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Background Flexor tendon injury is a rare but serious complication of distal radius
volar plating.

Purpose This study aims to determine whether the design of distal radius volar plates
impacts the amount of force exerted on the flexor digitorum profundus (FDP) and
flexor pollicis longus (FPL) tendons when the plates are placed proximal and distal to
the watershed line.

Methods Three commercially available plates were applied to 10 fresh, matched-pair
upper extremity specimens. Cyclical loading was applied to the tendons, and the force
generated between tendon and plate was measured. Linear mixed effect models were
used to evaluate differences in maximum and mean forces by plate position, plate
design, and the interaction between position and design.

Results Forces on the tendons differed significantly by position but not plate design.
For the FPL tendon, the average maximum force with a plate in Soong’s grade 2 was
4.50 (95% confidence interval [Cl]: 2.8-7.3) times higher than when the plate was in a
Soong’s grade 0 placement, and 4.63 (95% Cl: 2.82-7.61) times higher for the FDP
tendon. While not statistically significant, lower observed force values with thinner
plates when plates were placed distal to the watershed line suggest that that plate
thickness could also be a critical plate characteristic for distally placed plates.
Conclusion Despite differences in plate design, the main determinant of plate
prominence and therefore flexor tendon injury potential is placement in relation to
the watershed line.

Clinical Relevance This study may help to guide surgeon implant selection and volar
plate design.

Distal radius fractures are common, with over 640,000 cases lization, and prevention of malunion.>~ Because of this popu-
occurring in the United States annually.! About 16% of these are larity, it is no wonder that over 40 different plates with a variety
surgically treated with a volar plate. Volar plating has become  of designs are available in the marketplace. Uncommon but
the most common method for treating unstable distal radius  serious complications can occur with volar plating, including
fractures due to improved functional outcomes, earlier mobi-  tendonirritation and rupture, median nerve damage, and loss of
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reduction, all of which translate into increased morbidity and
need for additional surgeries and cost.® Flexor tendon rupture is
the most well described late complication, with rates reported
between 0.8 to 12%,”~° and a recent meta-analysis finding the
incidence to be 1.5%.'° The two most common flexor tendons
affected are the flexor pollicis longus (FPL) and the index flexor
digitorum profundus (FDP), which are associated with 57 to 75
and 15% of cases, respectively.'”'? A well-recognized factor
leading to tendon irritation is plate placement in relation to the
most distal volar ridge of the radial metaphysis, known as the
watershed line.®'"3-17 Distal to this line, increased surface
area of contact'# and therefore glide friction'>'” lead to tendon
injury which is not always symptomatic until a tendon ruptures.
Newer studies have demonstrated that plate prominence (and
therefore greater impingement on tendons) can also result from
not restoring the native volar tilt of the distal radius after
fracture.'® Without the native tilt, an otherwise well placed
plate is more prominent in comparison to the maximal height of
theradius, and therefore comes into contact with the tendons at
smaller degrees of wrist extension.

Reducing the incidence of tendon injury has been a moti-
vating force behind recent innovations in plate design, with
modifications such as lower profiles, variable-angle locking
screws, central concavity or Y-shaped, specifically to decrease
contact along the path of the FPL. However, tendon irritation
and ruptures continue to occur and it is not clear whether
these modifications have indeed led to decreased tendon
injury, and if any of the new generation plates is superior in
this respect. Recent literature attempting to address this
question has demonstrated substantial differences both in
surface area of different plates beneath the FPL and in the
prominence of different plates.'* When taken in concert with
the finding that plate prominence is a risk factor for tendon
rupture, we believe these results suggest that plate design may
have the potential to decrease the rate of this morbidity.

The purpose of this biomechanical cadaver study is to
answer the question of whether three variations of distal
radius plate design impact the amount of force exerted on the
FDP and FPL tendons when the plates are placed proximal
and distal to the watershed line.

Distal Radius Volar Plate Design Hinchcliff et al.

Materials and Methods

Study Design

Ten fresh-frozen, matched-pair distal forearm to hand
specimens were obtained from our university body dona-
tion program (mean age, 76.6 years; range, 66-87 years).
Radiographs of the specimens confirmed no evidence of
prior trauma. With respect to the plate selection, we chose
three commercially available Medartis (Basel, Switzerland)
plate designs (=Fig. 1). These designs were selected
because they were precontoured, with manufacturer
recommended fixation proximal to the watershed line.
We specifically included a Y-shaped, FPL sparing plate, as
previous literature had suggested less potential area of
contact between tendon and plate with this design.'* We
selected a range of plate thicknesses, from 1.6 to 2.0 mm.
Specific plate details can be found in =Fig. 1, but for the
purposes of the text, the designs will be referred to as the
Babyfoot plate, FPL plate, and Adaptive plate (2.5 TriLock
Distal Radius Volar Plates, Medartis, Basel, Swiitzerland). As
described in more detail below, these plates were fixed to
the distal radii in either a proximal or distal position. The
specimens were then immobilized with an external fixator
and mounted on a custom jig in pinch position. External
cyclical force was applied to the FPL or FDP tendons, and
the force between the tendon and plate measured with a
thin, flexible sensor.

Experimental Manipulations

The distal radius was exposed using the interval between the
flexor carpi radialis and the radial artery. Care was taken to
maintain the FPL and FDP in their anatomic positions by
maintaining the carpal tunnel boundaries. The pronator
quadratus (PQ) was incised and elevated from radial to ulnar.
Of note, we did not return the PQ to its anatomic position
after plating, as this is often not done as a part of general
practice'® and the problem of tendon rupture can persist
despite PQ reconstruction.'® During dissection, we sprayed
the arm every 10 minutes with normal saline to prevent the
tendons from drying out.

Fig.1 2.5 TriLock Distal Radius Volar Plates, Medartis (Basel, Swiitzerland). (A) Adaptive plate, 2.0 mm thick, 23.0 mm wide, titanium; (B) FPL
plate, 2.0 mm thick, 25.0 mm wide, titanium; (C) Babyfoot plate, 1.6 mm thick, 27.0 mm wide, titanium. FPL, flexor pollicis longus.
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Fig. 2 lateral radiographs of plate placement relative to the critical
line (red), which represents a line tangential to the most volar extent
of the volar rim (the watershed line) and parallel to the volar cortical
bone of the radial shaft (green line). (A) Soong’s grade 0, dorsal to the
critical line (B) Soong’s grade 2, volar to the critical line and distal to
the volar rim.

One of the three plates was fixed to the distal radius. Each
plate was fixated in two anatomic positions; proximal to the
watershed line and distal to the watershed line. These posi-
tions corresponded to a Soong 0 and a Soong 2 grades accord-
ing to the plate fixation classification system developed by
Soong et al® (~Fig. 2). We trialed each plate on every wrist, for
a total of 60 different plate-bone combinations. For a control,
inthe last nine wrists, we ran trials without a plate in place. The
sensor was placed either proximal to or at the watershed line,
for an additional 18 tests and a total of 78 tests for each tendon.
Because the FDP and FPL tendons were tested individually, we
ran a total of 156 tests. In an effort to reduce any bias associated
with the order of fixation, each plate was fixated first, second,
and third, three to four times. The order of positioning
(proximal or distal) was additionally randomized. K-wires
were used to secure the plate, and positioning confirmed by
fluoroscopy. Next, the plate was fixated to the radial shaft
using a nonlocking cortical screw into the gliding slot hole. Up
to three compression screws were then placed distally, to
compress the plate flush with the distal cortex. Placement
was again confirmed with fluoroscopy.

After plating, the wrists were immobilized in an external
fixator (Agee WristJack, Hand Biomechanics Laboratory, Inc,
Sacramento, CA). To mimic functional grasp, the wrist was
locked in 30-35 degrees (mean, 32 degrees) of wrist exten-
sion and 5-10 degrees (mean, 7 degrees) of ulnar deviation.
The external fixator was then mounted on to a custom jig.2
FiberWire suture (Arthrex, Naples, FL) was used to attach
either the FPL or the FDP tendon to a motor with a rotating
arm (Hitec Inc., Poway, CA). The stall torque of the motor was
5.2 kg/cm, and the motor arm was 3 cm long. The motor was

Journal of Wrist Surgery  Vol. 8 No. 4/2019

attached to an Arduino microcontroller (Arduino Software,
Turin, Italy) and programmed to move cyclically between 0
and 60 degrees (maximum flexion occurring at 60 degrees)
at a rate of 0.125 Hz. Tendon displacement was resisted by
springs that attached the nail of the thumb or index finger to
the jig. When testing the force between the plate and the FPL
tendon, the spring was attached to the thumb and the motor
to the FPL tendon alone. When measuring force on the FDP to
the index, the spring was attached to the index finger and the
motor arm to the FDP tendon alone. In this manner, we were
able to get cyclical force measurements as the motor pulled
on the tendon when the motor arm rotated away, fully
flexing the digit, and the springs pulled the digit back to
full extension when the motor arm rotated toward the
specimen (~Fig. 3). The approximate load on each tendon
was determined by the extension of the springs. The K
constant of the spring attached to the thumb was 9.25 N/
cm, with an average maximum displacement of 2 cm. The K
for the spring attached to the index finger was 3.1 N/cm and
the average maximum displacement for the spring was
3.5 cm. Therefore, the average load on the FPL tendon was
18.5 N and on the FDP was 10.9 N. To ensure consistent
resistance against the motor, springs were replaced once
their K-constant or initial length changed.

Outcome Measures

We measured contact force using a thin plastic sensor (Flex-
iforce model A201, Tekscan, Boston, MA), with a sensing area of
71.3 mm?and a 0 to 4.4 N range. The sensor was connected toa
personal computer via a microcontroller, and real-time force
measurements were recorded using a program (Arduino Soft-
ware, Turin, Italy). Prior to being calibrated, the sensor was
covered with clear plastic tape to prevent error caused by
moisture. The sensor was then calibrated prior to each testing
session using calibration weights. To ensure sensor perfor-
mance, the tape-covered sensor was calibrated at the beginning
of every testing day, with every new arm tested, and when the
plastic tape or sensor was replaced. A calibration curve was
made from premeasured weights ranging from 10 to 240 g
(downward force of 0-2.4 N). The sensor was replaced if could
not produce consistent measurements during calibration or
when the arm was stationary. After calibration, the sensor was
secured in place between the tendon and the plate with 6-0
Prolene Suture (Ethicon, Somerville, NJ). The sensor was moved,
so that it lay directly below the FPL or FDP tendons, depending
on which tendon was being animated. Once the sensor was
secured, soft tissue was closed and the specimens were run
through five cycles of flexion and extension. A representative
graph of obtained force values is demonstrated in ~Fig. 4.

Statistical Analysis

The primary outcomes of interest were the maximum and the
mean forces exerted on tendon by the different plates at the
Soong’s grades 0 and 2 positions during cyclical movement of
the FPL and FDP tendons Maximum and mean forces were log
transformed to meet assumptions of the statistical models.
Linear mixed effect models were used to evaluate differences
in maximum and mean force by plate position, plate design,
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Fig. 3 After plating, forearms were immobilized with an external fixator and mounted on custom jig. Suture was used to attach the FPL and FDP
tendons to a motor. Contact pressure between the respective tendons and plates was measured with a thin plastic sensor, from which pressure
measurements were obtained. Once the sensor was secured, the arm soft tissue was closed and the jig was run for five cycles of flexion and
extension for each tendon. FDP, flexor digitorum profundus; FPL, flexor pollicis longus.
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Fig. 4 The jig was run through five cycles of flexion and extension for each tendon and real time pressure values obtained.

and the interaction between position and design. Random
effects for subject and for arm nested within subject were
included to account for correlation of values. Models were fit
using PROC MIXED in SAS Version 9.4 (Cary, NC). All tests were
two sided and evaluated at a significance level of 0.05.

Results

FPL Tendon
The raw force values (in Newton) recorded on the FPL tendon
are shown in =Table 1. The maximum force experienced by
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Table 1 Median (25th, 75th quartiles) for maximum and mean values of forces (Newton) on FPL and FDP tendons for each Soong’s
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position and plate type

Hinchcliff et al.

FPL tendon FDP tendon

Soong’s grade Plate Maximum force (N) Mean force (N) Maximum force (N) Mean force (N)

0 0 0.10 (0.07, 0.13) 0.04 (0.02, 0.10) 0.10 (0.06, 0.14) 0.03 (0.02, 0.09)
2 0 0.28 (0.19, 0.62) 0.16 (0.12, 0.25) 0.35(0.32, 0.43) 0.16 (0.14, 0.31)
0 1 0.94 (0.05, 0.21) 0.05 (0.03, 0.17) 0.16 (0.08, 0.34) 0.11 (0.04, 0.18)
2 1 0.90 (0.63, 1.56) 0.46 (0.39, 0.61) 0.91 (0.65, 1.58) 0.50 (0.31, 0.78)
0 2 0.09 (0.06, 0.12) 0.05 (0.02, 0.07) 0.13 (0.09, 0.18) 0.06 (0.04, 0.10)
2 2 1.02 (0.43, 1.68) 0.56 (0.21, 1.00) 1.03 (0.51, 1.19) 0.67 (0.28, 0.96)
0 3 0.11 (0.09, 0.27) 0.06 (0.03, 0.21) 0.12 (0.10, 0.22) 0.07 (0.05, 0.19)
2 3 0.47 (0.19, 1.79) 0.27 (0.10, 1.14) 0.42 (0.24, 1.35) 0.27 (0.14, 0.83)

Abbreviations: FDP, flexor digitorum profundus; FPL, flexor pollicis longus; N, Newton.
Note: Plate type of 0 is no plate, and this box indicates force values obtained when the sensor alone was placed either proximal to or at the watershed line.

the FPL tendon varied significantly by plate prominence; in
Soong’s grade 2 forces were 4.5 (95% confidence interval [CI]:
2.8-7.3,p = 0.001) times higher than when plates were in a
Soong’s grade 0 placement. Similarly, the mean force values
on the FPL tendon were significantly greater with the more
prominent plate (5.3 times higher at Soong’s grade 2, CI:
3.11-9.09, p = 0.001). When comparing plate types, the
maximum and mean forces recorded on the FPL tendon
did not vary significantly by plate type at either position
(maximum: p = 0.139; mean: p = 0.103) When plates were
in a Soong’s grade 2 placement, force tended to be lower with
the Babyfoot plate, although differences were not statisti-
cally significant (~Fig. 5).

FDP-Index Tendon

The raw values of the maximum and mean forces on the FDP
tendon with each plate are shown in =Table 1. Similar to the
FPL tendon, the maximum force on the FDP tendon to the
index finger is also differed significantly with plate promi-
nence; 4.63 (95% CI: 2.82-7.61) times higher when the plate
had a Soong’s grade 2 prominence versus a Soong’s grade 0
(p = 0.001). Also following this trend, the mean force values
on the FPL tendon were significantly greater with the more
prominent plate (4.9 [95% CI: 2.68-8.96], p = 0.002). The
differences in the maximum and mean forces by plate type at
the different plate positions did not achieve statistical sig-
nificance (maximum: p = 0.123; mean: p = 0.153). Again, a
nonsignificant tendency of decreased force on the tendons
was observed with the Babyfoot plate when plated in a
Soong’s grade 2 position (~Fig. 5).

Discussion

The use of volar plates to treat distal radius fractures has
risen dramatically since first described in 2000.2° With
increasing popularity, recognition of the complications,
and interest in avoiding any morbidity related to volar
plating has come better. Beyond the distress of both surgeon
and patient, this attention is also justified from a cost

Journal of Wrist Surgery  Vol. 8 No. 4/2019

standpoint. Distal radius hardware removal for plate promi-
nence and tendon rupture cost the health care system over
$15.2 million annually,'%?'-23 and this surgical expense is
dwarfed by the cost of time of work, extra clinic visits,
therapy, prescription drug, and caretaker costs, which easily
double or even triple this number.? This expense is an
additional motivating force toward design innovation, which
has succeeded in bringing a plethora of new plates to market.
However, the rate of development has far outpaced the data
regarding whether the different designs can actually
decrease tendon injury.

Study Limitations

The number of specimens used represents a limitation of our
study. The large differences in force between the Soong’s
grades 2 0 were evident even in this small study, but force
differences among plate designs were smaller and therefore
we may have been underpowered to see a statistically
significant difference.

There were several other limitations to our study related
to using a cadaver model. Cadaver studies are good approx-
imation of the clinical setting but do not recreate it. Place-
ment of our plates was based only on “best fit” on the radius
and desired Soong’s grade, without a fracture to contend
with. Our dissection was wider than would be done in a
clinical setting, which may have slightly moved or changed
the tendons in a three-dimensional plane. The moisture level
within the arm, while roughly accounted for using a spray
bottle, could have impacted tendon glide and possibly pres-
sure on the plates. While fixing multiple plates to the same
specimen may have impacted screw placement and fixation,
we rotated the order of plate placement to minimize this
potentially confounding factor.

An additional limitation is that we only tested plates from
one company. We believe that our conclusions could be
extrapolated to similar constructs but having not tested
these plates we cannot ensure that our results are
generalizable.
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Fig. 5 Boxplots show the log transformed values of maximum and mean force on FPL and FDP tendons by plate type and location. Force was log
transformed. Plate 0: no plate; plate 1: Adaptive plate; plate 2: FPL plate; PLate 3: Babyfoot plate. FDP, flexor digitorum profundus; FPL, flexor pollicis longus.

Discussion of the Question: Does Plate
Design Impact the Force on Flexor Tendons?

Our data confirm prior literature with the finding that plate
prominence due to distal placement increases the force of
the plate on both the FPL and FDP tendons to a
significant degree. We did not find that volar plate design
significantly impacted either the mean or median force
between the plate and flexor tendons. This finding was
consistent whether the plate was distal or proximal to the
watershed line. In our study, a trend was seen toward
decreased force on tendons with the Babyfoot plate (the
thinnest plate at 1.6 mm, =Fig. 1) when plates were placed in
a Soong’s grade 2 position. This finding suggests that when

plates are already prominent due to distal placement, plate
thickness could be a contributing factor to prominence and
consequentially force on the tendons. While a potentially and
clinically relevant finding, additional studies are necessary to
verify and quantify this observation. What can be stated with
confidence is that any variability in force on the tendons from
plate design is vastly overshadowed by differences in plate
prominence related to plate placement.

In examining, why the design of the FPL sparing plate did
not lead to a decrease in force on the FPL tendon, one possible
explanation could be related to the variability in “fit” of the
FPL plate beneath the FPL tendon. When the FPL tendon fits
well into the Y-groove of the plate (~Fig. 6), contact pres-
sures were low. However, we found that with different
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Fig. 6 Differences in alignment between FLP tendon and FPL plate;
(A) ideal fit, where FPL tendon sits in Y-groove (B) not ideal fit, where
FPL tendon runs over Y-arm. FDP, flexor digitorum profundus; FPL,
flexor pollicis longus.

widths of the distal radius, the FPL did not always fit perfectly
into the Y-groove. For these arms, the tendon had more
contact with the plate and the force values were higher,
leading to substantial variability in observed force values
(=Fig. 5). Previous studies on plate design have shown
decreased contact surface area (as measured by statistical
modeling of the FPL location over plates secured to stripped
cadaver bone) and plate prominence with the FPL sparing, Y-
shaped plates placed distal to the watershed line.'* We
believe that we were able to see greater variability in the
contact between the FPL tendon and FPL plate due to an
increased number of specimens (10 as opposed to five) and
the fact that we were measuring contact force in situ as
opposed to surface area of plate beneath an “ideal” FPL path
and extrapolating information about contact pressures.

It is worth noting here that glide friction exists between
plate and tendon at any plate position on the radius when the
wrist is in a functional position, as demonstrated previously
by Tanaka et al'” and again in our study. Indeed, we demon-
strate that contact pressures exist even without plates, which
suggest that it may not just be the contact pressure but also
the material of the plate that contributes to tendon injury.
This raises the hypothesis that, while no clinical studies have
demonstrated a benefit of PQ repair over the plate,>* there
may be an advantage in covering plates to prevent the flexor
tendons from contacting metal. Titanium and titanium alloys
in particular have been shown to be irritating to tendons.?
Currently available studies may be underpowered to detect
the clinical value of PQ repair.

Journal of Wrist Surgery  Vol. 8 No. 4/2019

Conclusion

Plate prominence beneath the flexor tendons determines the
contact force and therefore injury potential. The main deter-
minant of prominence is plate placement in relation to the
watershed line. Our results do not clearly show superiority of
one plate type but suggest that decreasing the overall plate
profile may have greater utility in preventing flexor tendon
injury than anatomic plate design based on the “ideal”
radius?®~28, For complex fractures, the future may be in
individualized plate customization, perhaps via three-
dimensional printing,?° or in advances in metallurgy, in
pursuit of an ultrathin, strong, nonreactive plate.
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