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Purpose: To determine the optimal timing of plate removal in patients with forearm diaphyseal fractures
fixed with a locking plate via the analysis of bone atrophy over time.
Methods: The study subject was a 56-year-old man. Computed tomography was performed at 0.5, 1, 1.5,
2, 3, 4, and 5 years after plate fixation. Finite element analysis was performed to measure the fracture
load of the radius and ulna. The fracture loads of the affected and healthy sides were compared, and their
ratio was calculated by dividing the value of the affected side by that of the healthy side at each time
point.
Results: The strength of the radius and ulna was 40.9% and 29.3%, respectively, on the healthy side at 1
year after surgery. The fracture load increased from the second to the third postoperative year; the
strength of the radius and ulna was 62.2% and 37.3%, respectively, on the healthy side after the third year.
However, after the third year, the fracture load declined and reached 38.8% and 18.9% for the radius and
ulna, respectively, on the healthy side by the fifth postoperative year.
Conclusions: The long-term fixation of forearm diaphyseal fractures using a locking plate leads to pro-
gressive bone atrophy. Future bone atrophy during long-term locking plate fixation without removal
should be monitored.
Type of study/level of evidence: Therapeutic IV.
Copyright © 2021, THE AUTHORS. Published by Elsevier Inc. on behalf of The American Society for Surgery of the Hand.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Open reduction and internal fixation with a plate is widely used
for treating forearm diaphyseal fractures in adults, and good out-
comes have been reported.1 Internal fixation with a nonlocking
plate may be used to treat forearm diaphyseal fractures, or alter-
natively, osteoporotic and highly comminuted fractures may be
treated with a locking plate, with good results.2 However, plate
removal is associated with various complications, the most serious
of which is a refracture.3
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Local bone atrophy has been suggested to contribute to the
occurrence of a refracture, with impaired blood flow after plate
fixation considered as the underlying mechanism.4,5 In a study
using sheep, Klaue et al6 described that cortical porosis observed
in the vicinity of the plate was mainly a result of periosteal
blood supply impairment due to periosteal stripping and sub-
periosteal plate application rather than due to the “unloading” of
the bone by the plate. Conversely, previous biomechanical
studies have demonstrated the advantages of stabilization using
locking screws over nonlocking screws.7 The use of large plates
fixed to small bones (eg, in rabbits) has been reported to result
in bone atrophy, whereas the use of plates with varying flexi-
bility (eg, carbon fiber) on large bones has been shown to lead
to a nonunion because of strain.8 Therefore, local bone atrophy
may also be affected by the mechanical environment to which
the bone is subjected.
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Figure 1. Plain X-ray images. A Preoperative X-ray image showing a metaphyseal fracture of the forearm. B Postoperative X-ray image following open reduction and internal
fixation using a locking plate. C Preoperative X-ray image showing a distal humerus fracture. D Postoperative X-ray image following open reduction and internal fixation using
locking plates.
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As a noninvasive method of predicting fracture strength,
patient-specific computed tomography (CT) or finite element
analysis (FEA), which uses local bone density distribution con-
verted from CT Hounsfield unit (HU) values to create a model, has
been used by many researchers.9e14 Matsuura et al15 conducted a
validation study of the forearm diaphysis using fresh-frozen ca-
davers. In a study on patient-specific CT or FEA, it was reported that
5 years after surgery, patients who had undergone locking plate
fixation for forearm diaphyseal fractures had significant bone at-
rophy compared with patients who had undergone conventional
plate fixation. Stress shielding due to the angular stability of the
locking platewas reported as the cause of bone atrophy.16 However,
no reports on bone atrophy changes over time after locking plate
fixation have been published, and the postoperative course of bone
atrophy remains unclear.

The present study aimed to evaluate bone atrophy changes us-
ing patient-specific CT or FEA after the fixation of a forearm
diaphyseal fracture using a lag screw and locking plate.

Materials and Methods

Study subject

The regional medical ethics committee of our hospital
approved the study. We recruited a 54-year-old healthy man for
the present study. He worked as a barber and was right-handed,
with no pre-existing muscle weaknesses. He had a right humeral
condyle open fracture (Arbeitsgemeinschaft Osteosynthese fragen
classification [AO] 13A3.3) and right forearm diaphyseal closed
fracture (AO 2R2B2, 2U2B2) after falling from a stepladder
(Figs. 1A, 2A). Internal fixation was performed 11 days after the
injury for all the fractures using a 3.5-mm locking compression
posterolateral distal humerus plate with support (DePuy Synthes)
and a 3.5-mm locking compression medial distal humerus plate
(DePuy Synthes) for the distal humerus fracture and using a
small-fragment locking compression plate (DePuy Synthes) for
the forearm fractures (Fig. 1B). For the radius, after fixing the
third bone fragment with a small cortical screw, this cortical
screw was used as a lag screw over the plate to crimp the bone
fragments, and the plate was fixed using 3 distal and 3 proximal
locking screws for neutralization plating. For the ulna, after
compression was obtained between the bone fragments using a
cortical screw as a lag screw, the plate was further compressed to
the bone using a cortical screw and fixed using 2 distal and 3
proximal locking screws for bridge plating.

Satisfactory fixation was achieved, and range of motion therapy
was started without postoperative external fixation. The patient
made full recovery and returned to his original job as a barber,
without pain. The range of motion at 6 months after surgery
was �5� of elbow extension, 140� of flexion, 80� of forearm



Figure 3. Diagram illustrating the creation of finite element models. A finite element
model of bone and resin cement was constructed. Both the bone and resin cement
were meshed with 1.2-mm primary mesh tetrahedral elements, and 0.3-mm thick
shell elements were attached to the bone surface.Figure 2. Diagram illustrating the selection of the area used for measuring BMD. We

measured the average BMD of a 20-mm-long area of the forearm between the most
distal proximal screw and the most recent distal screw of the plate.
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pronation, and 80� of supination, which was maintained until the
final follow up. He did not take any osteoporosis medication.

The plate was not removed; therefore, patient consent was
obtained, and plain X-ray and CT images of both the fractured and
healthy contralateral forearms were taken at 0.5, 1, 1.5, 2, 3, 4, and 5
years after surgery using a Lightspeed VCT VISION scanner (GE
Healthcare; a 64-row detector operated at 120 kV and 200 mAwith
a slice thickness of 0.65 mm and a pixel width of 0.5 mm).

Creating finite element models

We created a finite element model according to a previously
validated protocol.12 The CT Digital Imaging and COmmunications
in Medicine data were imported into the Mechanical Finder FEA
software (Computational Mechanics Research Center) to create a 3-
dimensional (3D) model. The region of interest of the forearm was
defined as the area inwhich the HU valuewas>1,000 HU. The range
of interest of the plate and screws was set as the region where HU
was �3,000 HU. The bone, resin cement, and the plate were
meshed with linear tetrahedral elements with global edge lengths
of 1.2, 1.2, and 0.3 mm, respectively. After generating the mesh, the
plate areawas removed using the software. The virtual thickness of
the shell elements was set to 0.3 mm on the surface of the bone
(Fig. 2). Surface elements were created to compensate for strength
losses due to CT resolution effects.

Heterogeneous bone properties were assigned by defining the
mechanical properties of each element based on the HU of the
pixels occupying a common volume in 3D space, as per Equations 1
and 2:

Equation 1: Ash density (g/cm3) ¼ (HU þ 1.4246) � 0.001/1.058
(HU value > �1)

Equation 2: Ash density (g/cm3) ¼ 0.0 (HU value � �1)
To prevent metal artifacts, ash densities of >2.0 g/cm3 were

assigned a value of 2.0 g/cm3, as previously described.7 The ash
density of each element, defined as a function of HU, was set as the
average ash density of the voxels occupying the same volume in 3D
space as the element. The Young modulus and yield stress for each
element were assumed to be directionally isotropic and were
calculated using published equations.9

Shell elements were assigned a Young modulus that matched
the nearest tetrahedral element with an HU value of at least 600
HU. The Poisson ratio for each element was set at 0.3, as previously
reported.12 The Young modulus and Poisson ratio for the potting
material were defined as 4.0 GPa and 0.4, respectively. An adhesive
contact property between resin and bone was assigned.
Uniform displacement was applied to the potting material at the
distal end of the radius at ramped displacement increments of 0.01
mm until the criteria for failure were met. The outer surfaces of the
proximal potting material were encased. Each element was defined
as yielding when its Druckere Prager equivalent stress reached the
element yield stress. The fracture load was defined as the force at
which a rapid decline in load was observed in the finite element
analysis-predicted force displacement.16

Measurement of bone mineral density

The volumetric bone mineral density (vBMD) under the plate
was measured using the quantitative CT evaluation of a 20-mm-
long area of the forearm bone between the most distal proximal
screw and the most distal plate screw (Fig. 3). The vBMD was also
measured outside the plate. The vBMDs under and outside the
plates of the affected and healthy sides were analyzed, and the ratio
was calculated by dividing the vBMD of the affected side by that of
the healthy side. This ratio was then evaluated over time.

Measurement of fracture load

The measurements of fracture load were conducted using the
protocol from a previous validation study involving fresh-frozen
cadavers.15 On the healthy side, the fracture load of the same area
was measured using CT/FEA. The fracture load was evaluated over
time using the ratio of the fracture load of the affected side to that
of the healthy side, which was calculated by dividing the value of
the affected side by that of the healthy side.

Results

Postoperative imaging findings

The plain X-ray and CT images at various time points after the
fixation of the ulnar fracture are presented in Figure 4A and B,
respectively. Both imaging modalities revealed that the thinning of
the radial and ulnar cortical bones just below the plate increased
with time after surgery.

Postoperative bone mineral density

The vBMD under the plate of the ulna decreased with time after
surgery (Fig. 4C). At 1 year after surgery, the vBMD under the plate
of the radius and ulna of the healthy side was 92.3% and 84.6%,
respectively (Fig. 5). The vBMD under the plate then remained



Figure 4. Postoperative imaging of the BMD of the ulna. A Plain X-ray images showing the thinning of the cortical bone just below the plate over time. B CT cross-sectional images
revealing the thinning of the cortical bone just below the plate over the postoperative course. C BMD analysis of the central part of the plate showing decreased density over the
postoperative course.

Figure 5. Graph of BMD at different time points after fixation. The BMD was stable
between the first and third postoperative years but decreased markedly after the third
postoperative year.

Figure 6. Graph of bone strength at different time points after fixation. Bone
strength increased up until the third postoperative year, after which it began to
decline.
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almost unchanged until 3 years after surgery, after which a more
pronounced decline was observed. At 5 years after surgery, the
density of the radius and ulna of the healthy side was 67.1% and
64.0%, respectively. However, the vBMD outside the plate at each
time point did not change.
Postoperative fracture load

At 1 year after surgery, the strength of the radius and ulna of
the healthy side was 40.9% and 29.3%, respectively (Fig. 6). From
the second to the third postoperative year, the fracture load of
the radius and ulna of the healthy side increased to 62.2% and
37.3%, respectively; however, after the third year, the fracture
load of the healthy side began to decline and reached 38.8% and
18.9% for the radius and ulna, respectively, at 5 years after
surgery.

Discussion

This study demonstrated that the fracture load in the radius and
ulna increased from the first to the third postoperative year, likely
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because of remodeling during the healing process. However, the
vBMD and bone strength decreased after the third postoperative
year, although the bone density outside the plate did not change.
Stress shielding and impaired circulation in the periosteum that is
in contact with the plate have been reported to cause local bone
atrophy after plate fixation.5,17 Considering that the locking plate
preserves periosteal blood flow because no crimping force is
applied to the bone, the observed bone atrophy may have been due
to stress shielding.18,19 The prolonged loss of mechanical stimula-
tion may have also decreased bone formation, resulting in a
decreased bone mineral density (BMD) and fracture load.

Some discrepancies in the BMD and fracture load trends were
observed in this study. We speculate that this is because the BMD
represents an average of the regions, whereas the fracture load
depends on the localization of BMD. Thus, an increased BMD and
the resultant thickening of the cortical bone affect the strength
rather than the cancellous BMD, which suggests that changes in
BMD do not directly reflect changes in bone strength. The mea-
surement of fracture load using CT or FEA should, therefore, be
considered to assess bone strength.

The progressive bone atrophy suggests that plate stiffness is
higher than the appropriate stiffness for bone creation because of
the load on the forearm bones. A possible solution may be to
approach the problem from the plate material side. We expect that
biocompatible, low-stiffness alloys will be developed along with
technology that disperses and reduces stress shielding by providing
a stiffness gradient within the plate through the heat treatment of
alloys and 3D-printing technology.

The present study has some limitations that should be
acknowledged. First, this included a single case with only 2
forearms. A large number of cases should be evaluated in future
investigations because of the variability that exists across cases.
Further studies involving more cases are warranted to clarify the
outcomes of long-term plate fixation. Second, FEA is only a
simulation and does not necessarily reflect the fracture risk in
clinical practice. Although our method of the measurement of
fracture load was based on the static compression of axial pres-
sure, external forces, such as bending, torsion, and shear, also
exist, which can be complex and overlapping in actual fractures.
Therefore, we believe that measuring fracture loads in response to
different types of forces and comprehensively evaluating them
can provide a more clinically relevant estimate of fracture risk.
There is also the limitation that this patient had a fractured hu-
merus. The reduced use of the upper extremity may have
decreased the load on the forearm, resulting in bone atrophy.
Lastly, the use of locking plate fixation for a forearm diaphyseal
fracture would not necessarily be favored in a noncomminuted or
nonosteoporotic bone; so, the applicability of the study results
may be limited to specific clinical scenarios.
This study shows that open reduction and internal fixation of
forearm diaphyseal fractures using a locking plate is associated
with long-term, progressive bone atrophy. We believe that sur-
geons should be cognizant of the potential local bone atrophy that
may result from the long-term fixation of locking plates and
counsel their patients appropriately.
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