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Elbow rotation affects the accuracy D
of rotational formulas: validation of a modified
method
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Abstract

Background Supracondylar humerus fractures (SCHFs) are the most common elbow fractures in children and are
typically treated with closed reduction and Kirschner pin fixation. However, varying degrees of residual rotational
displacement may remain after closed reduction. Several methods exist to assess rotational displacement, but none
account for the effect of elbow rotation on the results. We hypothesize that the accuracy of the primitive rotational
calculation formula (PRCF) decreases as elbow rotation increases and propose a modified rotational calculation
formula (MRCF). This study aims to investigate the impact of elbow rotation on PRCF and validate the reliability of
MRCF.

Methods Mimics software was used to reconstruct the distal humerus in a child and create a transverse SCHF, which
was then subjected to X-ray fluoroscopy simulation. Axial rotational displacement was simulated in 5° increments,
from 0° to 45°. Internal and external elbow rotations were simulated by adjusting the “LAO"and “RAQ" angles. Five
physicians measured and calculated displacement using both the primitive and modified rotational calculation
formulas.

Results The PRCF method showed an average error of 17.98° + 12.31° with a maximum error of 46.46%. Additionally,
13% of measurements had an error under 3°, and 29% had an error under 10°. With MRCF, the mean error for internal
rotation was 2.04° + 1.67°, with a maximum of 6.09%; 68% of cases had an error under 3° and 94% under 5%. For
external rotation, the mean error was 2.74° + 2.66°, with a maximum of 8.29%; 57% of cases had an error under 3° and
98% under 8°. Intraclass correlation coefficients for the five physicians were 0.966 for internal rotation and 0.989 for
external rotation.

Conclusions This study demonstrates that the accuracy of PRCF decreases as elbow rotation increases, supporting
our hypothesis. MRCF effectively addresses the limitations of PRCF and provides stable, accurate measurements of
rotational displacement even with varying elbow rotations. Accurate assessment of rotational displacement in the
horizontal plane is essential to understanding the relationship between residual rotational displacement and SCHF
prognosis. MRCF will play a critical role in this process.
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Background

Supracondylar humerus fractures (SCHF) are the most
prevalent upper limb fractures in children. Percutaneous
internal fixation using Kirschner wires with closed reduc-
tion is the standard treatment. Despite this, fractures
frequently remain rotationally or horizontally displaced
to varying extents post-surgery [1, 2]. However, there
is currently no evidence that rotational displacement of
the distal fragment in the horizontal plane can sponta-
neously remodel or correct [3—6]. Moreover, the impact
of horizontal plane rotational displacement on the func-
tional recovery of the elbow joint remains unclear [7, 8].
Residual rotational displacement may also lead to elbow
varus deformity, ulnar neuritis, and other complications
[9-12]. Therefore, to elucidate the relationship between
the degree of residual rotational displacement and the
prognosis of SCHE, it is crucial to accurately assess rota-
tional displacement in the horizontal plane.

Several methods have been proposed to assess horizon-
tal rotational displacement, including the lateral rotation
percentage (LRP), rotation calculation formula, and rota-
tion calculation model [13—-15]. Accurate measurement
requires standard fluoroscopic positioning of the affected
limb. However, obtaining standard fluoroscopic films is
particularly challenging in children [16]. Clinically, after
fracture confirmation, temporary splints, braces, or casts
are used to immobilize the limb, preventing further dis-
placement and protecting soft tissues and nerves. How-
ever, these materials can hinder standard fluoroscopic
positioning. Additionally, young children often struggle
with pain and discomfort, leading to low compliance
and resistance during repeated limb adjustments. These
adjustments not only increase pain but also complicate
fluoroscopy, promote fracture displacement, and elevate
the risk of peripheral vascular and nerve damage.

The primitive rotational calculation formula proposed
by Henderson shows relative accuracy in assessing resid-
ual rotational displacement [13]. However, its sensitivity
to elbow rotation is unclear, indicating a need for a more
generalizable method to quantify and evaluate rotational
displacement.

This study utilized three-dimensional (3D) software
for biomechanical simulations of SCHF to overcome the
limitations of repeated clinical fluoroscopy and uncon-
trolled rotational displacement. Mimics software was
used to simulate rotational displacement, offering con-
trollable conditions and reducing errors from manual
adjustments. The study aims to evaluate the effect of
elbow rotation on the accuracy of the primitive rotational
calculation formula (PRCF) and the modified rotational

calculation formula method (MRCF) for horizontal rota-
tion shift by reconstructing various rotational states and
simulating perspectives through 3D software.

Methods

Acquisition of raw data

This study retrospectively reviewed the imaging data of
children aged 5-7 years who underwent spiral computed
tomography (CT) scans of the elbow at Xian Honghui
Hospital in June 2023 [17]. To ensure optimal imag-
ing quality, all CT scans were performed by radiologic
technologists with over three years of professional expe-
rience, using a Philips 64-slice CT scanner. Standard-
ized parameters were applied (voltage: 120 kV; current:
181 mA; slice thickness: 1 mm) to maintain consistency
and accuracy in the imaging process. Parental or legal
guardian consent for participation was obtained for
all participants, including those under the age of 16, in
accordance with the ethical guidelines of Xi'an Honghui
Hospital. The study was approved by the hospital’s ethics
committee.

Inclusion criteria were as follows: (1) The CT scan
encompassed the entire distal humerus; (2) The distal
humerus was free from fractures, lesions, and metallic
objects within the scan range. Exclusion criteria included:
(1) Presence of artifacts or low resolution; (2) Previous
fractures or post-healing changes in the distal humerus;
(3) Other congenital developmental abnormalities.

After applying these inclusion and exclusion criteria, a
random child’s DICOM data was selected as the basis for
Mimics modeling. Personal information was removed,
and the images were exported in DICOM format and
stored on a CD.

Model construction and medical X-ray simulation

The DICOM files were processed using Mimics software
(version 21.0, Materialise) for reslicing to correct posi-
tional changes during spiral CT scanning, realigning the
anterior-posterior (AP) and lateral views of the humerus
for modeling elbow rotation. After reslicing, the bone
blocks were reconstructed, and the distal humerus block
was isolated from non-humeral structures, retaining only
the distal humerus model.

A transverse SCHF was artificially created, positioning
the fracture line at the midpoint of the olecranon fossa’s
longitudinal axis. The humerus was divided into proximal
and distal segments at the fracture line, and two points
along the humeral mid-axis were chosen as the rotation
axis. The proximal humerus was fixed, while the distal
humeral block was rotated internally along the mid-axis
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using the “Reposition” function in “Align” Previous
research indicated that rotational displacement of the
distal and proximal fragments becomes clinically signifi-
cant when visible on fluoroscopy at 30° [14].

To explore different degrees of rotational displace-
ment, the study increased displacement up to 45°, with
5° increments from 0° to 45° [14, 18]. This simulated the
rotational displacement of the distal and proximal frac-
ture fragments. The model was then used in the “Fluo-
roscopy” simulation. The “Distance source to detector”
was set to 1000 mm, the “Distance source to patient” to
500 mm, and the “Contrast” for the bone fragments was
set to 1. The resolution was set to “Hi” (600%x600) to
enhance the cortical edge visibility (Fig. 1). Internal and
external elbow rotations were simulated by adjusting
“LAQO” and “RAQO” angles, with increments of 5° from 0°
to 45°.

Measurement and calculation formula for rotational
operations

The widths of the proximal “X” and distal “Y” fracture
blocks at the fracture line level were measured for each
simulated film (Fig. 2). The standard AP and lateral
widths in the absence of elbow rotation or displacement
were labeled as “A” and “B” (Fig. 1). The standard lateral
view was determined by observing the tear-drop pattern
of the distal humerus, while the AP view was rotated 90°
from this lateral position [16].

To assess the effect of varying degrees of elbow rotation
on PRCF measurements, an AP view of the humerus was
used as the measurement plane, as outlined in Hender-
son’s paper. In contrast, MRCF required consideration of
the direction of humeral rotation, so the left lateral view
was chosen for measurement.

Primitive rotation calculation formulas (PRCF)

a = arccos (};:g) (1)

(a) (b)

Olecranon fossa
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Modified rotation calculation formulae (MRCF)

PRCF fails to consider the impact of elbow rotation.
MRCF aims to compare the morphology of the distal and
proximal fracture blocks in the rotated state with that
of the distal and proximal fracture blocks in the stan-
dard lateral position, respectively, in order to determine
the degree of rotational displacement between the bone
blocks (Fig. 3). The following formulae were derived:

hN
o]

~

a1 = {90 - ‘arccos (@)‘} x (£1)

{ ay = {90 — |arccos (3=2)|} x (+1) @

+ The default internal rotation is positive and is
multiplied by 1 for inward rotation and -1 for
outward rotation.

+ ol represents the degree of rotation of the proximal
fracture block under rotational displacement relative
to non-rotational displacement.

+ a2 represents the degree of rotation of the distal
fracture block under rotational displacement relative
to non-rotational displacement.

a =|a; — ag]

+ The degree of rotational displacement between the
distal and proximal fracture blocks is designated by
the symbol a.

The degree of rotational displacement was measured
using Mimics software by a senior imaging physician and
five orthopedic surgeons (three pediatric specialists and
two medical students). The lengths of the distal and prox-
imal bone fragments at the fracture line were assessed
using the “line” tool in the ANALYZE” function. Initially,
the senior imaging physician took three measurements
of all data, with the average used as the final result. The
five other doctors independently measured the simulated
films, blinded to the initial results. A separate doctor,
uninvolved in the measurements, calculated the degree

(c) (d)

Fig. 1 (a) Simulated Anteroposterior Fluoroscopy Image, with A indicating the length of the humerus at the fracture level under this projection. (b)
Simulated Lateral Fluoroscopy Image, with B indicating the length at the fracture level under this projection. (c) Simulated Anteroposterior Fluoroscopy
Image with 15° Rotation. (d) Simulated Lateral Fluoroscopy Image with 15° Rotation. (*Ossification centers)
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Fig. 2 Simulated Fluoroscopy Image of 15° Relative Rotational Displacement of Proximal and Distal Bone Fragments with 30° Internal Rotation of the
Elbow. X is the width of the proximal humerus at the fracture level. Y is the width of the distal humerus at the fracture level

of rotation using different formulas, and the data under-
went statistical analysis.

Statistical analysis

Data were compiled and analyzed in Microsoft Excel
(Microsoft 365) with statistical and graphical outputs
generated using GraphPad Prism (version 9.5). The rota-
tional displacement of the bone block under various
elbow rotation states was calculated using PRCF and
MRCE, and the differences between the measured and
true values were recorded as error values. The percent-
age of measurement groups falling within error ranges
from 3° to 10° was calculated, and box plots displayed
the distribution of errors, including mean, maximum,
and minimum values. Line plots showed the variation in
error percentage across different elbow rotations, while
bar graphs depicted the overall percentage of error. The
inter-rater reliability was evaluated using the intraclass
correlation coefficient (ICC).

Results

The study concluded with the creation of a model and
the use of simulated fluoroscopy on the distal humerus
of a six-year-old child. A total of 200 simulated films of
internal rotation of the distal humeral fracture block in
the supracondylar humerus at 0-45° were obtained in the
0-45° elbow internal and external rotation states. Each
elbow rotational state was accompanied by 10 measure-
ment groups of different distal humerus blocks displaced
inwardly in rotation, for a total of 100 measurement
groups combining the elbow internal and external rota-
tion groups.

Primitive rotation calculation formula’s output is
influenced by elbow rotation

The rotational displacement measurements of the bone
block under varying degrees of elbow rotation, calcu-
lated using PRCF in AP fluoroscopy, are shown in Fig. 4a.
Figure 4b illustrates the error distribution across differ-
ent elbow rotations. A positive correlation between the
measurements and true rotation values was observed,
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Fig. 3 Example of a simulated fluoroscopic view showing the calculation of rotational displacement between bone fragments in a scenario of elbow
rotation. The elbow is externally rotated by 23°, and the true rotational displacement between the bone fragments is 20° of internal rotation. The fracture-
level widths of the proximal (L1=220.346) and distal (L2 = 148.093) bone fragments were measured using Mimics software. Additionally, standard antero-
posterior (AP) and lateral views were obtained for comparison, with AP width (A)=364.10 and lateral width (B)=144.05. Using the Modified Rotational
Calculation Formula (MRCF), the calculated rotational displacement was 21.33°, which is only 1.33° different from the true rotational displacement of 20°.
This example highlights the precision of the method in determining rotational displacement, even under different degrees of elbow rotation

but discrepancies increased with greater internal elbow
rotation. In the internal rotation group, the average
error between the measured and true values was 17.98°
+ 12.31°, with a maximum error of 46.46°. The percent-
age of error in different error ranges showed a gradual
decreasing trend (Fig. 4c). At 0° elbow rotation, the dis-
crepancy between the true and measured values was
minimal, with 40% of measurements showing an error
within 3°. In 13% of cases, the error was less than 3°, and
in 29%, it was under 10% (Fig. 4d).

Application of modified rotational calculation formula

The calculated values for rotational displacement under
varying degrees of internal and external elbow rotation,
obtained using MRCEF in lateral fluoroscopy, are shown
in Fig. 5a. Error distributions are displayed in Fig. 5b.
MRCF showed less sensitivity to elbow rotation com-
pared to PRCF. The mean error for internal rotation was
2.04° £ 1.67°, with a maximum error of 6.09°, while exter-
nal rotation showed a mean error of 2.74° £+ 2.66°, with
a maximum error of 8.29°. Figure 6a illustrates the effect
of elbow rotation on error percentages, while Fig. 6b
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Fig. 4 (a) Measurements using the primitive rotation correction formula (PRCF) at varying degrees of elbow internal rotation (EIR). (b) Box plots showing
discrepancies between measured and actual values across different EIR angles using PRCF. (c) Percentage error at different degrees of EIR, calculated using
PRCF. (d) Overall percentage distribution of error levels across all measurement groups using PRCF

presents the overall percentage of error across all groups.
In internal rotation, 68% of measurements had errors
under 3°, 94% had errors under 5°, and all had errors
below 7°. For external rotation, 57% had errors under 3°,
98% were below 8°, and all were below 9°. The assessment
reliability by five physicians was excellent, with ICCs of
0.966 for internal and 0.989 for external rotation.

Discussion

This study demonstrates that elbow rotation signifi-
cantly affects the stability and accuracy of rotational
displacement assessments using Henderson’s rotational
calculation formula. In contrast, the modified formula
we propose is less influenced by elbow rotation, provid-
ing more stable and reliable results. Specifically, as the
degree of internal elbow rotation increases, the accuracy
of the Henderson method decreases, leading to greater
measurement error. The improved evaluation method
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Fig.5 (a) Measurements using the modified rotation correction formula (MRCF) at various degrees of elbow rotation (ER). The ideal value represents the
estimated degree of rotation equal to the actual degree. Positive values on the X-axis represent internal rotation, while negative values indicate external
rotation. (b) Box plots illustrating the differences between measured and actual values for various degrees of elbow rotation using MRCF
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Fig.6 (a) Percentage error at varying degrees of elbow rotation, calculated using the modified rotation correction formula (MRCF). (b) Overall percentage
distribution of error levels across all measurement groups, based on MRCF calculations

reduces the error range to within 3-10°, significantly
enhancing measurement precision and minimizing the
rotational displacement errors caused by changes in
elbow position.

In the initial modified method, we used AP view as
the measurement plane. However, we found that due to
the asymmetry of the distal humerus, when the elbow or
fragment externally rotates by 5°-10°, the measured width
of the fracture line in the horizontal plane is greater than
that in the standard position, resulting in an MRCF ratio
greater than 1, which prevents accurate calculation of
the true rotational displacement. To address this issue,
we then employed the lateral view as the measurement
plane, effectively avoiding this problem.

To the best of our knowledge, this method offers a
superior approach to assessing rotational displacement
compared to previous studies. This research is the first
to highlight the potential impact of elbow rotation on the
accuracy of existing rotational displacement assessment
formulas. Additionally, we innovatively applied Mimics
software to reconstruct the humeral supracondylar frac-
ture model and simulate fluoroscopy in our experiment.

In 1962, Lonroth et al. attempted to assess rotational
displacement by taking multiple X-ray images of the
humerus at the fracture level from different fluoroscopic
angles [19]. However, the repeated fluoroscopy used in
this method increased radiation exposure to children.
In 2001, Gordon introduced the concept of LRP, which
indirectly reflects the rotational changes before and after
the healing of SCHF by calculating the percentage of

the absolute difference in width between the distal and
proximal fracture fragments and the width of the distal
fracture fragment [15]. However, LRP does not directly
quantify the degree of rotational displacement.

To further investigate the relationship between LRP
and true rotational displacement, Berdis and Sahbat built
upon Lonroth’s approach, using linear regression analy-
sis to demonstrate a positive correlation between LRP
and true rotational displacement across various fracture
models [18, 20]. In addition, Prabhaker et al. developed
a mathematical model for assess the degree of rotational
displacement at the fracture site [14]. They demonstrated
that when this model was applied to 3D-printed frac-
ture models, more than 75% of the measurements had
an error of less than 5° compared to the true values. This
approach reduced errors introduced by manual adjust-
ments by using software modeling and 3D printing to
generate fracture models with varying degrees of rota-
tional displacement.

In contrast to their work, our modified rotational cal-
culation formula offers a more direct assessment of the
true degree of rotational displacement by incorporat-
ing the effects of elbow rotation. Additionally, we used
Mimics software to simulate X-ray fluoroscopy, enabling
clear identification of anatomical landmarks at the distal
humerus in the simulated images. This digital fluoros-
copy simulation allows for adjustable settings of elbow
rotation and the relative rotational displacement between
the distal and proximal bone fragments. The clear simu-
lated fluoroscopic images provide a reliable foundation
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for further validation of the method’s accuracy, while
the adjustable simulation minimizes errors from manual
adjustments. This approach also reduces radiation expo-
sure from repeated fluoroscopy, offering a feasible solu-
tion for extensive simulation requirements.

In addition to fluoroscopic methods, CT and non-
invasive ultrasound technology have also been used to
assess rotational displacement in SCHF. Hindman and
colleagues used CT cross-sectional scans to calculate
the rotational angle difference between the fractured and
normal bone segments, thus determining the true rota-
tional displacement [21]. Ito and colleagues attempted
to use ultrasound, adding two measurement points to
the original protocol by measuring the distance from the
medial and lateral humeral columns to the skin, in order
to assess rotational displacement [22]. However, this
method does not quantify rotational displacement.

Although ultrasound and spiral CT have improved
the accuracy of detecting rotational displacement,
intraoperative C-arm fluoroscopy remains the most
commonly used and convenient clinical method. Hen-
derson’s method has provided a solid foundation for our
subsequent research, which is based on conventional
fluoroscopy.

However, our study does have the following limita-
tions: (1) Complexity of MRCF: The MRCF method is
relatively complex and may not be conducive to direct
and rapid evaluation in a clinical setting; (2) Reference
Requirements: The MRCF method requires the width
of the fracture line fragments in AP and lateral views
of the humerus in a non-rotated state as references
for calculating rotation; (3) Simulation Constraints:
Our study only simulated transverse fractures and
rotational displacement centered around the humeral
axis. In real-world scenarios, fracture lines may be
more complex, and rotational displacement can occur
around different axes [23]; (4) Effect of Fracture Level:
Consistent with previous studies, the higher the
fracture level, the more circular the humeral shape
becomes, which reduces the accuracy of rotational
displacement evaluation; (5) Experience-Dependent
Assessment: The MRCF method requires determina-
tion of the rotation direction of the bone fragments,
which, in clinical practice, requires considerable expe-
rience to assess accurately.

To address these limitations, we propose several
potential solutions. First, to facilitate clinical appli-
cation, we have developed an online calculation tool
[24]. By simply entering the relevant fluoroscopic
measurement parameters, clinicians can quickly
and directly assess the degree of rotational displace-
ment. Second, to obtain the necessary AP and lateral
views of the humerus at the fracture line level in a
non-rotated state, the contralateral limb can be used
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for fluoroscopy. Unlike adjusting the affected limb,
the healthy limb can achieve the necessary fluoro-
scopic position, thus providing relatively standardized
images. Third, the MRCF method, which compares
the pre- and post-rotation changes in bone fragment
widths on lateral views, is applicable to various types
of non-high fractures of SCHF. Finally, to ensure con-
sistent determination of rotational direction dur-
ing fluoroscopy, the C-arm angle can be adjusted as
needed to standardize the rotation direction of the
bone fragments.

We believe our study provides a reliable and clini-
cally applicable method that effectively addresses
the limitations of previous research. It offers a rela-
tively accurate quantification of rotational displace-
ment based on fluoroscopy, even when considering
both internal and external elbow rotation. Previous
studies have shown that poor residual rotational dis-
placement is associated with complications such as
ulnar nerve neuropathy and cubitus varus deformity
[9-12]. With the increased accuracy and convenience
of MRCEF in assessing residual rotational displacement,
this method enhances physicians’ attention to residual
displacement, supporting more informed clinical deci-
sions. Ultimately, it may help reduce the occurrence of
unacceptable residual rotational displacement follow-
ing closed reduction, thereby lowering the incidence
of complications associated with poor rotational align-
ment and improving the overall prognosis of pediatric
humeral supracondylar fractures.

Future work will focus on applying the modified
rotational calculation formula in clinical practice
to establish the acceptable degree of postoperative
rotational displacement. Additionally, efforts will be
directed toward integrating the latest artificial intel-
ligence technologies to further enhance the accuracy
and convenience of the assessment method.

Conclusions

This study demonstrates that the accuracy of PRCF
decreases as the degree of elbow rotation increases,
which aligns with our initial hypothesis. In contrast,
MRCEF effectively addresses the limitations of PRCE,
providing a more stable and accurate measurement of
rotational displacement, even under varying degrees of
elbow rotation. The use of MRCEF, in conjunction with
the online calculator, enhances its practical application
and serves as a valuable tool for accurately assessing
the relationship between residual rotational displace-
ment in pediatric humeral supracondylar fractures and
the risk of poor outcomes.

Abbreviations
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LRP Lateral Rotation Percentage
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PRCF The Primitive Rotational Calculation Formula

MRCF  The Modified Rotational Calculation Formula
3D Three-Dimensional
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