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Introduction

The medial hamstring tendon is widely used as a source
of grafts for anterior cruciate ligament (ACL) reconstruc-
tion. The high probability of regeneration of a harvested
semitendinosus tendon was first reported by Cross et al’
in 1992. Based on the number of studies conducted sub-
sequently, the regeneration of harvested hamstring ten-
dons is a widely known phenomenon.z#

In humans, the semitendinosus tendon has been dem-
onstrated to regenerate in 63% to 82% of ACL reconstruc-
tions using hamstring tendons.24¢ However, decreased
strength during deep knee flexion has been reported fol-
lowing ACL reconstructions using the medial hamstring
tendon, indicating that the adverse effects of harvesting
the hamstring tendon cannot be ignored.>” A possible rea-
son for this limited recovery could be that many regener-
ated semitendinosus tendons do not achieve anatomic
insertion of the pes anserinus, but instead only reach the
popliteal fascia.’3 In addition, muscle fatty degeneration
occurs after the tendon is harvested.8® To prevent these
adverse transformations, artificial inducement of regenera-
tion has been attempted in clinical practice in recent years.
To artificially guide the regeneration of the semitendinosus
tendon to the pes anserinus, Murakami et al'® devised an
operative procedure in which the sections of aponeurosis
continuing from the branch of the semitendinosus tendon
and leading to the crural fascia, which are usually dis-
carded in the graft preparation process, are re-grafted into
the canal of the tendon from which the graft was har-
vested. Following this procedure, MRI illustrated that the
regenerated tendon reached the pes anserinus in all cases.

In the present study, we investigated whether artificial
inducement of tendon regeneration reduces tissue degen-
eration caused by harvesting of the semitendinosus tendon.
With this aim, we performed an experiment with rabbits,
using the methods of Murakami et al'® to graft free fascia
lata tissue after harvesting the semitendinosus tendon. We
conducted both macroscopic and histological observations.
We hypothesised that using fascia lata tissue as the guide for
tendon regeneration and placing it into the tendon canal
after harvesting the semitendinosus tendon would improve
the incidence of tendon tissue regeneration, as well as result
in a close-to-normal anatomical shape and prevent fatty
degeneration of the semitendinosus muscle.

Materials and Methods

The present study was approved by the ethics board of
our hospital. A total of 15 male Japanese white rabbits
were used in the present study. The rabbits were anaes-
thetised intravenously with 0.025 mg/kg Nembutal
(Hembital, Osaka, Japan). We created 20 mm vertical inci-
sions in the skin parallel to the femoral shaft in the lateral
aspects of both thighs, with the superior border of the
patella serving as the distal end. The fascia lata was har-
vested in three 60 mm? sections that were used as grafts
for inducing tissue regeneration (Fig. 1). Next, 10 mm

skin incisions parallel to the tibial shaft were made on the
medial sides of both knees. Vertical incisions of the crural
fascia were made along the medial collateral ligament.
We identified the semitendinosus tendon running
through the deep layer of the semimembranosus muscle.
The semitendinosus tendon was resected 3 mm from the
tibial attachment site using a scalpel and a section was
harvested with a tendon stripper designed for use in rab-
bits. In the right knee, one end of the fascia lata, which
was used as the inducing graft (IG), was connected to the
distal end of the remaining 3 mm of the semitendinosus
tendon with 4-0 nylon thread (ELP, Akiyama Medical,
Tokyo, Japan). The other end of the fascia lata was pulled
into the tendon canal after harvesting the semitendino-
sus tendon. At this step, the tendon canal and tibial
attachment site were connected by the IG (Fig. 2). In the
left knee, no special procedures were performed after the
semitendinosus tendon was harvested. The fascia and
skin were sutured with 4-0 nylon thread. Moreover, a
suitable dose of lidocaine hydrochloride (Xylocaine
Injection 2%, AstraZeneca K.K., Osaka, Japan) was also
administered via subcutaneous injection at the skin inci-
sion site as a post-operative analgesic. After the surgery,
we performed no particular external fixation and allowed
the rabbits to roam freely in their cages.

Preparation of the specimens. In total, six rabbits were
killed at post-operative week 4 and six at week 8. We mac-
roscopically observed the presence or absence of regen-
erated tissue after semitendinosus harvesting. We then
harvested the regenerated tissue and semitendinosus
muscles. The harvested tissue was immediately fixed for
48 hours in 10% neutral buffered formalin. After fixation,
the tissue was divided into the central portion of regen-
erated tissue and semitendinosus muscle belly. Each
specimen was dehydrated and embedded in paraffin. In
addition, three healthy rabbits matched by weight were
killed to obtain normal tissue. Normal semitendinosus
muscle and tendon tissues were harvested from both
legs of two of the rabbits and from one leg of the third
rabbit. The remaining leg was used immediately after an
IG transplant to obtain macroscopic images in order to
explain where the |G was transplanted.

We prepared the following tissue sections, each with a
thickness of 5 ym: transverse and longitudinal sections of
the central portion of the regenerated tissue and a trans-
verse section of the semitendinosus muscle belly. These
sections were observed via light microscopy using
haematoxylin-eosin staining. Image] software (National
Institutes of Health, Bethesda, Maryland) was used to meas-
ure the areas of the transverse sections (magnification, x40)
of the central portions of the regenerated tissue of the spec-
imens at post-operative week 8. To assess muscle degen-
eration in transverse sections (magnification, x100) of the
semitendinosus muscle belly, the proportion of fatty tissue
in the muscle (volume of fatty infiltration) was measured
using Image). For comparisons with normal tissue, we
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Fig. 1

Image of a harvested fascia lata to be used as the inducing graft (IG) and the
harvested semitendinosus tendon (ST).

measured the areas of the transverse sections of the normal
semitendinosus tendons (n = 6) and the percentage of fatty
tissue in the normal semitendinosus muscle belly (n = 5).

The right knee was referred to as the IG side, the left
knee was referred to as the control side, and the normal
tendon and normal muscle belly comprised the normal
side. One-way analysis of variance was used to compare
the three groups in terms of the tissue section areas of the
regenerated tissue/normal tendon and fatty interstitial
infiltration into the semitendinosus muscle belly. The
Tukey—Kramer multiple comparison test was used for post
hoc comparisons. The level of statistical significance was
set at p < 0.05. JMP version 9.0 software (SAS Institute
Inc., Cary, North Carolina) was used in the analysis.

Results

Macroscopic findings. On the control side, regenerated
funicular tissue was observed at the site from which the
semitendinosus tendon was harvested. This tissue origi-
nated from the cut stump of the semitendinosus muscle
belly, from which the tendon was removed, and ran
through the surface of the semimembranosus muscle to
the popliteal fossa. This course resembled that of a normal
semitendinosus tendon (Fig. 3). However, unlike a normal
tendon, the regenerated tissue adhered to the surround-
ing semimembranosus muscle belly. Regenerated tissue
was not observed in every specimen. Specifically, it was
observed in two specimens at post-operative week 4 and
five specimens at post-operative week 8. No regenerated
tissue was observed in any of the remaining specimens. In
two of the five specimens in which regenerated tissue was
observed at post-operative week 8, the distal end of the
regenerated tissue reached the vicinity of the tibial ana-
tomical insertion site. In the remaining three specimens,
the regenerated tissue ended at the semimembranosus
muscle belly without reaching the tibia.

On the IG side, in all specimens, the IG adhered to the
cut stump of the semitendinosus muscle belly on the
proximal side, whereas the IG maintained continuity with
the tibial side of the semitendinosus tendon on the distal
end. The appearance of the IG differed from that at the

Fig. 2
Image of the fascia lata inducing graft (IG) placed into the tendon canal after
harvesting the semitendinosus tendon.

Fig. 3

Image of a) a normal semitendinosus tendon; b) inducing graft (IG) immedi-
ately after grafting; c) regenerated tissue on the control side at post-operative
week 4; d) regenerated tissue on the |G side at post-operative week 4; e)
regenerated tissue on the control side at post-operative week 8; and f) regen-
erated tissue on the IG side at post-operative week 8. (ST, semitendinosus
tendon; SM, semimembranosus muscle; M, medial contralateral ligament; RT,
regenerated tissue).

time of grafting. Specifically, the IG was enveloped by the
regenerated tissue, and it had become round and thick
(Fig. 3).

Histological findings. On the control side at post-operative
week 4, a dense group of cells was observed within the
regenerated tissue. An extracellular arrangement of
fibrous tissue with directionality was also observed. On
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Fig. 4

Histological images of the regenerated tissue: a) and b) control side at post-operative week 4; c) and d) inducing graft (IG) side at post-operative week 4; e) and
f) control side at post-operative week 8; g) and h) |G side at post-operative week 8; a), c), e), and g) are transverse sections, b), d), f), and h) are longitudinal

sections. The magpnification is x400.

the control side at post-operative week 8, a dense group
of cells was observed within the regenerated tissue, similar
to that observed at post-operative week 4. However, the
extracellular arrangement of fibrous tissue had become
more dense by this time.

On the IG side at post-operative week 4, fibrous tissue
surrounded the IG, forming an oval/round structure. The
central portion of the IG consisted of dense fibrous tissue
in which cells were difficult to see. On the IG side at post-
operative week 8, a large number of cells had infiltrated
the central portion. In addition, the surrounding fibrous
tissue had become more dense than that at post-operative
week 4 (Fig. 4).

At post-operative week 8, the tissue section areas of
the regenerated tissue were 1.108 mm? (sD 0.524),
0.393 mm?2 (sp 0.153), and 1.53 mm?2 (sb 0.25) on the
IG, control, and normal sides, respectively. Significant
differences were observed between the normal and con-
trol sides and between the |G and control sides. However,
no significant difference was observed between the nor-
mal and IG sides (Table I).

At post-operative week 8, the percentages of interfi-
brous fat in the transverse sections of the semitendinosus
muscle belly were 30.7% (sD 11.7%), 34.2% (sD 15.4%),
and 6.16% (sD 2.25%) on the IG, control, and normal
sides, respectively. Significant differences were observed
between the normal and control sides and between the
normal and IG sides. However, no significant difference
was observed between the control and IG sides (Table I).
The volume of fatty tissue was significantly larger on both
the control and IG sides than on the normal side.

Discussion

When harvesting an autologous semitendinosus tendon
for ACL reconstruction, tendon regeneration occurs.
However, this regeneration is not complete, and it leads
to muscle retraction and fatty degeneration of the muscle
parenchyma. Thus, to ensure more complete and effec-
tive tendon regeneration, the authors of the present

study placed the fascia lata into the tendon canal after the
semitendinosus tendon was harvested. With this proce-
dure, continuity of the IG with the semitendinosus muscle
and tibial attachment site was maintained in all speci-
mens, and the regenerated tissue surrounded the IG.
Thus, the results supported the first hypothesis, which
stated that using the fascia lata as a tendon regeneration
guide and placing it into the tendon canal after tendon
harvesting would improve the incidence of tendon regen-
eration and guide the tendon regeneration towards its
original anatomical insertion site. However, the second
hypothesis, which stated that degeneration of the sem-
itendinosus muscle would be prevented, was rejected.

Gill et al'" harvested semitendinosus tendons in rabbit
models using a tendon stripper and assessed tendon
regeneration upon sacrificing the rabbits after nine to 12
months. Regenerated tendons were observed in 84% of
the rabbits. However, almost all of the regenerated ten-
dons were inserted more superficially than normal, and
the thickness of the tendons varied. In addition, Eriksson
et al? described the mechanism of tendon regeneration as
follows; the haematoma that develops in the tendon canal
after tendon harvesting becomes the scaffold of fibroblast
progenitor cells; these fibroblast progenitor cells infiltrate
the scaffold, resulting in further proliferation and differen-
tiation, which in turn promotes the production of colla-
gen, through which the tendon is regenerated. Rispoli
et al'? concluded that tendons regenerate along the fascial
tract (along which the semitendinosus tendon runs) in the
proximal to distal direction. Furthermore, Carafino and
Fulkerson'? stated that the gracilis tendon helps the regen-
erated tissue reach the pes anserinus and induces anatomi-
cal insertion. Thus, the source of the regenerated tendon is
considered to be fibrous tissue that forms in the tendon
canal after the tendon is harvested and extends along the
surrounding structures to the distal end.

On the control side in the present study, regenerated
tissue that originated from the stump of the semi-
tendinosus muscle belly and ran through the surface of

BONE & JOINT RESEARCH



INDUCEMENT OF TISSUE REGENERATION OF HARVESTED HAMSTRING TENDONS IN A RABBIT MODEL 251

Table 1. Tissue section areas of the regenerated tissue/normal tendon and fatty interstitial infiltration into the semitendinosus muscle belly at post-operative

week 8
I1G side Control side Normal side p-value
(n=6) (n=6) (n=5)
Normalvs IGyvs Normal vs
Control Control 1G
Tissue section areas of the regenerated tissue, 1.108sp 0.524  0.393sp 0.153  1.530sp 0.250  0.0003 0.0133 0.1317
mean sD, mm?
Fatty interstitial infiltration into the semitendinosus 30.7sp11.7 34.2sp15.4 6.16 sD 2.25 0.0052 0.8763 0.0125

muscle belly, mean sp, %

IG, inducing graft; sp, standard deviation

the semimembranosus muscle to the popliteal fossa was
observed in 33% (two out of six) of the specimens at
post-operative week 4, and 83% (five out of six) of the
specimens at post-operative week 8. However, only in
33% (two out of six) of the specimens did the distal end
of the regenerated tissue ultimately reach the vicinity of
the normal tibial attachment site while adhering to the
surrounding semitendinosus muscle belly. The regener-
ated tissue ended at the semimembranosus muscle belly
in 50% (three out of six) of the specimens, whereas
regeneration did not occur in 17% (one out of six) of the
specimens. In addition, the tissue section area of the
regenerated tissue was only 25.6% of that of normal tis-
sue, which was significantly smaller than that on the nor-
mal side. Meanwhile, on the IG side, the IG maintained
continuity with the semitendinosus muscle and tibial
attachment site in all specimens. By post-operative
week 8, the surrounding regenerated tissue had adhered
to and coated the IG.

In histological terms, the IG temporarily lost nearly all
of its cell components at post-operative week 4. However,
cell infiltration from the side of the regenerated tissue,
which coats the IG that extends from the semitendinosus
fascial side, was observed at post-operative week 8. In
addition, no significant difference in the tissue section
area of the regenerated tissue was observed between the
IG and normal sides. However, the thickness of the regen-
erated tissue was 2.8-fold greater on the IG side than on
the control side.

Thus, we demonstrated that the IG is a useful guide for
inducing tendon regeneration. At the same time, the bio-
logical reactions of necrosis and cell infiltration occur in
the IG, and the IG becomes the biological scaffold of the
regenerated tendon. Regarding post-tenotomy muscle
changes, Meyer et al® loosened the infraspinatus tendon
in sheep models by approximately 5 cm, followed by
retention 40 weeks later. Various irreversible changes
were reported at week 35 after retention (75 weeks after
loosening), such as an increased pennation angle of the
muscle fibres, gap formation in the muscle fibres, and
infiltration of fatty tissue (33%, sb 8.7%) and fibrous tis-
sue (12.9%, sb 3.2%). In addition, Frey et al® stated that
post-tenotomy muscle retraction results in differentiation
of muscle-derived stem cells into adipocytes. In human

clinical trials, semitendinosus muscle retraction is known
to occur as a consequence of harvesting the semitendino-
sus tendon.’ 1> The present study also found that the
semitendinosus muscle retracted after the tendon graft
was harvested (data not shown). At post-operative
week 8, the percentage of interfibrous fat in the trans-
verse sections of the semitendinosus muscle belly on the
control side was 34.2% (sD 15.4%). This result is fully
consistent with the findings reported by Meyer at al.8 In
the present study, the percentage of interfibrous fat in
the transverse sections of the semitendinosus muscle
belly on the IG side was 30.7% (sD 11.7%), nearly identi-
cal to that on the control side, which was not expected.
Compared with that on the normal side (6.16%, sD
2.25%), the percentage of interfibrous fat amounted to a
5.6-fold increase on the control side and a fivefold
increase on the IG side. Although no significant difference
was observed between the control and IG sides, both
sides had a significantly higher percentage of fatty tissue
than the normal side. These results indicate that the IG
had no effect on muscle retraction or muscle fatty degen-
eration occurring after the tendon was harvested.

The present study had some limitations. The first was
the small number of outcome measures. Second, the
observation period was short. It is possible that different
results pertaining to fatty degeneration of the attachment
site or muscle of the regenerated tissue would have been
obtained from a longer experiment. However, macro-
scopic and histological findings revealed differences
between the IG and control sides during the eight-week
observation period. Third, our model was a small animal
that does not possess the same anatomical hamstring ten-
don structure as humans. Nonetheless, the results of the
present study pertaining to the incidence of regenerated
tendons, the form of those tendons, and the degeneration
of muscle tissue were consistent with those of previous
studies using human and animal models larger than rab-
bits. Therefore, we believe that the results of the present
study are valid. Fourth, because the present study was an
animal experiment, the muscle strength of the muscle-
regenerated tendon complex was not evaluated.
Regarding this limitation, examination of muscle strength
using a method such as electrical stimulation may be nec-
essary in the future. Fifth, the mechanical strength of the
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regenerated harvested tissue was not assessed. Thus, an
additional mechanical experiment may be necessary in
the future. Nevertheless, the mechanical properties of
regenerated tissues (mechanical strength per tissue sec-
tion area) are normally inferior to those of normal tissues.
Therefore, if the tissue section area is the same, then it
may be valid to assume that the mechanical strength of
regenerated tissues is lower than normal.

In conclusion, we used a fascia lata graft as a guide for
the regeneration of tissue produced after harvesting the
semitendinosus tendon. The grafted fascia guided the
regenerated tendon from the stump of the muscle from
which the tendon was removed to the tibia. As a result,
the tissue regenerated using this method was thicker
than naturally occurring regenerated tissue. However,
regardless of whether the fascia was implanted as a guide
for tissue regeneration, the infiltration of interfibrous fat
into the semitendinosus muscle was greater than that
observed in normal muscle. In the future, the possibility
of enabling regenerated tendons to become histologi-
cally normal tendons that possess sufficient strength to
withstand use as a graft material should be investigated.
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