions at the 
ultrastructural level. 3) The cellular structural proper-
ties (total volume, nuclei volume, cytoplasmic vol-
ume, and cytoplasmic-total volume ratio) were statis-
tically different between the postnatal and adult 
insertions. Although several studies have already re-
ported on the morphology of the tendon insertion us-
ing various histological stainings [4,5,9], few studies 
have described the structure of the boundary line be-
tween the mineralized cartilage and bone. In the pre-
sent study, we described the structure of the boundary 
line between the tendon and bone in both postnatal 
and adult insertions. The boundary line between the 
immature collagen bundles and epiphyseal nuclei was 
flat in postnatal insertions, while the boundary line be-
tween the mineralized cartilage and the bone formed 
deep interdigitations in adult insertions. Thus, we have 
clearly demonstrated differences in the boundary line 
between postnatal and adult insertions. Although these 
structures are mechanically speculated to provide re-
sistance against shear force, how these structures are 
formed remains unknown. Accordingly, the structural 
differences with respect to the ultrastructural level and 
3D morphology need to be clarified in the future. The 
morphology of the cells between the collagen bundles 
in adult insertions was completely different from that 
in postnatal insertions at the ultrastructural level. Pre-
viously, we reported on the 3D ultrastructure of the 
cells in the tendon insertion during the first 4 postnatal 
weeks; the morphology of the cells drastically trans-
formed during this period [16]. The 3D ultrastructure 
of the cells in the adult insertions shown in the present 
study was similar to that at 4 weeks postnatal in our 
previous report [16]. These phenomena might indicate 
that the transformation of the cells in the tendon inser-
tion ceased once the collagen bundles were organized 
during the development of the tendon insertion. How-
ever, we have not yet analyzed whether the morpho-
logical changes resulted from cell maturation or dy-
namic movement. Further studies are necessary to 
determine the mechanism of these drastic changes. 
Regardless, these morphological differences in terms 

of the organization with respect to the collagen bun-
dles reflect the function during tendon development.

The differences in cellular structural properties 
(total volume, nuclei volume, cytoplasmic volume, 
and cytoplasmic-total volume ratio) were statistically 
significant between postnatal and adult insertions. Al-
though we previously reported on the morphology of 
the cells in the tendon insertion at ultrastructural level 
using FIB/SEM tomography [7,8,16], the present 
study is the first to quantitatively analyze the morphol-
ogy of the cells in the tendon insertion. As a result, the 
total cell volume, nuclei volume, and cytoplasmic vol-
ume were found to be statistically larger in postnatal 
insertions than in adult insertions. Conversely, the cy-
toplasmic-total cell volume ratio was statistically 
smaller in postnatal insertions than in adult insertions. 
We believe that these morphological differences re-
flect the viability of the cells and the eventual organi-
zation of each insertion. However, future studies are 
needed to link the morphological differences demon-
strated in the present study with the function of the 
cells and the development of the tendon insertion. Pre-
viously, it was impossible to quantitatively analyze 
cell morphology at the ultrastructural level using con-
ventional histological methods. However, the ad-
vancement of 3D digital data obtained by FIB/SEM 
tomography has made it possible to quantitatively an-
alyze the cell morphology at the ultrastructural level. 
Consequently, we successfully determined the differ-
ences in cell morphology between postnatal and adult 
insertions in terms of structural properties. In RC re-
pair, the tendon-bone interface is repaired via the for-
mation of fibrovascular tissue, which differs from that 
for the normal tendon insertion [3,8,9,23-25]. The 
findings of the present study could aid future research 
in determining how to regenerate the normal tendon 
insertion in the repaired tendon-bone interface after 
RC repair. We are planning next to verify the morpho-
logical characteristics of the cells (structural proper-
ties) in the repaired tendon-bone interface using the 
method of the present study.

The present study has several limitations. First, the 
findings obtained from these data may differ from 
those found in studies using human participants. How-
ever, previous reports have shown that the rat shoulder 
closely approximates the human shoulder in terms of 
anatomy [26]. Thus, the morphological differences 
between cells in the postnatal and adult insertions in 
rodent tissue could be a model of those in humans. 
Secondly, we simply compared the morphological dif-
ferences between cells in the postnatal and adult inser-
tions; we could not track the morphological changes 
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of each respective cell in the tendon insertion. These 
cells are an extremely important factor in preserving 
the mechanical transmission between dissimilar mate-
rials. Future studies are needed to clarify the morpho-
logical changes of the cell itself during tendon devel-
opment. We must be cautious in interpreting the 
present findings, as the morphological differences 
may have resulted from cell maturation or movement. 

Thirdly, we performed a comparative study of the 
morphological differences of the cells in postnatal and 
adult insertions using a rat model; we did not use a 
repair model or utilize any applications to accelerate 
or regenerate the tendon insertion as previously re-
ported [27-36]. We believe our findings will benefit 
future studies that intend to evaluate tendon-to-bone 
healing utilizing various applications.

CONCLUSIONS

 The present study successfully used FIB/SEM to-
mography to clarify the differences in morphology 
and cellular structural properties between postnatal 
and adult tendon insertions. 

These findings can aid in determining how to re-
generate a normal tendon insertion in the repaired 
tendon-bone interface after RC repair.
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