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Background: Fixation of proximal chevron metatarsal osteotomy has been accomplished using K-wires traditionally and with a
locking plate recently. However, both methods have many disadvantages. Hence, we developed an intramedullary fixation tech-
nique using headless cannulated screws and conducted a biomechanical study to evaluate the superiority of the technique to K-
wire and locking plate fixations.

Methods: Proximal chevron metatarsal osteotomy was performed on 30 synthetic metatarsal models using three fixation tech-
niques. Specimens in group | were fixated with K-wires (1.6 mm x 2) and in group Il with headless cannulated screws (3.0 mm x
2) distally through the intramedullary canal. Specimens in group IIl were fixated with a locking X-shaped plate (1.3-mm thick) and
screws (2.5 mm x 4). Eight metatarsal specimens were selected from each group for walking fatigue test. Bending stiffness and
dorsal angulation were measured by 1,000 repetitions of a cantilever bending protocol in a plantar to dorsal direction. The remain-
ing two samples from each group were subjected to 5 mm per minute axial loading to assess the maximal loading tolerance.
Results: All samples in group | failed walking fatigue test while group Il and group Ill tolerated the walking fatigue test. Group Il
showed greater resistance to bending force and smaller dorsal angulation than group Il (p = 0.001). On the axial loading test, group
I and group Il demonstrated superior maximum tolerance to group Il (54.8 N vs. 47.2 N vs. 28.3 N).

Conclusions: Authors have demonstrated proximal chevron metatarsal osteotomy with intramedullary screw fixation provides
superior biomechanical stability to locking plate and K-wire fixations. The new technique using intramedullary screw fixation can
offer robust fixation and may lead to better outcomes in surgical treatment of hallux valgus.
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There are more than 130 surgical procedures for hallux
valgus (HV) deformity,” and they are categorized into
proximal, distal and midshaft procedures. Proximal pro-
cedures are often more popular for moderate to severe
HV deformity as they allow a larger amount of correction

Received May 6, 2017; Accepted September 18, 2017

Correspondence to: Hun Ki Cho, MD

Foot and Ankle Clinic, Eulji Medical Center, Eulji University College of
Medicine, 68 Hangeulbiseong-ro, Nowon-gu, Seoul 01830, Korea

Tel: +82-2-970-8260, Fax: +82-2-974-8259

E-mail: part4uos@naver.com

compared to distal and midshaft procedures.>’

Common proximal procedures include the Ludloff
osteotomy, proximal crescentic osteotomy, and proximal
chevron metatarsal osteotomy (PCMO). The PCMO is
known for its powerful reduction of the intermetatarsal
angle by lateral angulation, translation and supination of
fragments, and it has been reported to have relatively few
complications.” In comparison to the proximal crescentic
osteotomy, the PCMO has shown a lower risk of malunion
in the osteotomy site, less shortening and better sesamoid
reduction,” and when compared to the Ludloff osteotomy,
the PCMO provides larger intermetatarsal angle correc-
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tion with minimal changes in distal metatarsal articulation
by translation.”

Despite these benefits, lateral translation and angu-
lation decrease the contact surface between two fragments,
resulting in less stable fixation.” In addition, the small
proximal bone fragment and irregular medial cortical con-
tour may make it difficult to secure. The conventional pin
and screw fixation and the recent locking plate fixation
all seem insufficient to provide stable fixation due to the
small fixation surface and technical difficulties.” It has also
been reported that complications associated with insuffi-
cient fixation, loss of correction, and excessive shortening
range from 17% to 28%.™”

We conjectured that considering the vectors of can-
tilever bending stress, locking plate fixation would not
offer sufficient stability. Thus, we have introduced two 3.0-
mm headless cannulated screws to secure intramedullary
fixation comparable to the conventional K-wire fixation.
We postulated that the headless screw fixation may deliver
more ideal fixation with stability. The aims of our study
are to compare our technique with other popular fixation
techniques (two K-wire and locking plate fixations) in
terms of various properties of biomechanical stability.

METHODS

Experimental Groups

A total of 30 synthetic models of the first metatarsal (#3422,
4th Generation Metacarpal, Sawbones; Pacific Research
Laboratories, Vashon, WA, USA) were included in this
study. Each specimen model was a cortical bone analog
containing short glass fiber reinforced epoxy that offered
the possibility of improving the uniformity of mechani-

cal properties within a composite replicate bone, allowing
for greater anatomic detail to be added to the bones.” The
specimens were randomly assigned to three equal groups
of 10 specimens. Group I was fixated with two K-wires of
1.6-mm diameter that was inserted along the intramedul-
lary canal distally from the base of metatarsal. Group II
was fixated with two 3.0-mm headless partial threaded
cannulated screws (Titanium; Jeil Medical Corp., Seoul,
Korea) in the same way as in group I. Group III was fix-
ated with a 1.3-mm depth locking plate with four 2.5-mm
locking screws (Titanium, Jeil Medical Corp.) (Fig. 1).

Surgical Procedures

Proximal reverse chevron osteotomy was performed in
all three groups. Using a 90° chevron cutting guide, each
specimen was prepared with a reverse chevron cut at 10
mm distal from the base using a microsagittal saw. After
Osteotomy, the distal fragment was displaced about 3 mm
and 15° by lateral translation and rotation, and K-wire was
used for temporary fixation. Ten osteotomized specimens
were then randomly allocated to each group. Group I was
fixated with two 1.6-mm K-wires advanced from the base
of specimens to the metatarsal head through the intramed-
ullary canal while group II was fixated with two 50 mm of
3.0-mm headless cannulated screws in the same way as in
group 1. Group III was fixated with a 1.3-mm locking plate
and four 2.5-mm locking screws after slightly trimming
the surface of specimens for better bone-to-locking plate
contact. All specimens were examined under C-arm to
confirm the degree of correction, the location of fixators,
and fixation condition.

| ™

Fig. 1. Fixation constructs for three groups. (A) Group I: K-wires (1.6 mm x 2). (B) Group II: headless cannulated screws (3.0 mm x 2). (C) Group IlI: locking

plate (1.3 mm in depth) and screws (2.5 mm).
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Biomechanical Testing

The metatarsocuneiform joint complex was stabilized by
a uniaxial testing frame called Instron (E3000; Instron,
Norwood, MA, USA) with a load cell of + 5 kN Dynacell.
The walking fatigue and axial loading tests were done. The
axial loading test was performed at a loading speed of 5
mm per minute in the lateral to medial direction for all
specimens. While the walking fatigue test was performed
by applying 1,000 repetitions of bending force at 0.5 Hz,
the sine wave ranged from 0 to 31 N in the plantar to dor-
sal direction (Fig. 2).01

Data Analysis

The axial loading test data were plotted in a load-displace-
ment graph (N/mm) where the maximum load was shown
instantly. The average of sudden descent of resistance in
the graph was compared among groups. In the walking
fatigue test, both bending stiffness and dorsal angulation
at the peak load of 31 N were documented on the Ist,
10th, 50th, and 100th cycle, and then every 100 cycles un-
til the 1,000th cycle. The slope of the latter one-quarter of
the ascending load-displacement curve, a region that was
consistently linear, was utilized to measure the stiffness

5 mm/min

of deflection of the distal metatarsal head. The number of
broken specimens was calculated in each cycle, and the av-
erage bending stiffness and dorsal angulation of the intact
specimens were compared among groups.

Statistical Analysis

Statistical significance was set at the 95% confidence level.
Two-tailed Wilcoxon matched-pair signed-rank tests were
used to determine the significance of differences in bend-
ing stiffness and dorsal angulation test among the three
groups.

RESULTS

In the axial loading test, the maximum load for the K-
wire was 54.8 N and for the headless cannulated screw was
47.2 N while it was only 28.3 N for the locking plate. The
resistance of the locking plate construct to the load in the
medial direction was significantly lower than that of the
others (Fig. 3).

In the walking fatigue test, all the biomechanical
variables were measured and constructs of cannulated
screws and locking plates were compared statistically. All

0to 31N

Fig. 2. (A) Biomechanical testing
apparatus. (B) Axial loading test. (C)
Walking fatigue test.

A B C
60 60 60
50 50 50
Z 40 Z 40- Z 40
§ 30 - § 30 - § 30
3 20 20 A — 20 A
10 4 10 4 10 -
T T T T 1 T T T 1 T T T T T T 1
0 10 20 30 40 50 0 10 30 40 50 0 5 10 15 20 25 30 35

Displacement (mm)

Displacement (mm)

Displacement (mm)

Fig. 3. Resistance capacity against laterally directed force. (A) K-wire group: maximum load, 54.8 N. (B) Cannulated screw group: maximum load, 47.2

N. (C) Locking plate group: maximum load, 28.3 N.
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the eight K-wires were broken by cantilever bending force
within the first 10 cycles: three in the first cycle, another
three in the second cycle, one in the third cycle, and an-
other one in the eighth cycle. On the other hand, cannu-
lated screws and locking plates were intact until the 1,000th
cycle or greater than 10° of distal fragment angulation

(Table 1).

Bending Stiffness

The mean bending stiffness of group I, II, and IIT were 3.21
N/mm (standard deviation [SD], 1.13 N/mm), 24.67 N/
mm (SD, 0.54 N/mm), and 19.63 N/mm (SD, 1.22 N/mm),

Table 1. Mean Bending Stiffness and Mean Angulation of the Walking Fatigue Test

Mean bending stiffness (N/mm)

Mean dorsal angulation (°)

e Cannulated screw group Locking plate group Cannulated screw group Locking plate group

1 2595 1719 219 277
10 2414 17.07 2.32 279
50 2382 18.68 2.31 258
100 2395 19.39 2.29 250
200 24.33 19.89 224 243
300 2473 20.15 2.21 2.4
400 24.84 20.27 2.20 2.4
500 24.85 20.38 2.20 2.4
600 24.78 20.41 2.19 2.4
700 24.84 20.41 2.19 2.41
800 24.89 20.44 2.19 240
900 24.70 20.40 2.19 2.41

1,000 24.84 20.49 2.19 241

p-value 0.001 0.001

Cannulated screw group demonstrated the superior bending stiffness and less dorsal angulation to locking plate group in all loading cycles.
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Fig. 4. Bending stiffness during loading of cantilever bending force. (A) Cannulated screw group. (B) Locking plate group.
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Fig. 5. Dorsal angulation of distal fragment during loading of cantilever bending force. (A) Cannulated screw group. (B) Locking plate group.

respectively (Fig. 4). Cannulated screws demonstrated
superior bending stiffness to locking plates in all loading
cycles, showing statistical significance (p = 0.001). K-wires
were broken within the first 10 cycles.

Dorsal Angulation

Group II showed less dorsal angulation than group III
in all loading cycles, showing statistical significance (p =
0.001). The average breaking point for all eight samples
in group I was 12.23° (SD, 4.72°). The average dorsal an-
gulation for group II was 2.19° (SD, 0.99°) at the 1st cycle,
2.32° (SD, 1.20°) at the 10th cycle, and 2.19° (SD, 1.06°)
at the 1,000th cycle while the average dorsal angulation
for the locking plate showed a tendency to decrease from
2.77° (SD, 1.21°) at the first cycle to 2.41° (SD, 1.23°) at the
1,000th cycle (Fig. 5).

DISCUSSION

There are many procedures for HV correction that have
been proven to be safe and effective in previous research."”
Acevedo et al.” demonstrated in a mechanical compari-
son test that the fatigue resistance of PCMO was not only
superior to both the crescentic osteotomy and scarf oste-
otomy but also similar to the Ludloff osteotomy. To our
knowledge, K-wire fixation has shown some complications
such as dorsal malunion, pin irritation, and recurrence of
deformity due to loss of correction caused by insufficient
stability.'¥ Hence, we decided to investigate a new fixa-
tion technique and its biomechanical property to prove the
effectiveness of PCMO.

PCMO allows a large deformity correction and is
relatively safe to perform due to the presence of a large

surface area between two bone fragments. However, the
long lever arm of the weight bearing metatarsal head yields
a higher loading force and therefore less biomechanical
stability than the distal chevron osteotomy." Because of
this, complications including clinical recurrence, shorten-
ing, and dorsiflexion malunion are found in 18.7%.">'
Recently, biomechanical and clinical studies have empha-
sized the importance of robust fixation and described the
results of new devices and techniques.

In recent studies, locking plates have proven supe-
rior fixation to K-wires or screws,”*'®"” and Schuh et al.'”
emphasised the superior biomechanical properties of lock-
ing plate fixation. However, Park et al.” compared the fixa-
tion properties of a 1.6-mm K-wire and a 2.4-mm mini-
locking plate and found a couple of limitations of locking
plate fixation on the metatarsal surface. First, precise
placement of the locking plate on the metatarsal surface
was difficult due to the irregular bony surface, and lock-
ing screw holes were distorted by bending of the plate. In
addition, there were more complications reported such as
skin irritation, loss of correction, and recurrence of defor-
mity. Schuh et al.'"” carried out a biomechanical compari-
son study between the open wedge osteotomy with plate
fixation and the Ludloff osteotomy with screw fixation and
reported that the medial plate did not produce sufficient
fixation strength under cantilever bending stress.

It has been believed that the conventional screw
fixation is not only more prone to loss of correction due
to bone spicule compression during insertion but also
has limitations related to the direction and length of the
screw as the osteotomy site is close to the first metatarsal-
cuneiform joint, possibly causing damage to the joint.'*""
Moreover, it is contraindicated in osteoporotic bone due
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to the higher pull-out risk.'” K-wire fixation is one of the

most popular methods using three-point fixation. It has a
lower risk of loss of correction during operation; however,
an insufficient fixation may lead to dorsal malunion upon
weight bearing and pin irritation that requires additional
procedure to remove the pin.'” Hence, we introduced new
screw fixation technique, which showed a minimal cor-
rection loss during surgery comparable to K-wire fixation.
With use of two 3.0-mm cannulated screws jammed in the
medullary canal, the technique provided stable fixation
and thus was found effective in our biomechanical study.

In the axial loading test, the K-wires and headless
cannulated screws showed a resistance of 54.8 N and 47.2
N, respectively, which were higher than 28.3 N of the
locking plate. These results may reinforce the following
facts: (1) locking plates located on the side that receives
the compression force can fail to act as support; (2) intra-
medullary fixation provides more distal fixation than the
locking plate from the osteotomy site and therefore gives a
larger load sharing surface of fixation; and (3) the location
of the K-wire closer to the point where the maximum load
is generated allows a high endurance to a gradual increase
in the loading force." Moreover, these fixation techniques
can be used for internal fixation, which clinically promotes
secondary bone healing. K-wires showed a better resis-
tance than headless cannulated screws in this study. We
think that this is because the two 1.6-mm K-wires reach-
ing the metatarsal head allows for “triple-stabilization”
from the osteotomy site while the same cannulated screws
of 50 mm in length do not reach the metatarsal head by
being jammed in the intramedullary canal. Therefore, We
believe this could be improved by precise measurement of
screw length during surgery.

Bending stiffness and dorsal angulation in the walk-
ing fatigue test showed different resistances in relation to
the continuous axial plane load due to both the vertical
force of the cycling pattern and the bone spicule condi-
tion after the chevron cut. Bending stiffness of the cannu-
lated screws and the locking plates were 7.7 and 6.1 times
greater than that of the K-wires, and the cannulated screws
were 26.3% stronger than the locking plates. We believe
that the vertical force on the plantar aspect of the metatar-
sal head was transformed into anterior sliding force and
dorsal bending force due to the chevron shape of the bony
contour. The presence of a thread in the cannulated screw
and locking plate allowed them better position to resist
a sliding force, and intramedullary fixation was more ef-
fective in tolerating higher dorsal bending force than the
medial locking plate. Due to these two properties, can-
nulated screw is believed to provide superior stiffness and

resistance.

The average intramedullary diameter of the first
metatarsal diaphysis has not been fully studied but Bad-
wey et al.”” documented that the mean width of the meta-
tarsal measured at 15 mm from the medial osteochondral
junction was 15.3 mm (range, 13 to 18 mm; SD, 1.6 mm)
in male specimens and 14.5 mm (range, 11 to 18 mm; SD,
1.6 mm) in female specimens. Considering this, we believe
that two 3.0-mm cannulated screws can be introduced in
the intramedullary canal and cross fixation would allow
tight jamming. Studies on the width of medullary canal
are warranted for patients with osteoporosis or a large
metatarsal where two divergent fixed screws do not pro-
vide sufficient fixation and thus the use of one or two ad-
ditional screws is considered. Our technique increases the
chance of bone union due to the reaming effect of screw
advancement and prevents the risk of skin irritation from
headless screw, which is a huge clinical advantage. We are
currently conducting clinical research on the effectiveness
of the technique in the correction of HV.

In this study, we did not perform power analysis
for sample size calculation, and the sample size may be
too small to draw any meaningful statistical conclusion,
especially on the axial loading test. We think that large size
biomechanical studies are needed to confirm the results
observed in this preliminary report. However, even though
the viscoelastic properties of real bones were not perfectly
reflected in saw bone models in our pilot study, the pos-
sible influence of bone mineral density difference as in
cadaveric studies could be excluded and the reproduc-
ibility of our results were high as the mechanical property
tests were conducted in the same condition."*” Another
limitation is that this was a biomechanical study with
saw bone models that may not necessarily reflect clinical
outcomes that require a clinical trial and follow-up. How-
ever, although axial loading in the cantilever test may not
exactly reflect weight bearing force on the first metatarsal,
our method had previously been used in other studies and
allows comparison.'**”

Our biomechanical study has demonstrated supe-
rior fixation properties of the cannulated headless screws
to K-wire and locking plate fixation in PCMO. However,
one should keep in mind that the biomechanical results
obtained in the present study have yet to be demonstrated
in the clinical context. This preliminary report should be
followed by further biomechanical studies using cadaver
specimens.
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