J Orthop Sci (2006) 11:380–385
DOI 10.1007/s00776-006-1031-z

Original article
Biomechanical and immunohistochemical analysis of high hydrostatic
pressure-treated Achilles tendons
Peter Diehl1, Erwin Steinhauser1, Hans Gollwitzer1, Cornelia Heister1, Johannes Schauwecker1,
Stefan Milz3, Wolfram Mittelmeier4, and Manfred Schmitt2
1

Department of Orthopedic Surgery, Technical University of Munich, Ismaninger Str. 22, D-81675 Munich, Germany
Clinical Research Unit, Department of Obstetrics and Gynecology, Technical University of Munich, Munich, Germany
3
AO Research Institute, Davos, Switzerland
4
Department of Orthopedic Surgery, University of Rostock, Rostock, Germany
2

Abstract
Background. Reconstruction of bone defects caused by
malignant tumors is carried out in different ways. At present,
tumor-bearing bone segments are devitalized mainly by extracorporeal irradiation or autoclaving, but both methods have
substantial disadvantages. In this regard, high hydrostatic
pressure (HHP) treatment of the bone is a new, advancing
technology that has been used in preclinical testing to
inactivate normal cells and tumor cells without altering the
biomechanical properties of the bone. The aim of this study
was to examine the biomechanical and immunohistochemical
properties of tendons after exposure to HHP and to evaluate
whether preservation of the bony attachment of tendons and
ligaments is possible.
Methods. For this, 19 paired Achilles tendons were harvested
from both hindlimbs of 4-month-old pigs. After preparation,
the cross-sectional area of each tendon was determined by
magnetic resonance imaging (MRI). For each animal, one of
the two tendons was taken at random and exposed to a pressure of 300 MPa (n = 9) or 600 MPa (n = 10).
Results. The contralateral tendon served as an untreated control. The biomechanical properties of the tendons remained
unchanged with respect to the tested parameters: Young’s
modulus (MPa) and tensile strength (MPa). This finding is in
line with immunohistochemical labeling results, as no difference in the labeling pattern of collagen I and versican was
observed when comparing the HHP group (at 600 MPa) to the
untreated control group.
Conclusions. We anticipate that during orthopedic surgery
HHP can serve as a novel, promising methodical approach to
inactivate Achilles tendon and bone cells without altering the
biomechanical properties of the tendons. This should allow
one to preserve the attachment of tendon and ligaments to the
devitalized bone and to facilitate functional reconstruction.
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Introduction
Treatment of cancer patients presenting with a solid
malignant tumor of the bone or soft tissue requires
complete resection of the infiltrated tissue, neoadjuvant
chemotherapy, and eventually consecutive reconstruction. Various treatment modalities have been established for the reconstruction of bone and joint defects,
including endoprostheses,1 artificial bone substitutes,2
and allogeneic transplants.3 However, each of these
reconstruction methods is associated with certain
limitations and complications for the patient; thus, new,
innovative strategies are strongly desired.
The reconstruction of tendons is highly essential for
the restoration of joint function, but the refixation of
tendons and ligaments to artificial implants is a problematic issue. In this sense, biological reconstruction
could help avoid such functional limitation, but allogeneic transplantation of tendons is still a matter of
concern, as such a transplant may be contaminated
by viruses or bacteria4 and therefore requires special
awareness of procurement, storage, and sterilization.5
An alternative approach for limb reconstruction of
tumor-affected bone is extracorporal irradiation or
autoclaving of resected tissue segments and subsequent
reimplantation. For this, it is necessary to devitalize the
tumor cells completely to avoid tumor recurrence. Still,
with this treatment, destruction of tendons, ligaments,
and bone does occur associated with severe loss of
biomechanical and biological properties and is therefore
a central concern in orthopedic surgery.6–10 Consequently, it is necessary to develop an adequate procedure that would achieve tumor cell inactivation of a
bone or tendon without compromising the biomechanical properties of bone, tendons, and ligaments.6–10
In our own recent studies, the effect of high hydrostatic pressure (HHP) on viability of various human
tumor-afflicted tissues, tumor cell lines, and normal
cells was investigated. At an exposure of 350 MPa
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(10 min, 37°C), all normal and tumor cells were damaged and devitalized.11–13 Also, we observed that at a
high pressure of 600 MPa the biomechanical properties
of bones remain unchanged.14 Until now, the effect of
HHP on the biomechanical and biological properties of
tendons has not been described, although HHP — as an
alternative to irradiation or autoclaving — could offer
new perspectives to treat tendons ex vivo after en bloc
resection, thus maintaining the natural attachment of
the tendons and ligaments to the bone.

Material and methods
Tendon specimens and MRI examinations
Nineteen paired Achilles’ tendons were harvested from
both hindlimbs of 4-month-old pigs. The surrounding
tissue was removed, and the tendons were stored
in absorbent towels (Kimberly-Clark, Zaventem,
Belgium) soaked with Ringer’s solution at 4°C overnight. The cross-sectional area of each tendon was
determined by magnetic resonance imaging (MRI). In
brief, each tendon was contrast-medium-mounted in
a specially designed device filled with 10 ml dye
(Magnevist; Schering, Berlin, Germany) and 1000 ml
Aqua dest. While measuring the cross-sectional area, a
pretension by a constant load of 3 N was applied to each
tendon in an axial direction.15 The specimens were examined at 1.5 Tesla using a clinical MR scanner (ACS
NT with Intera upgrade; Philips, Best, The Netherlands). Five T1-weighted images [echo time (TE) 40 ms,
repetition time (TR) 580 ms] were obtained from the
midsection of the tendons with a slice thickness of 3 mm
and a field of view of 100 × 100 mm2. The cross-sectional
area of each slice was calculated as the mathematical
product of the amount of pixels representing the tendon
tissue and the area of a single pixel. The definitive crosssectional value is given as the mean value of the five
measurements.
HHP treatment of tendons
For each animal (n = 19) one of the paired tendons was
taken at random and placed in Ringer’s solution and
packed in plastic bags by vaccum packing, thus avoiding
air bubbles. The bags were placed in the central cavity
of a water-filled pressure chamber of a high-pressure
device (Dunze, Hamburg, Germany) (Fig. 1). The bags
were then exposed to pressures of 300 and 600 MPa,
respectively. Nine specimens were exposed to a pressure value of 300 MPa, and ten specimens were HHPtreated at 600 MPa. The specimens were held under
pressure for 20 min at 20°C. The compression and
decompression rate was 200 MPa/min. The untreated

Fig. 1. High-pressure apparatus for high-pressure treatment
of tendons with a drawing of the pressure chamber

tendons from the contralateral legs were used as
control specimens for each corresponding treatment
group.
Biomechanical testing
Before and after HHP, tendons (overall length ranging
from 80 to 100 mm) were exposed to a uniaxial tensile
test. All of the tendons were prestrained twice up to
400 N to achieve preconditioning. The third loading
cycle was performed until failure. The length of the
tendons between the clamping devices was adjusted to
40 mm for all specimens for the test. Testing was performed using a universal testing machine (Zwick 1120;
Zwick, Ulm, Germany) at an extension rate of 200 mm/
min starting at a preload of 5 N (Fig. 2). Young’s
modulus (MPa) and ultimate tensile strength (MPa)
were calculated by the software testXpert (release 8.1;
Zwick) from the load deformation curves that were
continuously recorded during testing.
Immunohistochemical staining
Details of the immunohistochemical procedures have
been published previously.16,17 Before and after HHP,
Achilles tendon specimens were fixed in 90% methanol
at 4°C, rinsed in phosphate-buffered saline (PBS),
and then infiltrated for 2 h with 5% sucrose in PBS.
Cryosections with a thickness of 12 µm were cut and
immunolabeled with mouse biotin-conjugated monoclonal antibodies against type I collagen (Clone Col1;
Sigma-Aldrich, Munich, Germany) or versican (Clone
12C5; Developmental Studies Hybridoma Bank, Iowa
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City, IA, USA). Endogenous peroxidase activity was
blocked in all sections by pretreatment with 0.3% H2O2
in methanol for 30 min, and nonspecific binding of the
antibody was reduced with an appropriate serum block
(40 min). Nonspecific binding of the secondary antibody
was controlled by omitting the primary antibodies. An-

tibody binding was visualized using the avidin-biotinperoxidase method (Vectastain ABC Elite Kit; Vector
Laboratories, Burlingame, CA, USA). Nuclei were
counterstained with Mayer’s hematoxylin in selected
sections.
Statistics
Results of the material characteristics were expressed as
median values plus the range including maximum and
minimum values. Comparisons between groups were
calculated by using the Wilcoxon’s rank-sum test. The
significance level was set at 0.05.

Results

a,b
Fig. 2. a Uniaxial tensile failure test conducted on a universal
testing machine. b Ruptured tendon after having exceeded the
tensile strength

The effect of HHP (300 or 600 MPa) on pig achilles
tendons was investigated by probing possible changes
in biomechanical properties after HHP treatment.
There was no significant difference observed in the
cross-sectional area of the tendons with a minimum
of 17.9 mm2 and maximum of 26.1 mm2 (median of
20.1 mm2) compared to the contralateral control between 12.1 mm2 and 25.8 mm2 (median of 20.0 mm2). The
mechanical properties of the pig hindlimb tendon specimens were tested in accordance with the methods described before. The material characteristic values for
Young’s modulus and the ultimate tensile strength of
untreated control tendons and those after HHP treatment at 300 MPa (n = 9) or 600 MPa (n = 10) are listed in
Table 1. No pressure-dependent significant difference
was observed for the tendons treated at HHP of
300 MPa or 600 MPa, and no difference was observed
compared to the untreated tendons.
The biomechanical results were in line with the
results of the immunohistochemical investigation
regarding collagen I and versican. Because the immunohistochemistry labeling method applied in this study

Table 1. Comparison of median levels of Young’s modulus and ultimate tensile strength of pig Achilles tendons after treatment
at 300 and 600 MPa compared with controls
HHD 300 MPa
(n = 9 per group)
Parameter
Young’s modulus (MPa)
Median
Maximum
Minimum
Ultimate tensile strength (MPa)
Median
Maximum
Minimum

HHD 600 MPa
(n = 10 per group)

Treated tendons

Controls

Treated tendons

Controls

340
424
287

321
386
237

314
456
256

294
409
248

63
68
43

56
63
29

62
80
33

62
76
42
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Fig. 3a–e. Immunohistochemical staining of high hydrostatic
pressure (HHP)-untreated and HHP-treated tendons. Tendons were stained with monoclonal antibodies against collagen I. a, b No counterstain. Bars 40 µm. Note the intense black
staining and versican. c, d Counterstained with Mayer’s
hematoxylin. Bars 20 µm. Note the diffuse brown staining

(arrows). The control groups (a, c) without HHP treatment
(0 MPa) exhibits a labeling pattern similar to that of the HHPtreated groups (b, d) after treatment at 600 MPa. e Immunohistochemical section without primary antibody and with no
counterstain. Bar 20 µm

does not allow quantitative conclusions, only a qualitative evaluation (i.e., presence or absence of antigen ingestion) was performed. Both HHP-treated tendons
and untreated control tendons showed positive reactions for type I collagen and versican. Both antigens
were detected in all regions of the tendon, with no difference in the labeling pattern for 300 or 600 MPa. Representative microscopic images are shown in Fig. 3.

tendons and ligaments to retain their functional properties after HHP sterilization. Therefore, there is a high
probability that even after HHP the mechanical properties of the bone-attached tendons or ligaments are conserved. The present results reveal that for tendons after
exposure between 300 and 600 MPa the biomechanical
material characteristics (Young’s modulus and tensile
strength) remain unchanged. This finding is supported
by the still-unchanged immunohistochemical detection
of type I collagen and versican in both the HHP-treated
groups (at 300 and 600 MPa) and in the nonpressurized
control group.
Certainly, our data provide only the first evidence of
the primary stability of tendons after pressure application and give no clues concerning long-lasting tendon

Discussion
This study for the first time demonstrates that excessive
HHP treament is not changing the biomechanical properties of tendons, thus maintaining a good possibility for
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strength after reimplantation. We cannot exclude
the possibility that significant loss of strength of the
tendon graft after HHP treatment may occur owing
to necrosis and devitalization of the tendon tissue
after reimplantation, a phenomenon well described
for anterior cruciate ligament (ACL) transplants.18,19
Biomechanical investigations soon after patellar tendon
transplantation for ACL replacement depicted a significant decrease in graft strength during the postoperative period.20,21 It is worth mentioning that these
processes are independent of pressure application, and
revascularization of the tendon grafts may lead to
elevated permanent stability.20,21
Regarding malignant bone tumors, reimplantation of
tumor-afflicted bone segments together with attached
tendons after irradiation or autoclaving has several advantages over allogeneic bone transplants or prosthesis5–8; however, biomechanical and biological alterations
due to these traditional inactivation processes limit
their use.7,22 Gamma irradiation, autoclaving, or the
use of chemicals such as ethylene oxide considerably
changes tissue integrity and the biomechanical stability
of the bone and tendon grafts.23–26 Therefore, it is highly
desirable to establish an adequate retransplantation
procedure that allows secure tumor cell inactivation
while at the same time osteoconductive, osteoinductive,
and biomechanical properties of the bone and tendon
autograft are preserved.9,26,27 In this regard, HHP treatment is an advancing technology, now being used in
preclinical testing to inactivate tumor cells while preserving the biomechanical and biological properties of
the underlying bone tissue grafts. To achieve this goal,
we hypothesized that the biomechanical properties
of tendons after HHP treatment would also be maintained. This would be an advantage to the patient by
keeping his or her ligament attached to the then devitalized autograft, thereby allowing acceptable mechanical
joint function. This is clinically relevant regarding the
reconstruction of the knee extensor mechanism e.g.,
when the tumor involves the patellar ligament, or for
reconstruction of complicated joints such as the elbow,
wrist, or ankle, where preserving ligaments and tendons
is a fundamental issue for their functionality.28 Apart
from the tendon transplants, we have reported recently
on unchanged biomechanical properties of freshly
resected human cortical and trabecular bone specimens
after HHP treatment with HHP as high as 600 MPa.14
Moreover, drastic changes in the biological properties
of the extracellular matrix proteins fibronectin,
vitronectin, and collagen-I were not observed under
these treatment conditions.29
The biomechanical and biological advantages of
HHP over autoclaving or irradiation are based on the
fact that HHP exerts no negative effects on covalent
molecular bonds. For instance, natural compounds such
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as flavors and aromas, as well as extracellular matrix
proteins and pharmacologically active molecules, are
not destroyed by HHP, and one may speculate that the
structural proteins of the tendon grafts are not affected,
which remains to be elucidated.30 Cells, on the other
hand, are destroyed by HHP, leading to irreversible
inactivation and devitalization of bacteria and eukaryotic cells including tumor cells, as our recent investigations have demonstrated that tumor cells in human
tumor-afflicted bone specimens were irreversible damaged after HHP treatment at pressure levels of
300 MPa.31
Conclusions
We conclude that although tumor cells can be irreversibly damaged by excessive HHP,11–13 the structural
components of bone,14 cartilage,32 and tendons remain
unchanged, even at exposures as high as 600 MPa.
Therefore, one has to regard HHP as a novel methodical approach during orthopedic surgery for tumor cell
inactivation of osteochondral segments also targeting
the attached tendons and ligaments, with the advantage
of a functional reconstruction. Nonetheless, before
clinical testing, further ex vivo and animal studies are
required to demonstrate, that extracorporeal HHP
eradicates tumor cells prior to retransplantation.
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