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A B S T R A C T

Background: Arthrodesis of the first metatarsophalangeal joint is a commonly performed orthopaedic
procedure. The optimum method of fixation and joint surface preparation has yet to be determined.
Methods: This study compared four fixation techniques:

* Crossed cannulated screws with cup-cone reaming of the joint surface;
* Dorsal plate with separate interfragmentary screw and cup-cone reaming of the joint surface;
* Dorsal plate with separate interfragmentary screw with planar preparation of the joint surface;
* Dorsal plate alone with cup-cone reaming of the joint surface.

Biomechanical grade sawbones were used. The dorsal plate used was a titanium, anatomically contoured
locked plate.
Testing was performed using an Instron machine applying force from the plantar aspect of the fused joint.
Each fused sample was tested to failure. Stiffness, as calculated from the force-displacement curve, and
ultimate load tolerated were recorded for each sample. The method of failure of each sample was also
documented.
Results: Constructs arthrodesed using dorsal plate with separate screw groups, regardless of method of
joint preparation, were the stiffest (p < 0.001). The weakest construct was dorsal plate alone without
interfragmenary screw. There was no difference in stiffness between planar and cup-cone joint
preparation (p = 0.99).
Maximum load tolerated was similar when comparing Crossed Screws with dorsal plate with screw with
either cup-cone or planar reaming (p = 0.93, p = 0.89 respectively). Dorsal plating alone tolerated a
significantly lower maximum load than Plate with Screw Groups or Crossed Screws (p < 0.001).
Conclusion: This study confirms that an IFS combined with a dorsally positioned locked-plate is the ideal
construct, with the joint preparation technique of little consequence.

ã 2016 European Foot and Ankle Society. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Arthrodesis of the first metatarsophalangeal joint (MTPJ) was
first described by Clutton in 1894 for the treatment of hallux
valgus. Today, it is a commonly performed procedure in the
treatment of disorders of the great toe including hallux valgus,
hallux rigidus, rheumatoid arthritis, neuromuscular instability and
as a salvage option for failed procedures [1–3].

The primary aims are reduction of pain and restoration of
function. The ideal fixation should be simple, reproducible, have a
high rate of fusion and low incidence of complications.

A good outcome following arthrodesis is dependent on two
factors: rigid fixation and compression to promote primary bone
healing and maintenance of bony position for functional success.
Therefore, the current literature focuses on rigid internal fixation.
Furthermore, fixation strong enough to allow early weightbearing
without compromising fixation would be highly desirable.

A number of techniques for both fixation and joint preparation
have been described.

Joint preparation for arthrodesis has traditionally been
performed using planar cuts of the bone ends. Planar excision is
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simple and allows fine adjustment of the proposed angle of fusion.
Convex-concave reaming, initially proposed in the 1950s, is
becoming increasingly popular [4–8] due to its inherent stability
with large surface area, compressive properties and the possibility
for improved bone preservation which is particularly helpful in
salvage procedures [9].

Fixation methods described include external fixators, Kirschner
wires, Steinmann pins, interfragmentary lag screws (IFS) in various
alignments, dorsal plates, staples, sutures or a combination of
these methods [1,3,7,8,10–16].

Biomechanical studies have shown that cup-cone reaming and
fixation with a dorsal plate in combination with lag screw is the
most stable construct [17–19]. Single or crossed interfragmentary
screws also provide good fixation.

However, the incidence of non-union runs from 5.4% to 10%
[3,10] and malunion and hardware removal rates comprise 6.1%
and 8.5% of cases respectively [3]. As a result, there is still a need to
determine the most effective method of fixation in order to
minimise the incidence of these complications.

Therefore, understanding the biomechanical features of meth-
ods of arthrodesis may provide greater insight into what the most
optimal osteosynthesis technique might be.

For many years, our personal practice has consisted of an IFS in
compression combined with a dorsally positioned plate.

The aims of this study were to biomechanically compare the
construct combining an interfragmentary lag screw with a dorsal
plate, using two different joint preparation techniques, with the
most popular construct (2 Crossed Screws) and also to emphasise
the importance of the IFS in improving the stability and rigidity of
the arthrodesis.

2. Materials and methods

2.1. Materials

! Four combinations of fixation and joint preparation were
compared:

Technique 1: two crossed interfragmentary lag screws with
cup-cone reaming of the joint surface (‘Crossed Screws’).

Technique 2: anchorage plate (Laboratoire Mémométal Stryker)
with separate interfragmentary lag screw, and cup-cone reaming
of the joint surface (‘CC Plate Screw’).

Technique 3: anchorage plate with separate Interfragmentary
lag screw and planar reaming of the joint surface (‘PL Plate
Screw’).

Technique 4: dorsal plate alone without interfragmentary screw
and cup-cone reaming of the joint surface (‘Plate No Screw’).

! Twenty sets of metatarsal/proximal phalanx synthetic bio-
mechanical grade bone models (Sawbones, Pacific Research
Laboratories, Malmo, Sweden) were fused using the techniques
outlined above. These synthetic bone models consist of a
standardized left sided first metatarsal and proximal phalanx
pair mimicking that of human cortical bone with a cancellous
centre. They demonstrate similar compressive, tensile and shear
strength and modulus of elasticity to human bone. They were
chosen to reduce variability introduced by the use of cadaveric
specimens. Four groups were tested, each containing five
specimens.

! Joint surfaces were prepared by machine in one of two fashions:
cup-cone reaming using 20 mm reamers supplied with the
Anchorage plate or with laser guided planar cuts where the
proximal phalanx was cut perpendicular to the shaft and
metatarsal was cut in 25" dorsiflexion and 10" valgus relative

to the metatarsal shaft. All reamed and planar cut constructs
were the same total length.

! The position of the arthrodesis was standardised using a
customised fabricated jig to ensure accurate plate, screw and
bone positioning (Fig. 1).
" In the first group the crossed interfragmentary screws used
(Stryker1 Asnis, 4.0 mm partially threaded) were placed
obliquely 1 cm proximal to the arthrodesis site from the
medial aspect of the proximal phalanx, across the MTP joint
and through the lateral cortex of the first metatarsal. This was
repeated in mirror image on the lateral side.

" The second and third groups differed in the method of joint
preparation but were stabilised using the same method: plate

Fig. 1. Jig to ensure construct standardisation.

Fig. 2. Xrays of Crossed Screw and Plate and Screw fixation methods.
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fixation using a titanium contoured 5 hole plate (V2 Anchorage
plate, Stryker) placed on the dorsal aspect of the first
metatarsal and proximal phalanx and secured with 4 dorsal
to plantar 3 mm locking screws and one 3 mm non locking
screw. The screws varied in length from 18 to 24 mm and
engaged the opposite cortices. The IFS (Fixos1 Laboratoire
Mémométal Stryker) were placed prior to the plate, from the
plantar aspect of the phalanx to the lateral aspect of the
metatarsal (Fig. 2).

" In the fourth group no interfragmentary screw was used. The
dorsal plate was applied in the same fashion as previously
described.

2.2. Methods

! All operations were performed by the two senior authors (YT and
PM) to minimise variation in technique.

! Testing was performed using a multiaxial Instron 8874 servohy-
draulic fatigue testing machine (Instron Limited, High Wycombe
UK). A 10 kN dynamic tension/torsion Instron load cell was used
to collect load data. Multi axial fatigue testing Instron software
incorporating its own data acquisition software was used to
control the machine. The load output from the load cell and the
displacement of the hydraulic actuator of the Instron were
logged using this software.

! Once arthrodesed and before testing, each construct was set-up
in a custom designed positioning guide. The moulded base of the
metatarsal was clamped and mounted on a vice, which was fixed
to the base table of the Instron machine. The position of each
specimen in the jig was standardised. The moulded base at the
‘distal’ end of the phalanx was also encased in a clamp, which
was attached to a universal joint, that was in turn attached to the
underside of the hydraulic actuator of the Instron machine
(Fig. 3). Load was applied to the construct by the linear
displacement of the hydraulic actuator, which was then
converted into flexion of the construct through the action of
the universal joint. During testing the hydraulic actuator was set
to move at a speed of 2 mm/min and this was applied to the
plantar aspect of the phalangeal end of the construct.

! This mimics the forces applied in vivo with footfall kinetics
where compressive force is applied to the inferior surface of the
arthrodesed construct. This method simulates the worst loading
arrangement thought to be applicable to joint fixation, that is
with the metatarsal held rigid and the phalanx loaded

perpendicular to the long axis of the toe. Each specimen was
loaded to failure and displacement of the distal phalanx from its
original position recorded.

! The initial stiffness of fixation was calculated from the force-
displacement curves and defined as the initial slope of these
curves from 0 to 5 mm. A larger distance was chosen in
comparison to other studies (which use 1 mm displacement)
because distance was measured at the distal phalanx rather than
at the joint. The ultimate load at failure was deemed to be the
value on the force displacement curve preceding a precipitous
drop off in load tolerated. The construct was then allowed to
progress to total failure defined as bending of the plate or bone
fracture. Time to failure and vertical displacement of the distal
phalanx of the construct at failure in relation to its position at
beginning of testing was also recorded by the Instron machine.
The mode of failure was noted for each specimen.

! Each test was video-recorded and specimens were photographed
before and after testing to document type of failure (see
Supplementary figures).

! An Analysis of Variance (ANOVA) was performed to determine
the effect of fixation technique on the stiffness of the construct,
time to failure, position at failure (deformation) and ultimate
load tolerated. Following the ANOVA, Tukey’s Honest Significant
Difference was applied to the pairwise comparisons between
Plate Types to adjust for the multiple comparisons involved. A
p-value under 0.05 was required to be significant.

3. Results

3.1. Stiffness

Plate No Screw was the weakest construct. CC Plate Screw and
PL Plate Screw were the stiffest constructs. The difference was
most marked when compared with Plate No Screw (p < 0.001) and
slightly less so when compared with Crossed Screws (p = 0.002).
The method of joint preparation was not significant when CC and
PL Plates Screw Groups were compared (p = 0.99) (Fig. 4).

3.2. Time to failure

CC Plate Screw and PL Plate Screw took the longest to fail with a
mean time of 597 and 546 s respectively. Although cup-cone
reamed joint surfaces demonstrated a trend towards increased

Fig. 3. Experimental set up. Fig. 4. Plot of mean stiffness by fixation method.
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resilience compared with planar joint preparation, this did not
reach significance (p = 0.09).

Crossed Screws did not differ significantly in resilience when
compared with PL Plate Screw (p = 0.53). Crossed Screws were less
resilient than CC Plate Screw (p = 0.007). There was no significant
difference between Crossed Screws and Plate No Screw (p = 0.28).
This may be because both Crossed Screw and PL Plate Screw
underwent less deformation during the experiment and so reached
the Ultimate Load tolerated more quickly.

Plate No Screw failed the most quickly in comparison to CC Plate
Screw (p < 0.001) and PL Plate Screw. (p = 0.02) (Fig. 5).

3.3. Position at failure/deformation

CC Plate Screw showed the greatest change in position relative
to the fixed end of the construct (19.68 mm). This was followed by
PL Plate Screw. The difference between these groups was not
significant (p = 0.11). Crossed Screws showed significantly less
deformation than CC Plate Screw (p = 0.009) but non-significant
difference in deformation in comparison to the PL Plate Screw
(p = 0.59). Plate No Screw deformed the least in total (15.88 mm),
presumably because it failed early in the test (Fig. 6).

3.4. Maximum load tolerated

Crossed Screws tolerated the highest maximum load
(380 N) but the difference between this group and the CC and
PL Plate Screw Groups was not significant (p = 0.93 and
p = 0.89 respectively). The difference in the maximum load
tolerated comparing the CC and PL Plate Screw Groups was not
significantly different (p = 0.99). Plate No Screw tolerated a
significantly lower load than CC and PL Plate Screw Groups or
Crossed Screws (p < 0.001) (Fig. 7).

3.5. Mode of failure

Groups failed in different fashions depending on method of
fixation. Crossed Screws generally failed (3/5) with spiral fracture
of the metatarsal at the site of screw emergence. Otherwise they
failed by fracture of the distal phalanx (2/5) in a similar location to
the plate groups. CC and PL Plate Screw constructs all failed in the
same way with oblique fracture of the phalangeal shaft just distal

to the plate. However, there was more evidence of screw pullout
and separation of the joint surfaces in the group with the planar
joint preparation when compared to the cup-cone joint prepara-
tion. The Plate No Screw also failed with fracture of the distal
phalanx but there was more evidence of plate bending in this
group.

The mean results by group and comparison of the groups are
presented in Tables 1–5.

4. Discussion

! The findings of our study indicate that dorsal plating, combined
with interfragmentary screw is the stiffest construct, regardless
of joint preparation technique. As well as being stiff, it tolerates
an equivalent ultimate load to crossed cannulated screws. The
addition of the IFS to the dorsal plate improves the weakness of
the plate only and emphasizes the role of this screw for the
rigidity of the fusion.

! Nevertheless our study has some limitations.Fig. 5. Plot of mean time to failure by fixation method.

Fig. 6. Plot of mean position at failure by fixation method.

Fig. 7. Plot of mean maximum load tolerated by fixation method.
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" Firstly the relatively small numbers of specimens in each
group, while enough to show significance, might show even
more of a difference between groups in a study with greater
power.

" Secondly, the use of synthetic bones may not reflect the
properties of real bone accurately, particularly the effects of
fixation on osteoporotic bone. The advantages however, are the
homogeneity of specimens using synthetic bones when
compared with cadaveric specimens and the reproducibility

of fixation through the use of machine reaming and a guide for
plate application.

" Thirdly, as in all biomechanical studies, our model operates
without consideration for the bone healing process so most
accurately represents only the immediate post operative stage.

" Finally, this experiment was conducted by applying a single
continuously increasing load and does not address the
question of the effect of repetitive loading on the constructs.

! In comparison with our study, the following points from
previously published literature should be considered.

Table 1
Mean results and SDs by fixation method.

Group Crossed Screws CC Plate Screw PL Plate Screw Plate No Screw

Stiffness N/mm (SD) 9.32 (2.17) 19.30 (1.43) 19.08 (2.89) 3.76 (0.55)
Time to failure s (SD) 518.98 (35.98) 597.83 (30.45) 546.93 (21.80) 481.04 (38.48)
Position at failure mm (SD) 17.16 (1.18) 19.68 (1.09) 18.02 (0.68) 15.88 (1.27)
Mean maximum Load N (SD) 382.4 (84.6) 364.4 (25.9) 360.6 (31.5) 211.5 (21.4)

Table 2
Pairwise comparisons following the ANOVA model for stiffness using Tukey’s HSD adjustment for multiple comparisons.

Comparison Estimate of slope differences Standard error p-value

CC Plate Screw Plate No Screw 15.54 1.24 <0.001
Crossed Screws Plate No Screw 5.56 1.24 0.002
PL Plate Screw Plate No Screw 15.32 1.24 <0.001
Crossed Screws CC Plate Screw #9.98 1.24 <0.001
PL Plate Screw CC Plate Screw #0.22 1.24 0.99
PL Plate Screw Crossed Screw 9.76 1.24 <0.001

Table 3
Pairwise comparisons following the ANOVA model for time to failure using Tukey’s HSD adjustment for multiple comparisons.

Comparison Estimate of slope differences Standard error p-value

CC Plate Screw Plate No Screw 116.79 20.44 <0.001
Crossed Screws Plate No Screw 37.94 20.44 0.28
PL Plate Screw Plate No Screw 65.90 20.44 0.02
Crossed Screws CC Plate Screw #78.86 20.44 0.007
PL Plate Screw CC Plate Screw #50.89 20.44 0.09
PL Plate Screw Crossed Screw 27.96 20.44 0.53

Table 4
Pairwise comparisons following the ANOVA model for position at failure using Tukey’s HSD adjustment for multiple comparisons.

Comparison Estimate of slope differences Standard error p-value

CC Plate Screw Plate No Screw 3.80 0.68 <0.001
Crossed Screws Plate No Screw 1.28 0.68 0.27
PL Plate Screw Plate No Screw 2.14 0.68 0.03
Crossed Screws CC Plate Screw #2.52 0.68 0.009
PL Plate Screw CC Plate Screw #1.66 0.68 0.11
PL Plate Screw Crossed Screw 0.86 0.68 0.59

Table 5
Pairwise comparisons following the ANOVA model for maximum load tolerated using Tukey’s HSD adjustment for multiple comparisons.

Comparison Estimate of slope differences Standard error p-value

CC Plate Screw Plate No Screw 0.152 0.03 <0.001
Crossed Screws Plate No Screw 0.171 0.03 <0.001
PL Plate Screw Plate No Screw 0.149 0.03 <0.001
Crossed Screws CC Plate Screw 0.018 0.03 0.93
PL Plate Screw CC Plate Screw #0.003 0.03 0.99
PL Plate Screw Crossed Screw #0.022 0.03 0.89
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" Many of the biomechanical studies reported are limited by the
use of cadaveric bones, which introduce heterogeneity into the
testing process, even with the use of matched pairs [17,19–21].
In fact, variability in bone density between matched pairs has
been shown to be in the order of 12–29% [22]. As well as using
biomechanical grade saw bones (Young’s modulus comparable
to human bone), we further attempted to reduce variation in
the fixation of the bones by using a custom-designed guide as
has been suggested in other studies [18,23,24] as well as by
machine reaming both the cup-cone and planar joint surfaces
using exact measurements and markers.

" The only differences noted between the two methods of joint
preparation was that planar joint preparation allowed less
deformation as the flat ends allow little sliding as the plate
comes under increasing pressure. But Curtis, in a biomechani-
cal study reported the superiority of cup-cone reaming and
fixation with IFS and plate, when compared with planar
excision combined with either crossed Kirschner wires, dorsal
plate or single IFS [19].

" There was also some evidence of screw pullout as the construct
approached failure. Therefore, dorsal plating with inter-
fragmentary screw is at least equivalent, if not superior to
Crossed Screws, with easier application and more predictable
outcomes. It should also be noted that plate or screw breakage
did not occur in any of the twenty constructs during the testing
process. It has been shown that the weakest part of a
compression screw construct is the bone flange of the proximal
phalanx [7,20,24]. As in other studies, Crossed Screws failed by
either torsional force causing metatarsal spiral fracture at the
site of screw emergence [19] or phalangeal shaft fracture [23].
Of note, however, there was no evidence of fracture around the
bony flange of IFS emergence in the Plate with Screw Groups.
As shown in other studies, Plate No Screw group showed more
evidence of plate bending before phalangeal fracture [19–
21,23].

" Crossed Screws, the most difficult group to standardise due to
the operator-dependent nature of its application, has a much
greater standard deviation in ultimate load tolerated in
comparison to the Plate with Screw Groups which produced
more reproducible and closely matched results.

! Politi found that strongest implant was a plate with lag screw
construct which was three times more stable than lag screw
alone and 10 times stronger than plate only [18]. Buranosky also
found that a non-locked dorsal plate with IFS was superior to
Crossed Screws [17].

! This biomechanical study emphasizes that locked plates in
combination with interfragmentary screw provide the best
fixation—strong and rigid plates with minimal screw loosening
while also reaping the benefits of interfragmentary compression
that the screw provides. This is borne out in the good results of a
number of clinical studies.
" For example, Mann reported a 95% fusion rate with plate with
screw technique [12]. Similarly, Hecht presented a series in
which MTPJ arthrodesis healed 6 weeks faster after fixation
with a dorsal miniplate and oblique screw when compared
with two Steinman pins [25]. Flavin and Stephens also
reported 100% union rates at six weeks in a small series of
patients fused using a low profile contoured plate and cup and
cone joint preparation [26]. Coughlin and Abdo reported a 98%
union rate using a 1/3 tubular vitallium plate [27]. Sage
reported a 100% fusion rate with both Crossed Screws and Plate
with Screws techniques [28]. Hyer et al. reported a 93% fusion
rate with Plate and IFS technique [29].

" Nevertheless the preparation technique of the joint surface
remains in question, with some studies declaring the
superiority of planar cuts [24] and others advocating cup-

cone reaming [19]. Certainly there are advantages to cup-cone
reaming in terms of bone preservation and positioning. Planar
cuts, however, allow more compression of bone surfaces than
cup-cone reaming unless an interfragmentary screw is used.
Clinical studies have reported good results with cup-cone
reaming [10,27]. The second advantage of rigid fixation lies in
the possibility for early postoperative weightbearing.

" Bennet et al. reported a 15% nonunion rate using a non-locked
dorsal titanium plate with IFS with all failures attributable to
hardware failure [30]. Ellington et al. reported a 12% non-union
rate in patients using a non-locked stainless steel plate [31].
Similarly Goucher and Coughlin reported an 8% non-union rate
using non-locked dorsal titanium plates [32]. To reduce the
risk of hardware failure, then, it would seem to be prudent to
avoid using non-locked plates or even locked plates without
IFS, as demonstrated in our study. The safer option would be
the combination of a IFS and a locked-plate.

" While it seems that casting is no longer essential [15,27,28],
traditionally patients undergoing arthrodesis are prohibited
from weight-bearing for 4–6 weeks postoperatively. More
recent studies have advocated full post-operative weight-
bearing and have shown no adverse outcomes [8,33,34]. Faster
time to fusion may also occur as suggested by Hecht who found
that MTPJ arthrodesis healed 6 weeks faster with a dorsal
miniplate and oblique screw than with fixation using two
Steinman pins [25]. In active patients, or the obese or for those
patients that cannot afford prolonged immobilization, rigid
internal fixation is a distinct advantage.

5. Conclusion

Fusion of the MTP joint remains an important and frequently
performed operation in foot and ankle surgery. Although it has not
been proven definitively, techniques with greater strength may
result in more predictable and faster healing times. This study
confirms that an IFS combined with a dorsally positioned locked-
plate is the ideal construct, with the joint preparation technique of
little consequence. A prospective clinical study is in progress in
order to validate the outcomes of such a procedure.
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