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Degenerative changes in the elbow joint after
radial head excision for fracture: quantitative
3-dimensional analysis of bone density, stress
distribution, and bone morphology
Satoshi Miyamura, MD, PhDa,b,*, Jonathan Lans, MDa, Tsuyoshi Murase, MD, PhDb,
Kunihiro Oka, MD, PhDb, Neal C. Chen, MDa
aDepartment of Orthopaedic Surgery, Hand and Upper Extremity Service, Massachusetts General Hospital, Harvard
Medical School, Boston, MA, USA
bDepartment of Orthopaedic Surgery, Graduate School of Medicine, Osaka University, Suita, Osaka, Japan

Hypothesis and background: Some investigators speculate that excision may lead to elbow arthritis and associated problems; however,
evidence supporting this theory is limited. It is hypothesized that radial head excision causes bone density changes as a result of asym-
metrical stress distributions, consequently leading to osteophyte formation. In this study, we sought to quantitatively compare the 3-
dimensional (3D) bone density and stress distributions between operative and nonoperative elbows in patients who underwent radial
head excision. Furthermore, we aimed to quantify the bone morphologic changes using 3D models in the same cohort.
Methods: After retrospective identification, this study enrolled 6 patients who had undergone radial head excision for radial head frac-
tures. We created 3D bone models using computed tomography data obtained from the injured and uninjured elbows. Humerus and ulna
models were divided into anatomic regions, and the bone density of each region was assessed and described by its percentage of high-
density volume (%HDV). We also constructed finite element models and measured the stress values in each region. Furthermore, we
compared the bone morphology by superimposing the operative elbow onto the mirror image of the nonoperative elbow.
Results: The mean interval from radial head excision to examination was 8.4 � 3.3 years. The %HDVon the operative side was higher
than that of the nonoperative side at the anterolateral trochlea (77.5% � 6.5% vs. 64.6% � 4.0%, P ¼ .028) and posterolateral trochlea
(70.7% � 7.8% vs. 63.1% � 3.8%, P ¼ .034) regions of the distal humerus. Reciprocal changes were observed in the proximal ulna, as
%HDV was higher in the lateral coronoid (52.6% � 9.6% vs. 34.2% � 6.6%, P ¼ .007). The stress distributions paralleled the bone
density measurements. The operative elbows demonstrated an enlarged capitellum and a widened and deepened trochlea with osteophyte
formation compared with the nonoperative side.
Discussion and conclusion: In elbows treated with radial head excision, we identified asymmetrical bone density and stress alterations
on the lateral side of the ulnohumeral joint and bone morphologic changes across the joint. These data support the theory that radial head
excision contributes to ulnohumeral arthritis over the long term.
Level of evidence: Level III; Case-Control Design; Prognosis Study
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Radial head excision is a surgical option for comminuted evaluations. Written informed consent was obtained from all study
radial head fractures. Nonetheless, arthritic changes of the
elbow following radial head excision are frequently re-
ported,9,17,35,42 with few analyses evaluating biomechanical
changes. Additionally, it remains challenging to determine
how the initiating trauma and radial head excision each
contribute to the development of arthritis. Antu~na et al2

reported osteoarthritic changes in all 26 patients in their
study with an isolated radial head fracture that underwent
radial head excision, with little functional impairment at
long-term follow-up. Subsequently, there has been debate
in the setting of an isolated, irreparable comminuted head
fracture on whether the cost of radial head arthroplasty is
justified compared with excision.

Approximately 60% of the axial load of the forearm
passes through the radial head,18,34 and the radial head is an
important valgus stabilizer of the elbow joint.22,33,39 The
absence of radiocapitellar contact theoretically alters
loading by increasing the load through the ulnohumeral
joint and reducing valgus stability, which can both
contribute to degenerative changes. This might explain why
arthritis develops after radial head excision, posing the
argument for radial head preservation. Observational
studies have suggested that preservation of the radial head
may limit arthrosis compared with excision.28 Prior studies
have suggested that fixation of the radial head yields better
functional outcomes but diminished elbow and forearm
motions compared with radial head excision.24

Generally, degenerative change is characterized by
altered subchondral bone density and is associated with
mechanical stress across a joint.6,10,16,40,41 Additionally,
reactive osteophyte formation is commonly observed in
osteoarthritic joints.8,31 It is hypothesized that radial head
excision causes bone density changes as a result of asym-
metrical stress distributions, consequently leading to
osteophyte formation. In this study, the aim was to quan-
titatively compare the 3-dimensional (3D) bone density and
stress distributions between operative and nonoperative
elbows in patients who underwent radial head excision. A
secondary aim was to quantify the bone morphologic
changes using 3D models in the same cohort.
Methods

Study setting

This case-control study evaluated 6 patients who underwent radial
head excision for a radial head fracture. Patients were identified
retrospectively for enrollment, and this study was performed at a
single institutional hospital system in the Northeastern United
States, including 5 urban hospitals, of which 2 were level 1 trauma
centers. Patients’ medical charts were reviewed to determine
which patients to invite to return for clinical and radiographic
participants.

Patient enrollment

Patients who underwent radial head excision were identified
retrospectively using Current Procedural Terminology codes for
radial head excision. A medical chart review of all relevant or-
thopedic encounters from January 2002 to December 2017 was
performed, identifying 151 patients. Patients were included if they
were aged � 18 years and had undergone radial head excision for
a radial head fracture after either acute or distant trauma � 5 years
prior to the date of enrollment. Patients were excluded if they had
an elbow fracture-dislocation, a terrible-triad injury of the elbow,
an Essex-Lopresti injury, rheumatoid arthritis, or a bilateral injury
or were pregnant.

Medical records were screened by 2 experienced orthopedic
elbow surgeons (>10 years of practice), identifying 28 adult pa-
tients who met the inclusion criteria. After 10 patients without
accessible preoperative and postoperative radiographs were
excluded, 18 eligible patients were contacted to participate in this
study. We were able to contact 8 patients, who were screened by a
telephone interview to determine whether they had additional
treatment or trauma to the affected elbow. Six patients agreed to
participate in this study and were enrolled (Fig. 1).

Patient clinical data collection

Study data were collected and managed using REDCap (Research
Electronic Data Capture) tools hosted at our institution.19 De-
mographic information included age, sex, race, height, weight,
body mass index, dominant limb, and profession. Injury charac-
teristics were also collected, including the mechanism of the
initial injury, the Mason fracture classification,29 and the interval
from surgery to examination. Mason type was classified by 2
experienced orthopedic elbow surgeons. Elbow pain was graded as
none, mild, moderate, or severe, and elbow stability was graded as
stable, moderately unstable, or grossly unstable. Additional in-
formation was collected regarding the presence of ulnar nerve
symptoms or wrist pain. Elbow (flexion and extension), forearm
(supination and pronation), and wrist (flexion and extension)
ranges of motion on both the operative and nonoperative sides
were measured using a goniometer. The Quick Disabilities of the
Arm, Shoulder and Hand (QuickDASH) score was used to assess
patient-reported outcomes; the Mayo Elbow Performance Score
(MEPS) was also calculated. Patients rated their satisfaction with
treatment as very satisfied, satisfied, neither satisfied nor dissat-
isfied, dissatisfied, or very dissatisfied. All of the physical exam-
inations were performed by a single experienced elbow surgeon.

Three-dimensional computed tomography model
reconstruction

By use of a helical computed tomography (CT) scanner (Revo-
lution CT; GE Healthcare, WI, USA), both elbows were scanned
with full extension of the elbows and the forearms maintained in
supination. We used a low–radiation dose technique (slice



Adult patients with radial head excision 
(n = 151)

EXCLUSION CRITERIA
• Elbow fracture dislocations
• Essex-Lopresti injuries
• Rheumatoid arthritis
• Bilateral cases
• Under 18 years of age
• PregnancyRadial head fractures 

treated with radial head excision 
(n = 28) 

Recruitment by letter, e-mail and phone
(n = 18) 

Phone interview to further treatment or 
trauma to elbow of interest

(n = 8)

In person evaluation and CT scan
(n = 6)

Figure 1 Flowchart of patient enrollment. CT, computed tomography.
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thickness, 0.625 mm; pixel size, 0.40 mm; scan time, 0.5 seconds;
scan pitch, 0.562:1; tube current, 20-150 mA; and tube voltage,
120 kV)37; with a total dosage of 0.2 mSv per scan. Digital data
were saved and analyzed. The 3D surface models of the bilateral
humerus, ulna, and radius were created by a semiautomatic seg-
menting technique using MvIndex/Bone Simulator image pro-
cessing software (Orthree, Osaka, Japan).

Bone density measurement

As previously described, the orthogonal coordinate systems of the
distal humerus (X-, Y-, and Z-axes) and proximal ulna (x-, y-, and
z-axes) were determined.26,32 The articular surface of the distal
humerus was divided into 5 regions of interest (ROIs), and the
articular surface of the proximal ulna was divided into 4 ROIs.
The distal humerus was categorized into 5 regions: (1) capitellum,
(2) anterolateral trochlea, (3) anteromedial trochlea, (4) postero-
lateral trochlea, and (5) posteromedial trochlea. The proximal ulna
was categorized into 4 regions: (1) lateral coronoid, (2) medial
coronoid, (3) lateral olecranon, and (4) medial olecranon20,32

(Fig. 2, Supplementary Appendix S1).
The bone density of each ROI was analyzed using Mechanical

Finder software (version 10.0; Research Center for Computational
Mechanics, Tokyo, Japan). After the 3D bone models were
meshed with 1.0-mm tetrahedral elements, the pixel intensity of
each element was computed and the values of all elements in each
ROI were averaged to give a result equivalent to the bone
density.32
We calculated the percentage of high-density volume (%
HDV), which was the percentage of the overall volume of the
distal humerus or proximal ulna that had a bone density greater
than the average density of all the ROIs of the respective bone.32

The absolute values of bone density vary between patients.
Because of this, we sought to describe relative bone density as a
proportion of the high density in each ROI. These internal refer-
ences helped resolve potential variation arising from scanning
conditions and individual anatomy.12
Finite element analysis

We constructed subject-specific finite element models using Me-
chanical Finder software via meshed bone models that retained the
pixel intensity. Regions of articular cartilage were defined as areas
in the humerus, radius, and ulna models expanded by 2 mm.30,32

Cartilage regions were also meshed with 1.0-mm tetrahedral
elements.

On the basis of the material properties and the boundary
conditions according to previous studies5,15,21,23,27,30,32,44 (Fig. 3;
detailed in Supplementary Appendix S2), the equivalent stress was
measured and the values of all the elements at each ROI were
averaged. For these data, we calculated the percentage of high-
stress volume (%HSV), which was the percentage of the overall
stress that demonstrated above-average stress across the respective
bone.



Figure 2 Orthogonal coordinate systems and regions of interest for distal humerus (A) and proximal ulna (B) (detailed in Supplementary
Appendix S1).
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Evaluation of bone morphology

The bone models of the operative side and mirror images of the
nonoperative side were superimposed with a surface-based regis-
tration technique using an iterative closest point algorithm.3,4,25

Bone morphology was evaluated by measuring a minimum in-
terval distance between the models in the cross-sectional planes
around the Y- or y-axis. In the distal humerus, measurements were
performed at the greatest convexity of the capitellum, lateral
trochlea, and medial trochlea and categorized into the anterior and
posterior portions (Figs. 4, A and B). In the proximal ulna, mea-
surements were performed at the lateral and medial verges of the
ulnar trochlea, along with the coronoid and olecranon tips, and
categorized into the anterior and posterior portions (Fig. 4, C).
Three-dimensional analysis of proximal radius
migration

We quantified 3D migration by calculating the spatial movement
of the radius relative to the ulna using a surface-based registration
technique.3,25 The amount of spatial translation was calculated
and divided into proximal, medial, and posterior directions based
on the orthogonal coordinate system of the proximal ulna (Fig. 5).

Statistical analysis

SPSS software (version 24.0; IBM, Armonk, NY, USA) was used
to perform the statistical analyses. Significance was set at P < .05



Figure 3 Diagrams of boundary conditions: 3-dimensional elbow models of operative side (purple; A) and nonoperative side (beige; B).
lat, lateral; med, medial.
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for all tests. The normality of each variable was assessed with the
Shapiro-Wilk test. In each ROI, values of the %HDV and %HSV
were compared between the operative and nonoperative sides
using the paired t test or Wilcoxon signed rank test.

Regarding osteophyte formation, measurements of the anterior
and posterior parts of the humerus were compared among the
capitellum, lateral trochlea, and medial trochlea using 1-way
analysis of variance with the post hoc Tukey test. Measurements
of the coronoid and olecranon were compared between the lateral
trochlea and medial trochlea using the unpaired t test.

Because there are no similar data of which are aware, we
conducted a post hoc power analysis for the Wilcoxon signed rank
test (a ¼ .05, 2-tailed) using the effect size calculated from the
bone density measurements at the anterolateral trochlea in the
operative and nonoperative elbows (n ¼ 6 for each) to test the
primary hypothesis. On the basis of this, the power (1 – b) ach-
ieved to identify meaningful differences was �0.99. This calcu-
lation was performed using the G*Power program (Universit€at
Kiel, Kiel, Germany).
Results

Patient characteristics

The patient characteristics are presented in Table I. The
mean age at the examination was 55.2 � 17.1 years, and the
mean interval from radial head excision to CT was 8.4 �
3.3 years. Three patients underwent primary radial head
excision for fractures. Two patients underwent secondary
radial head excision for restricted forearm rotation and
crepitation, at 4 and 5 years after an initial osteosynthesis.
One patient underwent radial head excision without prior
surgery owing to collapse of the radial head 10 years after
the initial injury. In the 3 patients who underwent excision
after distant trauma, a symmetrical, preserved ulnohumeral
joint space was seen at the time of excision. The average
QuickDASH score and MEPS were 21.6 � 22.3 points and
88.3 � 13.3 points, respectively. All 6 patients had limi-
tations of elbow extension; the mean flexion contracture
was 22� � 5� compared with the nonoperative side. No
patient had instability at the time of excision.

The mean 3D migration of the radius on the operative
side was 3.0 � 3.8 mm in the proximal direction, 2.6 � 4.3
mm in the medial direction, and 1.8 � 3.1 mm in the
posterior direction.
Bone density analysis

In the distal humerus, the %HDVon the operative side was
higher than that on the nonoperative side at the anterolateral
trochlea (77.5% � 6.5% vs. 64.6% � 4.0%, P ¼ .028),
posterolateral trochlea (70.7% � 7.8% vs. 63.1% � 3.8%,
P ¼ .034), and posteromedial trochlea (64.1% � 2.6% vs.
56.9% � 4.5%, P ¼ .002). Conversely, the %HDV on the
operative side was lower than that on the nonoperative side
in the capitellum (20.8% � 10.1% vs. 38.2% � 9.4%, P ¼
.025) (Fig. 6, A and B; Table II).



Figure 4 Superimposed 3-dimensional models of the operative side (purple) and mirror images of the nonoperative side (white) and their
cross-sectional planes showing the greatest convexity of the capitellum (arrowheads), lateral trochlea verge (filled arrows), and medial
trochlea verge (open arrows). In the distal humerus, the Y-Z plane is incrementally increased by 45� around the Y-axis, and 3 planes of
interest are determined: 45� (225�) plane, 90� (270�) plane, and 135� (315�) plane. In the proximal ulna, the y-z plane is incrementally
increased by 30� around the y-axis, and 4 planes of interest are determined: 30� (210�) plane, 60� (240�) plane, 120� (300�) plane, and 150�

(330�) plane. (A) Anterior part of distal humerus (45�, 90�, and 135� planes). (B) Posterior part of distal humerus (225�, 270�, and 315�

planes). (C) Anterior portion (30� and 60� planes) and posterior portion (120� and 150� planes) of proximal ulna.
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Figure 5 Schemas of 3-dimensional (3-D) analysis of proximal radius migration. (A) The forearm bones on the operative side and the
mirror image of the nonoperative side are superimposed with the ulna. (B) The radius of the mirror image of the nonoperative side is
superimposed onto the bones on the operative side with the radius, and the movement of the center of the radial head is tracked. (C)
Consequently, the amount of translation is calculated and divided into proximal, medial, and posterior directions based on the orthogonal
coordinate system of the proximal ulna.
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In the proximal ulna, the %HDV on the operative side
was higher than that on the nonoperative side in the lateral
coronoid (52.6% � 9.6% vs. 34.2% � 6.6%, P ¼ .007)
whereas the %HDV on the operative side was lower than
that on the nonoperative side in the lateral olecranon
(41.6% � 6.7% vs. 55.4% � 8.3%, P ¼ .011) (Fig. 6, C;
Table II).

Finite element analysis

The finite element analysis results paralleled the bone
density measurements (Fig. 7, Table III). In the distal hu-
merus, the %HSVon the operative side was higher than that
on the nonoperative side in the anterolateral trochlea
(81.8% � 7.7% vs. 64.0% � 8.5%, P ¼ .022) and
posterolateral trochlea (74.1% � 10.3% vs. 55.4% �
12.6%, P ¼ .037). Conversely, the %HSV on the operative
side was lower than that on the nonoperative side in the
capitellum (17.4% � 10.2% vs. 47.5% � 11.4%, P ¼ .007).
In the proximal ulna, the %HSV on the operative side was
higher than that on the nonoperative side in the lateral
coronoid (57.7% � 10.1% vs. 43.0% � 9.4%, P ¼ .041).

Bone morphologic analysis

The largest anterior distal humerus osteophytes were
observed around the capitellum (2.1 � 0.7 mm); these were
larger than those around the lateral trochlea (0.6 � 0.4 mm,
P ¼ .002) or medial trochlea (1.2 � 0.8 mm, P ¼ .048). The
largest posterior distal humerus osteophytes were observed
at the lateral trochlea (2.9 � 1.2 mm, P ¼ .008) and medial
trochlea (3.5 � 1.4 mm); both of these were larger than
those around the capitellum (0.6 � 0.5 mm, P ¼ .001)
(Table IV).

In the coronoid, the measurement of osteophyte forma-
tion around the lateral trochlea (4.0 � 1.5 mm) was larger
than that around the medial trochlea (2.2 � 0.6 mm, P ¼
.032). The average height of the coronoid tip was 5.0 � 3.7
mm. In the olecranon, the measurement of osteophyte
formation around the medial trochlea was 2.1 � 1.2 mm
and that around the lateral trochlea was 3.3 � 1.9 mm. The
average height of the olecranon tip was 4.5 � 2.0 mm
(Table V).
Discussion

Using bilateral elbow CT data, we quantitatively analyzed
the bone density, stress distribution, and bone morphology
in the elbow joints of 6 patients who underwent radial head
excision for radial head fractures and compared this with
the uninjured elbows in the same patients. The results
showed an increased bone density and stress concentration
on the lateral side of the ulnohumeral joint following radial



Table I Patient data

Mason
type

Age
at
CT,
yr

Sex Race Height,
cm

Weight,
kg

BMI Dominant
limb

Operative
side

Profession Interval
from
excision
to CT,
yr

Elbow
pain

Elbow
instability

Case 1 2 48 M White 180.3 106.6 32.8 R R Mechanic 12.5 Moderate Stable
Case 2 3 41 F White 175.2 128.4 41.8 R L Unemployed 6.8 None Moderate

instability
Case 3 3 32 M Asian 181.6 68.0 20.6 R L Stagehand 5.2 None Stable
Case 4 3 68 M White 172.7 90.3 30.3 R L Unemployed 12.7 Mild Moderate

instability
Case 5 3 71 F African

American
160.0 78.0 30.5 R R Unemployed 6.8 None Moderate

instability
Case 6 2 71 F White 165.1 84.8 31.1 R L Unemployed 6.5 None Moderate

instability
Mean 55.2 172.5 92.7 31.2 8.4
SD 17.1 8.5 21.7 6.8 3.3
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head excision. We also found an enlarged capitellum and a
widened and deepened trochlea with osteophyte formation
in the elbow that underwent radial head excision compared
with the nonoperative side.

Several studies have demonstrated satisfactory outcomes
after radial head excision. Many of these have noted an
increased incidence of radiographic arthritis at long-term
follow-up.2,9,17,24,35,38 Biomechanical and clinical studies
have reinforced that the radial head and radiocapitellar
contact contribute to elbow stability and function even
though the radial head is conceptualized as a secondary
stabilizer to valgus stress.18,24,34,41

In our study, elbows in which the radial head was
excised had different bone density and stress distribution
patterns compared with the nonoperative elbows. In the
distal humerus on the operative side, the lateral and post-
eromedial trochlea had higher bone density and loading
stress. Furthermore, the findings were suggestive of a bone
density increase along the lateral aspect of the trochlea
compared with the medial aspect when the differences
among ROIs were analyzed. In the region directly opposing
the lateral trochlea, the lateral coronoid and medial olec-
ranon also had increased bone density and stress.

Prior studies have demonstrated that subchondral bone
density reflects the stress acting on joint surfaces under
actual loading conditions14,36 and that subchondral bone
changes reflect the development of osteoarthritis.7,13,43 The
bone density and stress changes identified in our study
suggest that there is an increased valgus load through the
ulnohumeral joint when the radial head is excised, subse-
quently leading to arthritis. In particular, the preferential
bone density increase at the lateral aspect of the humeral
trochlea suggests that the valgus stress tilts the ulna into the
trochlea, resulting in uneven wear of the ulnohumeral
cartilage (Fig. 8).

Regarding the morphologic bone analysis, our results
demonstrated an enlarged capitellum and a widened and
deepened trochlea. This bone reaction and osteophyte for-
mation might occur in response to valgus instability and
shear forces across the joint.31 Furthermore, osteophytes
may form at the lateral trochlea of the coronoid to reduce
abnormal joint stress. It is notable that in prior studies
evaluating elbow arthritis, the enlargement of the cap-
itellum was rarely observed in elbows with primary
arthritis, which typically demonstrate a wear pattern of this
region.1,11 It remains unclear why the capitellum enlarges,
but we hypothesize that the trochlear overload from valgus
stress stimulates enlargement of the lateral ridge, making
the capitellum seem wider and flatter.

This study had some limitations. First, we were unable
to perform direct comparison with radial head fractures
treated with open reduction–internal fixation or prosthetic
replacement because metal artifact would interfere with CT
scanning. A similar comparison of patients undergoing
open reduction–internal fixation or prosthetic replacement
of the radial head is needed to gain further understanding
but remains challenging given the radiographic artifact due
to metallic arthroplasty. We hope future advances in CT
metal suppression will make it possible to apply these
techniques to patients who undergo radial head arthro-
plasty. Second, 3 patients had undergone radial head exci-
sion after distant trauma. However, we do not believe that
the difference in the interval from injury to excision altered
the findings substantially because they showed a symmet-
rical, preserved ulnohumeral joint space at the time of
excision and the results of these 3 patients and those of the



Table I Patient data (continued )

Ulnar
nerve
symptom

Wrist
pain

ROM (operative side/nonoperative side), � Patient
satisfaction

QuickDASH
score, points

MEPS, points

Elbow Forearm Wrist

Flexion Extension Supination Pronation Flexion Extension

Severe None 110/
135

–30/0 70/70 80/90 50/60 75/75 Dissatisfied 38.6 65

None None 135/
130

–22/–5 70/70 90/90 45/45 60/60 Satisfied 0 95

Moderate None 125/
130

–25/–5 60/80 70/70 60/75 60/65 Neither satisfied
nor dissatisfied

9.1 100

Moderate None 140/
140

–25/0 85/75 80/80 60/60 70/65 Neither satisfied
nor dissatisfied

27.3 80

None None 125/
150

–25/–5 80/70 70/80 75/60 60/60 Very satisfied 0 95

Moderate None 120/
130

–20/–10 70/80 70/70 65/65 50/60 Very satisfied 54.5 95

126/
136

–25/–3 73/74 77/80 59/61 63/64 21.6 88.3

11/
8

3/3 9/5 8/9 10/10 9/6 22.3 13.3

CT, computed tomography; BMI, body mass index; ROM, range of motion; QuickDASH, Quick Disabilities of the Arm, Shoulder and Hand; MEPS, Mayo

Elbow Performance Score; M, male; R, right; F, female; L, left; SD, standard deviation.
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other patients appeared similar. Third, our data do not allow
one to make a definitive conclusion that radial head exci-
sion leads to arthritis. It is indeterminate whether these
findings are directly related to the radial head excision or
the chondrocyte injury at the time of the initial injury
without having a comparison with the retained radial head,
which is not feasible because of the CT methodology.
Figure 6 Three-dimensional bone models and distribution patterns o
mirror image of nonoperative side (white). (A) Anterior view of distal
bution of the high-density region on the lateral side of the humeral tr
nonoperative side. (B) Posterior view of distal humerus. Osteophyte f
trochlea verge (open arrows) and distribution of the high-density regio
operative side when compared with the nonoperative side. (C) Anterior v
verge (filled arrows) and medial trochlea verge (open arrows) and antero
are shown on the operative side when compared with the nonoperative
Finally, the sample size was insufficient to compare clinical
outcomes among patients to identify factors impacting
outcomes. We did, however, have enough power to
compare our modeling data; despite the cohort only con-
sisting of 6 patients, our post hoc power analysis demon-
strated a power of 0.99 based on data of bone density
measurements at the anterolateral trochlea.
f high–bone density region, showing operative side (purple) and
humerus. Enlargement of the capitellum (arrowheads) and distri-
ochlea are shown on the operative side when compared with the
ormation at the lateral trochlea verge (filled arrows) and medial
n on the entire surface of the humeral trochlea are shown on the
iew of proximal ulna. Osteophyte formation at the lateral trochlea
lateral distribution of the high-density region on the ulnar trochlea
side. lat, lateral; med, medial.



Figure 7 Contours of stress distributions: operative side (purple mesh; A) and mirror image of nonoperative side (white mesh; B). Stress
contours are shown on cross sections of the axial plane (top) and anterior oblique plane to the humeral axis (bottom). In the operative elbow,
loading caused stress to concentrate on the lateral side of the humeral trochlea and the lateral side of the coronoid when compared with the
nonoperative elbow. lat, lateral; med, medial.

Table II Percentage of HDV by region of distal humerus and proximal ulna

Operative side, % Nonoperative side, % P value

Distal humerus
Capitellum 20.8 � 10.1 38.2 � 9.4 .025*

Anterolateral trochlea 76.1 (74.4-76.9) 64.6 � 4.0 .028y

Anteromedial trochlea 49.8 � 12.8 51.8 � 7.6 .753
Posterolateral trochlea 70.7 � 7.8 63.1 � 3.8 .034y

Posteromedial trochlea 64.1 � 2.6 56.9 � 4.5 .002y

Proximal ulna
Lateral coronoid 52.6 � 9.6 34.2 � 6.6 .007y

Medial coronoid 49.0 � 8.6 46.7 � 5.8 .411
Lateral olecranon 41.6 � 6.7 55.4 � 8.3 .011*

Medial olecranon 46.3 � 3.6 55.2 � 11.5 .093

HDV, high-density volume.

Data with a normal distribution are presented as mean � standard deviation, whereas those with a non-normal distribution are presented as median

(interquartile range).
* The percentage of HDV was significantly lower for the operative side than the nonoperative side (P < .05).
y The percentage of HDV was significantly higher for the operative side than the nonoperative side (P < .05).
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Table IV Bone morphologic analysis of distal humerus

Distal humerus Region, mean � SD, mm P value

Capitellum Lateral
trochlea

Medial
trochlea

Capitellum vs.
lateral trochlea

Capitellum vs.
medial trochlea

Lateral trochlea vs.
medial trochlea

Anterior part 2.1 � 0.7 0.6 � 0.4 1.2 � 0.8 .002* .048* .312
Posterior part 0.6 � 0.5 2.9 � 1.2 3.5 � 1.4 .008y .001y .639

SD, standard deviation.
* The measurement was significantly higher for the capitellum than the trochlea (P < .05).
y The measurement was significantly higher for the trochlea than the capitellum (P < .05).

Table V Bone morphologic analysis of proximal ulna

Proximal ulna Region, mean � SD, mm P value

Lateral trochlea Medial trochlea

Coronoid 4.0 � 1.5 2.2 � 0.6 .032*

Olecranon 2.1 � 1.2 3.3 � 1.9 .226

SD, standard deviation.
* Significant difference (P < .05).

Table III Percentage of HSV by region of distal humerus and proximal ulna

Operative side, % Nonoperative side, % P value

Distal humerus
Capitellum 17.4 � 10.2 47.5 � 11.4 .007*

Anterolateral trochlea 81.8 � 7.7 64.0 � 8.5 .022y

Anteromedial trochlea 18.3 � 12.3 9.9 � 3.2 .128
Posterolateral trochlea 74.1 � 10.3 55.4 � 12.6 .037y

Posteromedial trochlea 42.5 � 7.3 32.2 � 14.0 .084
Proximal ulna

Lateral coronoid 57.7 � 10.1 43.0 � 9.4 .041y

Medial coronoid 21.6 � 10.6 11.2 � 7.8 .101
Lateral olecranon 49.3 � 11.5 52.0 � 14.6 .538
Medial olecranon 45.2 � 16.4 28.4 � 4.1 .069

HSV, high-stress volume.

Data with a normal distribution are presented as mean � standard deviation.
* The percentage of HSV was significantly lower for the operative side than the nonoperative side (P < .05).
y The percentage of HSV was significantly higher for the operative side than the nonoperative side (P < .05).
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Conclusion
Radial head excision leads to altered bone density and
morphology of the elbow joint probably as a result of
changes in stress distributions through the ulnohumeral
joint. These data support the theory that radial head
excision contributes to ulnohumeral arthritis over the
long term.
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Figure 8 Three-dimensional bone models (top) and cross-sectional images (bottom) of operative side (purple; A) and mirror image of
nonoperative side (white; B). The cross-sectional images are obtained by sectioning in the coronal plane. In the operative elbow, the
ulnohumeral joint shows abnormal narrowing and widening at the lateral aspects (open arrows) when compared with the nonoperative side
(filled arrows). lat, lateral; med, medial.
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