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Mechanical Properties of Reconstructed
Achilles’ Tendon with Transfer of
Peroneus Brevis or Flexor Hallucis
Longus Tendon

S. Hermann,1 B. Datta, N. Maffulli,2 M. Neil,3 and W. R. Walsh4

Treatment of chronic Achilles’ tendon ruptures can be technically difficult because of tendon retraction,
atrophy, and short distal stumps. Surgical repair of chronic Achilles’ tendon ruptures focuses on local and
free tendon transfers, as well as reconstruction with allografts or synthetic materials. This study examined
the in vitro mechanical properties of a reconstructed Achilles’ tendon with the peroneus brevis or the
flexor hallucis longus tendons in a human cadaver model. The tendons were harvested from 17
fresh-frozen human cadavers, and the same techniques were used for all of the model reconstructions.
Biomechanical measurements included the failure load, stiffness, energy-to-peak load, and mode of
failure. The mean failure load was significantly higher in the peroneus brevis group (P � .036), and there
was no significant difference in stiffness and energy-to-peak load between the peroneus brevis and flexor
hallucis longus groups. In every case, the mode of failure involved the tendon graft pulling through either
the distal or proximal stump of the Achilles’ tendon. The greater failure loads observed with the use of
peroneus brevis may not be clinically relevant, however, because of the magnitude of the peak loads
observed in the cadaveric model. The present study supports the use of either peroneus brevis or flexor
hallucis longus for reconstruction of chronic Achilles’ tendon ruptures and indicates the need for
surgeons to carefully reinforce the attachment of the transferred tendon grafts to the stumps of the
Achilles’ tendon to prevent pullout. (The Journal of Foot & Ankle Surgery xx(x):xxx, 2007)

Key Words: Achilles’ tendon, materials testing, tendon rupture, tendon transfer
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RRECDuring the last few decades, the incidence of Achilles’

tendon (AT) ruptures has been observed to increase, with
men in middle age forming the majority of patients diag-
nosed with the condition (1–3). Although clinical examina-
tion can be used to identify rupture of the AT (4), and
real-time high-resolution ultrasonography and magnetic res-
onance imaging (MRI) enable accurate diagnosis in clini-
cally doubtful cases, about 10% to 20% of acute ruptures
remain undiagnosed initially (5). In such cases, delayed
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diagnosis leads to neglect of the AT rupture, and a state of
chronic rupture ensues without union of the proximal and
distal stumps of the tendon. Treatment of chronic AT ruptures
can be technically demanding because of retraction and atro-
phy of the tendon stumps and, in some cases, the presence of
a small (short) distal stump. In acute ruptures, conservative
management in selected patients may lead to satisfactory re-
sults, although the incidence of rerupture is known to be
considerably higher in cases that are treated without surgical
intervention (6). For chronic ruptures of the AT, surgery is
regarded as the management of choice (5, 7–16).

Surgical management for chronic ruptures of the AT may
include local transfer of either the flexor hallucis longus
(FHL) or peroneus brevis (PB) tendon (13, 16–18), free
tendon transfer from a distant anatomical site (12), or the
use of allograft (14) or synthetic materials (15) to recon-
struct the tendon defect. Reconstruction of AT defects with
autologous tendon grafts, such as FHL or PB, or the use of
distant grafts such as gracilis, have been shown to yield
satisfactory clinical results (12, 13, 16, 18). Although rare,
rerupture after such procedures is a major late complication
(19). Factors contributing to failure of AT reconstructions
may include inadequate postoperative management or lower
mechanical strength of the repair. In an effort to better
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understand the biomechanical properties of autologous local
tendon grafts for the repair of the ruptured AT, we under-
took an investigation to examine the time 0 in vitro me-
chanical properties of a reconstructed AT with PB or FHL
tendon in a human cadaver model.

Materials and Methods

ATs, inclusive of the calcaneal insertion and the distal
portions of the triceps surae, as well as the tendons of FHL
and PB were harvested from 17 fresh-frozen human cadaver
specimens. The FHL tendon was detached just proximal to
the knot of Henry and the PB tendon close to its insertion
into the fifth metatarsal base. Specimens were excluded if
there was any evidence of grossly visible or palpable pa-
thology such as nodularity or atrophy or indications of
previous rupture or surgery. After being harvested, the
tendons were stored in phosphate-buffered saline solution at
�20°C until approximately 4 hours before testing, when the
specimens were thawed to room temperature. Specimens
were thawed to room temperature for 4 hours before recon-
struction on the day of testing. The AT reconstructions were
always performed with grafts from the same cadaver spec-
imen, and the same surgical techniques, described below,
were used for all of the AT reconstructions.

The cadaveric AT rupture model consisted of making a
4-cm transverse incision through the full thickness of the
tendon at a level 2.5 cm proximal to its insertion into the
calcaneus. The FHL or PB tendon grafts were passed trans-
versely in either a medial-to-lateral direction, for FHL, or
lateral-to-medial, for PB, through a small incision located 1
cm distal to the proximal margin of the distal stump (Fig 1).
The transferred tendon was then pulled proximally and
passed through a small incision located 1 cm proximal to the
distal margin of the proximal stump. A #11 scalpel blade
was used to create both the distal and proximal AT stump
incisions through which either the FHL or PB tendon was
transferred, and care was taken to keep the fit very snug as
the transferred tendon was passed through the distal and
proximal portions of the simulated rupture of the AT. Fur-
thermore, the transferred tendon was stitched to the adjacent
portion of the AT with interrupted and circumferential su-
tures of 3-0 Vicryl (polyglactin 910; Ethicon, Inc., North
Ryde, Australia) at each entry and exit point to minimize the
risk of the transferred tendon pulling out of the AT.

Biomechanical testing was performed with an 858 Mini
Bionix testing system (MTS Systems Corporation, Eden
Prairie, MN). The proximal part of the tendon reconstruc-
tion model was secured in a brass clamp (Fig 2). To prevent
slippage and to ensure that the soft tissues were securely
attached to the testing apparatus, the brass clamp and the
tendon gripped within the clamp were frozen with liquid
carbon dioxide for 1 minute before loading the tendon to
2 THE JOURNAL OF FOOT & ANKLE SURGERY
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prevent slippage (20). Care was taken to avoid freezing any
of the soft tissues outside of the brass clamp by dripping
room temperature phosphate-buffered saline solution over
those tissues during the freezing phase. Distally, the calca-
neus was seated in a U-shaped jig and attached with a metal
bolt that was positioned through a transverse drill hole in the
body of the calcaneus, thereby rigidly fixing the bone to the
testing machine (Fig 2). When necessary, some of the width
of the bone was removed with a sagittal saw to assure a snug
fit in the U-shaped jig. The reconstructed AT model was
then pulled to failure by application of an axial tensile load
that was imparted to the construct at a rate of 100% per
minute. The load and displacement were measured at 100
Hz with a personal computer and an integrated suite of
testing applications (Software TestWorks SX; Software Re-
search, Inc., San Francisco, CA). The failure load (N),
stiffness (N/mm), energy to peak load (J), and the mode of
failure were recorded for each specimen. The failure load
was defined as the maximum amount of tensile force ap-

FIGURE 1 Repair technique with peroneus brevis tendon (poste-
rior view). A circumferential 3-0 multifilament absorbable suture was
used to augment the repair, which was passed through the Achilles’
tendon.
108
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plied to the construct, and the amount of load per unit of
displacement was used to define the stiffness. Energy was
defined as the area under the curve to maximum failure load.
The mode of failure was described as the observed site and
method of tendon separation. The continuous numeric data
were analyzed with the Student t test, and the categorical
data were analyzed with the Fisher exact test to determine
whether statistically significant differences were present for
failure modes. Statistical significance was defined at the 5%
level, and SPSS (SPSS Inc., Chicago, IL) for Windows
(Microsoft Corporation, Redmond, WA) was used for the
analysis.

Results

A total of 9 PB and 8 FHL reconstructions were prepared
for mechanical testing, and the mean age (at the time of
death) of the cadaveric specimens was 71.1 � 4.9 years. All
of the AT reconstruction models were successfully tested,

FIGURE 2 Setup for biomechanical testing with calcaneus fixed in
U-clamp and proximal Achilles’ tendon stump in brass grips that
were infiltrated with liquid carbon dioxide.
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except for 1 of the PB transfer specimens that failed to meet
the inclusion criteria because the tendon construct slipped
from the proximal clamp (at 360.37 N) before disruption of
any of the fibers of the transferred tendon or of the AT.
Therefore, a total of 16 specimens, 8 PB and 8 FHL, were
tested to failure. Initially, deformation of the AT reconstruc-
tions demonstrated a nonlinear relationship between load
and displacement. This was followed by a period where
displacement and load increased in a linear manner until the
tendon constructs failed. The mean failure loads, stiffness of
the reconstruction, energy to failure, and mode of failure for
all of the reconstructions are presented in Table 1. Statistical
analysis revealed that the failure load of AT reconstructions
with local transfer of PB was significantly higher compared
with reconstructions with local transfer of FHL (P � .036).
There were no statistically significant differences between
the PB and FHL groups in regard to construct stiffness (P �
.48), energy to failure (P � .12), and mode of failure (P �
.65). In all 16 specimens, failure occurred because of pullout
of the transferred tendon graft through either the proximal
or distal stump of the AT. In regard to transfer of PB (n �
8), 4 (50%) of the specimens failed at the proximal stump
and 4 failed at the distal stump. In regard to transfer of FHL
(n � 8), 3 (37.5%) of the specimens failed at the proximal
stump and 5 (62.5%) failed at the distal stump.

Discussion

AT ruptures that have been neglected, or those that show
inadequate union of the tendon stumps, are referred to as
chronic ruptures and are amenable to repair by means of a
wide range of surgical techniques. Studies that quantify the
biomechanical properties of such reconstructions could pro-
vide insight into the ability of such repairs to withstand
early postoperative loading and different rehabilitation reg-
imens. The local tendon transfer and suture techniques
reported in the current study have been reported to be
clinically successful (13, 21), and both PB and FHL tendon
transfers are routinely used for repair of the chronically
ruptured AT (16, 18). Although we were careful to keep the
method of tendon transfer and suture constant in all of the
specimens that we tested, care must be taken when extrap-
olating the results of this investigation to other in vitro, and
clinical, investigations wherein other tendon transfer and
suture techniques are used. In fact, it has been shown that
the mechanical properties of tendon repair vary with the size
of the suture and pattern of suture application (22, 23).

Data from the current study revealed the ultimate failure
load of cadaveric AT reconstructions with PB to be me-
chanically superior to repairs with FHL. Interestingly,
the same general failure mechanism was observed in all of
the specimens, wherein the transferred PB or FHL tendon

graft pulled through at either the proximal or distal stump of
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the AT. Because none of the transferred portions of the PB
or FHL grafts failed during mechanical testing, it appears
that the stumps, either proximal or distal, of the AT may be
the weakest structural component of the repair construct.
Previous biomechanical tests of tensile strength revealed
tendon failure loads of 511.0 � 164.3 N and 333.1 � 137.2
N for FHL and PB, respectively (24). In the current inves-
tigation, we observed the transferred segments of FHL and
PB to remain intact, despite AT stump failure at loads of
241.5 � 82.2 N and 348.8 � 124.9 N for FHL and PB
transfer reconstructions, respectively. In essence, it does not
appear as though tensile failure of the transferred portion of
either FHL or PB plays a role in the failure of AT recon-
structions with these local tendon transfers. The fact that the
AT reconstructions with the PB tendon failed at statistically
significantly higher loads than did those wherein FHL was
used may be related to the relationship of the direction of
the fibers of the AT relative to the force and direction of the
pull of the transferred tendon. However, we were not able to
definitively determine why this was observed in the current
experiment. Finni et al (25) have reported the peak in vivo
force in the AT during walking to be 1430 N. This value is
substantially greater than the failure loads observed in the
cadaveric models that we tested and suggests that either the
portion of the AT distal to the proximal slot, or the portion
proximal to the distal slot, created for transfer of either FHL
or PB, is the weakest link in the reconstruction models.

Based on the results obtained with our cadaveric exper-
imental model, therefore, we feel that surgeons using local
transfer of either the FHL or PB for repair of the chronically
ruptured AT should consider reinforcing the stumps of the
AT in an effort to prevent the transferred tendon from
pulling out. Furthermore, the stiffness of the repair was
14.0 � 3.8 N/mm and 16.5 � 6.3 N/mm for the FHL and
PB constructs, respectively, and these values are consider-
ably lower than those reported for intact AT, FHL, or PB
tendons (24). Therefore, it appears as though the addition of
the locally transferred and sutured tendon grafts does not
effect a construct stiffness that is near that of intact, normal
AT; hence, the repair is unlikely to be able to resist similar
tensile loads until an adequate period of time has gone by

TABLE 1 Structural properties of cadaveric Achilles’ tendon r
or flexor hallucis longus (FHL) tendon grafts

Structural property PB (n � 8)

Failure loads (N) 348.8 � 124.9
Stiffness (N/mm) 16.5 � 6.3
Energy to peak load (J) 3656.0 � 2720.3
Failure � distal pullout* 4/8 (50%)

*Failure � distal pullout: the percentage of specimens that displaye
to the distal, rather than proximal, stump of the Achilles’ tendon.
†Student t test.
‡Fisher exact test.
4 THE JOURNAL OF FOOT & ANKLE SURGERY
TE
D P

RO
O

F

and the tendon has had time to remodel and become stron-
ger with healing. Careful postoperative management with
nonweightbearing and immobilization, therefore, is likely to
be an important adjunct in the effort to achieve a satisfac-
tory result in the clinical realm.

As with all in vitro investigations, our study conveys
certain limitations that probably influence the clinical mean-
ing of our results. We used macroscopically healthy ATs
in our tests. In clinical practice, the AT stumps associated
with neglected ruptures are likely to be atrophic and more
degenerated (26, 27) and probably of inferior mechanical
strength than those used in our cadaveric model. On the
other hand, the specimens used in our investigation were
harvested from cadavers of humans that were considerably
older than the age of the typical patient sustaining an acute
AT rupture or that of most patients dealing with chronic
ruptures of the AT. It is likely that both of these biases may
have neutralized one another, to some degree, in our inves-
tigation. Moreover, the human cadaver model used in this
study only allowed the biomechanical testing of the recon-
struction to be undertaken immediately after the repair and
freezing of the proximal clamp. The construct did not take
into consideration biotransformation of the reconstruction
related to healing; hence, our model probably produced
results that would be relatively weaker than those observed
in the clinical realm (assuming that the patient underwent a
satisfactory postoperative course). Therefore, on the basis of
our data, no conclusions can be drawn regarding the possi-
ble functional outcome, longevity, or healing of the con-
struct in vivo. Finally, our sample size of n � 8 per group
was small, and this may have prevented us from identifying
statistically significant differences in regard to stiffness,
energy to failure, and mode of failure, should such differ-
ences actually exist. A post hoc power analysis revealed that
a sample size of N �60 would have been required to detect
statistically significant differences between the groups at
� � 0.05 and � � 0.8. At our institution, it is unrealistic to
accrue a sample size of such magnitude because of difficul-
ties related to obtaining cadaveric donor tissues for biome-

structions (N � 16) with local transfer of peroneus brevis (PB)

FHL (n � 8) P value

241.5 � 82.2 .036†
14.0 � 3.8 .48†

2406.7 � 1621.8 .12†
(5/8) 62.5% .65‡

ure by means of pullout of transferred tendon from the attachment
econ

d fail
chanical testing. 216
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In conclusion, based on the analysis of the biomechanical
data obtained in this investigation, the use of either FHL or
PB local tendon transfer for reconstruction of AT ruptures
performs similarly in regard to stiffness, energy to failure,
and mode of failure. The PB transfer displayed a higher load
to failure than did use of FHL, and this difference was
statistically significant, although it may not be clinically
significant. Efforts toward reinforcing the integrity of the
stumps of the AT to resist pullout of the transferred tendon
may improve the biomechanical function of local transfer of
either FHL or PB for reconstruction of the AT. Finally, the
information gained from this investigation may be useful
in the development of randomized, controlled trials com-
paring the use of FHL and PB local tendon transfers for
repair of the chronically ruptured AT.

References

1. Cretnik A, Frank A. Incidence and outcome of rupture of the Achilles
tendon. Wien Klin Wochenschr 116(suppl 2):33–38, 2004.

2. Houshian S, Tscherning T, Riegels-Nielsen P. The epidemiology of
Achilles tendon rupture in a Danish county. Injury 29:651–654, 1998.

3. Maffulli N, Waterston SW, Squair J, Reaper J, Douglas AS. Changing
incidence of Achilles tendon rupture in Scotland: a 15-year study. Clin
J Sport Med 9:157–160, 1999.

4. Maffulli N. The clinical diagnosis of subcutaneous tear of the Achilles
tendon. A prospective study in 174 patients Am J Sports Med 26:266–
270, 1998.

5. Thermann H, Hufner T, Tscherne H. Achilles tendon rupture. Ortho-
pade 29:235–250, 2000.

6. Popovic N, Lemaire R. Diagnosis and treatment of acute ruptures of
the Achilles tendon. Current concepts review Acta Orthop Belg 65:
458–471, 1999.

7. Abraham E, Pankovich AM. Neglected rupture of the Achilles tendon.
Treatment by V-Y tendinous flap J Bone Joint Surg (Am) 57:253–255,
1975.

8. Choksey A, Soonawalla D, Murray J. Repair of neglected Achilles
tendon ruptures with Marlex mesh. Injury 27:215–217, 1996.

9. Lee MS. GraftJacket augmentation of chronic Achilles tendon rup-
tures. Orthopedics 27s:151–153, 2004.

10. Lerch K, Caro W, Perlick L, Baer W, Schubert T, Grifka J. Unrecog-
nized and untreated rupture of the Achilles tendon-operative treatment
in cases of unstable scar tissue. Orthopade 32:816–823, 2003.

11. Leslie HD, Edwards WH. Neglected ruptures of the Achilles tendon.
UNCFoot Ankle Clin 10:357–370, 2005.
TE
D P

RO
O

F

12. Maffulli N, Leadbetter WB. Free gracilis tendon graft in neglected
tears of the achilles tendon. Clin J Sport Med 15:56–61, 2005.

13. McClelland D, Maffulli N. Neglected rupture of the Achilles tendon:
reconstruction with peroneus brevis tendon transfer. Surgeon 2:209–
213, 2004.

14. Nellas ZJ, Loder BG, Wertheimer SJ. Reconstruction of an Achilles
tendon defect utilizing an Achilles tendon allograft. J Foot Ankle Surg
35:144–148, 1996.

15. Ozaki J, Fujiki J, Sugimoto K, Tamai S, Masuhara K. Reconstruction
of neglected Achilles tendon rupture with Marlex mesh. Clin Orthop
Relat Res 204–208, 1989.

16. Wapner KL, Pavlock GS, Hecht PJ, Naselli F, Walther R. Repair of
chronic Achilles tendon rupture with flexor hallucis longus tendon
transfer. Foot Ankle 14:443–449, 1993.

17. Lewis N, Quitkin HM. Strength analysis and comparison of the Teno
Fix Tendon Repair System with the two-strand modified Kessler repair
in the Achilles tendon. Foot Ankle Int 24:857–860, 2003.

18. Miskulin M, Miskulin A, Klobucar H, Kuvalja S. Neglected rupture of
the Achilles tendon treated with peroneus brevis transfer: a functional
assessment of 5 cases. J Foot Ankle Surg 44:49–56, 2005.

19. Maffulli N. Rupture of the Achilles tendon. J Bone Joint Surg Am
81:1019–1036, 1999.

20. Sharkey NA, Smith TS, Lundmark DC. Freeze clamping musculo-
tendinous junctions for in vitro simulation of joint mechanics. J Bio-
mech 28:631–635, 1995.

21. Pintore E, Barra V, Pintore R, Maffulli N. Peroneus brevis tendon
transfer in neglected tears of the Achilles tendon. J Trauma 50:71–78,
2001.

22. Lawrence TM, Davis TR. A biomechanical analysis of suture materials
and their influence on a four-strand flexor tendon repair. J Hand Surg
[Am] 30:836–841, 2005.

23. Xie RG, Zhang S, Tang JB, Chen F. Biomechanical studies of 3
different 6-strand flexor tendon repair techniques. J Hand Surg [Am]
27:621–627, 2002.

24. Datta B, Salleh R, Neil M, Bulter A, Walsh WR. Mechanical proper-
ties of human flexor hallucis longus, peroneus brevis and tendo achil-
lies tendons. In 52nd Annual Meeting of the Orthopaedic Research
Society. Chicago, IL: Orthopaedic Research Society 31:1889, 2006.

25. Finni T, Komi PV, Lummariniemi J. Achilles tendon loading during
walking using a novel optic fiber technique. Eur J Appl Physiol
77:289–291, 1998.

26. Tallon C, Maffulli N, Ewen SW. Ruptured Achilles tendons are
significantly more degenerated than tendinopathic tendons. Med Sci
Sports Exerc 33:1983–1990, 2001.

27. Cetti RJ, Junge J, Vyberg M. Spontaneous rupture of the Achilles
tendon is preceded by widespread and bilateral tendon damage and
ipsilateral inflammation: a clinical and histopathologic study of 60

patients. Acta Orthop Scand 74:78–84, 2003.

VOLUME XX, NUMBER X, MONTH 2007 5

258
259
260
261
262
263
264
265
266
267
268
269
270



JOBNAME: AUTHOR QUERIES PAGE: 1 SESS: 1 OUTPUT: Thu Aug 30 13:29:06 2007
/tapraid2/zft�jfas/zft�jfas/zft00607/zft2027d07z

AQ1— Please provide degree(s) for each author. Also, please spell out all first names.

AQ2— Please provide job titles for each author.

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES 1


