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Biomechanical Evaluation of 5 Fixation Devices
for Proximal Interphalangeal Joint Arthrodesis

John T. Capo, MD, Eitan Melamed, MD, Benhoor Shamian, MD, Scott R. Hadley, MD,
Whitney Ng Lai, BS, Kenny Gerszberg, MD, Steven Rivero, MD, Paolo Caravaggi, PhD

Purpose To determine in a cadaver model which, among 5 fixation methods for proximal
interphalangeal (PIP) joint arthrodesis, has the greatest stiffness.

Methods Thirty-five cadaver digits were randomly assigned to 1 of 5 fixation groups: oblique
K-wire with coronal intraosseous wiring, tension-band wire (TBW), dorsal plate, intra-
medullary linked screw (IMS), and 90/90 wiring (90/90W). Testing was done by applying
bending moments to the PIP joint in the sagittal and frontal planes. The force/displacement
curves were used to estimate the stiffness of each construct. Ultimate strength was determined
by loading to failure in extension.

Results The IMS had significantly higher stiffness than all wiring constructs in all planes of
motion and significantly greater stiffness in extension than the dorsal plate. The IMS stiffness
exceeded 10 N/mm across all bending directions and showed an ultimate strength of 21 N. The
plate demonstrated higher stiffness in radial bending than the oblique K-wire with coronal
intraosseous wiring and TBW. There were no differences in stiffness between the IMS and plate
in all modes of testing except extension. Load-to-failure testing of the devices showed the IMS
device to be significantly stronger than the TBW, 90/90W, and plating constructs.

Conclusions The IMS resisted larger bending moments than all wiring constructs and showed
the greatest ultimate strength when compared with 3 of the tested arthrodesis techniques. The
plate was significantly better than 2 of the wiring constructs, but only in radial bending. No
differences were found between the, TBW, and 90/90W when compared with each other.

Clinical relevance The stiffness necessary for a successful PIP joint fusion has not been
quantified, but according to this study, the IMS was the most favorable biomechanical
construct for initial stability. (J Hand Surg Am. 2014;39(10):1971—1977. Copyright © 2014
by the American Society for Surgery of the Hand. All rights reserved.)
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years, there is radiographic evidence of osteoar-
thritis of at least one joint of the hand, and in 18%
of these the proximal interphalangeal (PIP) joint is
affected.’ Degenerative changes of the PIP joint due
to trauma, osteoarthritis, or inflammatory arthritis
can cause pain, instability, and deformity.” Nonsur-
gical management including anti-inflammatory medi-
cation is the initial treatment of choice. If these
measures fail to provide relief, operative intervention
may be helpful.
One treatment option is arthroplasty.” >~ However, a
reliable and durable arthroplasty solution for the PIP joint

I N 67% OF WOMEN AND NEARLY 55% of men aged 55
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FIGURE 1: Radiographs of a specimen stabilized with intraosseous wire and pinning. A A 1.1-mm K-wire was inserted obliquely across
the PIP joint, and B 22-gauge circular wiring was used in the coronal plane.

is yet to be achieved in view of the joint’s reliance on
intact stabilizing structures.”’ Therefore, the reference
standard one-stage solution for achieving pain relief and
stability for the arthritic PIP joint remains arthrodesis.

Arthrodesis is desirable with deficient bone stock,
fixed joint contracture, irreparable tendon injuries, poor
soft tissue coverage, as salvage for failed arthroplasty,”
and for the index PIP joint.” Many approaches are
available for PIP joint arthrodesis; all require stability
and compression to ensure high rates of fusion.*”'"~"?

The purpose of this study was to determine which,
among 5 different fixation methods for PIP joint
arthrodesis, had the greatest stiffness. We investigated
oblique K-wire combined with coronal plane intra-
osseous wiring (OKIW), standard tension-band wiring
(TBW), an intramedullary linked screw construct
(IMS), 2.0-mm dorsal plate, and 90/90 intraosseous
wiring (90/90W). Our hypothesis was that the IMS
device would be mechanically advantageous for opti-
mizing bending stiffness of the arthrodesis construct.
Using a stiffer arthrodesis system has the potential to
improve the clinical fusion rate, which is especially
critical in cases of suboptimal bone quality.

MATERIALS AND METHODS

Thirty-five fingers (4 index, 19 middle, and 12 ring)
from 10 cadavers (6 male, 4 female; age range, 43—63y)
were disarticulated from the hand at the bases of the
proximal phalanges. The specimens were frozen at -20°

and then thawed for at least 12 hours before testing. The
fingers were radiographed before the study to ensure no
deformities and were then randomly divided in 5 groups
of 7 digits, ensuring that approximately the same num-
ber of index, middle, and ring fingers were assigned to
each group. Each group was then randomly assigned to
one of the following techniques for arthrodesis of the
PIP joint: OKIW (Fig. 1), TBW (Fig. 2), 2.0-mm dorsal
plate (Fig. 3), IMS (Fig. 4), and 90/90W (Fig. 5). Skin
and soft tissue were incised dorsally, the extensor
tendon was split longitudinally, and flat bone cuts were
made to allow for surgical fixation at a PIP joint fusion
angle of 25°. The base of the middle phalanx was cut
perpendicular to the shaft, and the head of the proximal
phalanx was cut at 25° of angulation. The bone cuts
were made through cancellous bone just below the
subchondral bone. The proximal phalanx of each digit
was potted in polymethylmethacrylate 30 mm proximal
to the PIP joint to allow stable fixation of the specimen to
a custom jig (Fig. 6). A 2.0-mm screw was placed
centrally in the intramedullary canal of the proximal
phalanx for alength of 1 cm and embedded in the potting
material and testing jig to increase stability of loading
configuration.

Fixation techniques

Oblique K-wire combined with coronal plane intraosseous wiring: ~ A
1.1-mm K-wire was inserted across the PIP joint obli-
quely from distal-ulnar to radial-proximal, and a 22-gauge
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B

FIGURE 2: Radiographs of a specimen fixed with the TBW technique. A Two 1.1-mm K-wires were inserted across the PIP joint, and
B 22-gauge wire was looped around the wires in a figure-of-eight fashion.

FIGURE 3: Radiographs of a specimen stabilized with a dorsal plate. A Lateral view that shows an 8-hole 2.0-mm plate placed dorsally
over the PIP joint with 3 proximal and 3 distal bicortical screws. B Anteroposterior (AP) view shows the plate centrally located in the
coronal plane.

circular wiring was placed in the coronal plane and then ~ 22-gauge wire was looped around the wires in a
tightened and twisted on the ulnar side (Fig. 1). figure-of-eight fashion (Fig. 2).

Tension-band wiring: Two 1.1-mm K-wires were inser-  Dorsal plate (Depuy-Synthes, Paoli, PA): An 8-hole 2.0-mm
ted across the PIP joint and driven into the sub- titanium plate was placed dorsally over the PIP joint with
chondral bone of the middle phalangeal head, and a 3 proximal and 3 distal bicortical screws (Fig. 3).
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FIGURE 4: Radiographs of a specimen fixed with an IP Fusion device (Extremity Medical, Parsippany, NJ). A A 2.4-mm IMS was
placed into the proximal phalanx followed by insertion of the middle phalanx screw through the linked locking threads of the first screw.

B AP view shows the centrally located screw in the coronal plane.

FIGURE 5: Radiographs of a specimen fused with 90/90W fixation. Two 22-gauge wires were placed 90° from each other in the

A sagittal and B coronal planes.

Intramedullary linked screw (Apex IP Fusion device, Extremity Medical,
Parsippany, NJ):  The 2.4-mm IMS device consists of 2
linked screws. One screw was inserted into the
proximal phalanx in a central position. The screw was
sunk 1 to 2 mm below the dorsal cortical rim. The

volar aspect of the proximal phalanx was cleared with
a special tool, allowing the rasp to link into the
proximal screw. The rasp was then used to prepare
the proximal phalangeal head. Next, the middle
phalanx was drilled and reamed, allowing a second

J Hand Surg Am. « Vol. 39, October 2014



PIP FUSION BIOMECHANICAL EVALUATION

1975

FIGURE 6: PIP joint arthrodesis using dorsal plate fixation. A
load-application device, consisting of a metal ring with 4 cavities
to host the end of the rod, was fixed with 4 screws to the shaft of
the middle phalanx 20 mm from the PIP joint.

screw to pass through the linked locking threads of
the first screw and into the middle phalanx (Fig. 4).

90/90 wiring: 'Two 22-gauge circular wires were
tightened around the PIP joint in the coronal and
sagittal planes. Both wires were tightened and then
twisted on the ulnar or dorsal aspect of the phalanx
(Fig. 5).

Biomechanical testing

A custom-made load-application device, consisting
of a metal ring with 4 screws placed at 90° from each
other and pointing to its center was placed on the
middle phalanx 20 mm from the PIP joint (Fig. 6).
The 4 screws were tightened until cortical bone fix-
ation was achieved. A rounded-end metal rod, fixed
at the end of the actuator of a servohydraulic testing
machine (MTS 851, MTS Corp., Minneapolis, MN),
was used to apply bending moments to the specimen
in radial, ulnar, flexion, and extension directions. The
same order was followed in all specimens. Loading
was applied in displacement control at 0.01 mm/s
until 0.1 N-m bending moment (5 N-20 mm) was
reached at the PIP joint. The maximum bending
moment was consistent and approximated the loading
applied to the PIP joint during daily activities.'’
Stiffness of each construct was determined by the
slope of the load/displacement curve in each of the
4 loading directions. Subsequently, all constructs
were loaded to failure by applying increasing load to
the PIP joint in extension. After each test, the spec-
imens were examined for failure of bones, loosening
of implants, bending of the pins, stretching of the
wires or loss of the 25° arthrodesis angle. We defined
implant failure when 0.5 mm of permanent defor-
mation of the construct was recorded.

A Kruskal-Wallis nonparametric test was used to
assess whether any difference was present in the
stiffness and ultimate strength across the 5 groups. The
Mann-Whitney test was used to investigate the specific
sample pairs for significant differences. The statisti-
cally significance level was set at P less than .05.

RESULTS

All specimens were successfully tested for cantilever
bending, and stiffness was determined for all the
samples. The median stiffness in the 4 bending di-
rections is summarized in Figure 7. In radial, ulnar,
flexion, and extension bending, the IMS showed
significantly higher stiffness (P < .05) than the
OKIW, TBW, and 90/90W. In extension only, the
IMS had statistically significantly higher stiffness
than the dorsal plate. In flexion, there was a trend
towards significance (P = .053) when comparing the
IMS to the dorsal plate. Thus, in extension, the IMS
was significantly stiffer than all other implants. The
dorsal plate was significantly stiffer in radial bending
than the OKIW construct and TBW. In ulnar bending,
the dorsal plate stiffness compared with the 90/90W
approached statistical significance (P = .053).

In the load-to-failure testing (ultimate strength),
the IMS failed at 21 + 8 N (Fig. 8), which was
significantly higher than TBW, dorsal plate, and 90/
90W. A statistical significance between the IMS and
the OKIW construct was not shown.

No implants broke during the load-to-failure test.
Gross examination of the constructs revealed that
plastic deformation and implant loosening were the
main modes of failure.

DISCUSSION

When arthrodesis is performed for an arthritic PIP
joint, rigid fixation is necessary to maintain alignment
in the sagittal and frontal planes during the healing
process. Because noteworthy torques are applied to
the relatively small joint surfaces during everyday
grasping and pinching activities,'” using a stiffer
construct may be critical in achieving fusion, thereby
reducing the incidence of nonunion, fixation failure,
and deformity. Employing a cadaveric model of the
bone-implant interface to assess the strength of cur-
rent arthrodesis techniques may help clinicians
choose the most suitable technique to achieve un-
eventful union and decrease the revision rates.
Mechanical studies of various methods of fixation
have been cited by their proponents and opponents.
Kovach et al'* evaluated 4 techniques and concluded
that a dorsal figure-of-eight TBW with 2 longitudinal
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FIGURE 7: Box plot of the stiffness (N/mm) of each implant group in the 4 loading conditions: A radial loading, B ulnar loading,
C flexion, and D extension. The transverse line represents the median. The box contains the interquartile range. The upper margin of the
box equals the seventy-fifth percentile and the lower margin is the twenty-fifth percentile. The whiskers represent the range of values

outside the box length. *Denotes statistically significant difference between 2 groups (P < .05). **Denotes approaching statistical

significance (P = .053).

K-wires was superior to an OKIW, an oblique K-wire
with a wire loop midway between the coronal and the
sagittal planes, and 2 crossed K-wires.

Vanik et al'” evaluated the biomechanical prop-
erties of various K-wire, looped wire, and plating
techniques for simulated transverse metacarpal shaft
fractures. They found that the strongest was 90/90
wire, followed in order by 2 parallel dorsopalmar
wires plus a K-wire, dorsal plating, 2 parallel dor-
sopalmar wires, a single transverse wire loop, and a
single transverse intraosseous wire.

In an acrylic glass model of the PIP joint, TBW was
shown to be stiffer than a tension-band technique using
a suture thread.'® In addition, all tension-banding
techniques tolerated higher loads than intraosseous
wire sutures. A clinical retrospective analysis of the
main techniques for PIP joint arthrodesis showed that

Herbert screw fixation resulted in a lower revision rate
than that achieved by tension-band, K-wires, and
plates.’

The IMS is a recently developed technology that
was not commercially available at the time of our
biomechanical study. The implant is now commer-
cially available.

The rigidity values for the IMS in all planes of
loading exceeded 10 N/mm, whereas all other con-
structs tested had values ranging from 2 to 6 N/mm.
The dorsal plate was stiffer in radial bending than
OKIW and TBW but was weak in extension. In this
study and in common clinical use, the plate is placed
on the dorsal side, which is biomechanically advan-
tageous with gripping activities, and load to failure
was performed by applying bending moment in
extension in agreement with the direction of the
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FIGURE 8: Boxplot of the load to failure (N) of the 5 constructs.
*Denotes statistically significant difference between 2 groups
(P < .05).

resultant moments at the PIP joint during gripping
activities.'”

Our study has some limitations. Because of the
nature of the loading device, only the primary de-
formations in the sagittal and coronal planes between
the proximal and middle phalanx could be measured.
Moreover, although the bending load applied resulted
in small deformations at the load-application point,
some tensile forces might have been produced at the
PIP joint when the maximum torque was applied to
the weaker constructs. These motions and loading
might be as detrimental to bone fusion as the ones
that were measured. In addition, no rotational mo-
ments were tested on our constructs.

The stiffness necessary for a successful PIP fusion
has not been quantified and the rate of PIP joint
nonunion has been reported to be up to 9%.%%' "'
Although intramedullary arthrodesis was shown to be
the stiffest construct for PIP joint arthrodesis in
multiple planes, whether this results clinically in a
lower nonunion rate is at present unknown. We sus-
pect that increased arthrodesis construct stiffness will
lead to more predictable and perhaps faster fusion.
In addition, the patient may begin to exercise the

other joints earlier to maximize finger motion and
rehabilitation.'*-*"
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