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Correlation between inner
epiphysis ulna radius length ratio
and prognosis of Monteggia
fractures in children: a multicenter
study
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The forearm function in children is influenced by several factors, with the length relationship between
the ulna and radius being particularly important. However, due to the underdevelopment of cartilage
in children, assessing this length relationship through imaging techniques is challenging. This study
aims to identify a reliable method for evaluating the lengths of the ulna and radius in children,
establish normal values for the ratio of the epiphyseal plate lengths of these bones, examine this
ratio in children with Monteggia fractures, and investigate its role in determining forearm function

in the pediatric population. This multicenter study involved 432 normal children under 15 years of

age as controls. A retrospective analysis was conducted on anteroposterior and lateral radiographs
from 58 children with Monteggia fractures after surgery. The correlation between the inner-epiphysis
ulna-radius length ratio, postoperative Mayo elbow joint function score, and radiographic reduction
quality of the brachioradial joint was analyzed. The mean inner-epiphysis ulna-radius length ratio

was 1.094, with a standard deviation of 0.024. The maximum value ranged from 1.0336 to 1.168. The
medical reference range, with a 95% confidence level, was calculated as 1.047 to 1.141. In children with
Monteggia fractures, the postoperative inner-epiphysis ulna-radius length ratio showed significant
correlations (P <0.05) with postoperative imaging reduction quality, as well as the range of pronation,
supination, flexion, and extension, and the Mayo elbow score. In normal children, the inner-epiphysis
ulna-radius length ratio ranges from 1.0336 to 1.168, with a medical reference range of 1.047 to 1.141
at a 95% confidence level. Restoring this ratio (1.047-1.141) in children with Monteggia fractures can
improve elbow function and radiographic radiocapitellar joint reduction quality.

Keywords Acute Monteggia fracture, Chronic monteggia fracture, Inner-epiphysis ulna-radius length ratio,
Elbow function, Mayo score

Among children’s fractures, radius/ulna fractures are the most frequently observed!?. Due to the abundance
of cartilage in children, radiographic development is not fully visible on X-rays. As a result, the rate of missed
or misdiagnosed fractures in children is higher than in adults, ranging from 16 to 33%>. Incorrect or delayed
diagnosis of pediatric fractures can severely affect bone growth and development, leading to functional
impairments, growth disturbances, and deformities®®.

Monteggia fracture is a rare type of forearm fracture in children, representing about 1% of all forearm
fractures®. It involves complex injuries to the ulna, often accompanied by dislocation or fracture of the radial
head in multiple directions. The clinical classification proposed by Bado highlights the direction of radial head
dislocation, offering important guidance for treatment and prognosis’. If acute Monteggia fractures are not
treated correctly within 3 weeks, they may result in Missed Monteggia fractures (MMF)®. Gopinathan suggests
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that children with chronic Monteggia fractures frequently exhibit abnormal ulna-to-radius length ratios, which
can affect growth and forearm stability’. Ring proposes that an imbalance in ulna and radius length in children
can lead to wrist joint deviation, cubitus varus or valgus, limited pronation or supination, and other deformities
that impair both the appearance and function of the forearm!?. Fu recommends ulna osteotomy between the
proximal 1/3 and 1/5 as a safer and more stable method for managing MMF and stabilizing the radio-capitellar
joint!!.

Currently, the general consensus is that osteotomy and external fixation may improve the abnormal ulna-
to-radius ratio; however, a standardized method for calculating the exact extension distance is lacking'?.
Furthermore, due to the presence of the epiphysis and cartilage, accurately measuring the complete length of the
ulna and radius from imaging remains difficult. The objective of this study is to identify an appropriate method
for evaluating ulna and radius length in healthy children, establish normal values for the inner-epiphysis ulna-
radius length ratio, validate this ratio in children with Monteggia fractures, and investigate its role in forearm
function in the pediatric population. In this study we collected anteroposterior and lateral forearm radiographs
of 432 children to investigate the ratio and range of the inner-epiphysis ulna-radius length. And we validate this
ratio on anteroposterior and lateral radiographs from 58 children with Monteggia fractures after surgery.

Methods

The anteroposterior and lateral X-ray images of normal radius and ulna were retrospectively analyzed in this
study. These images were collected from outpatients suspected of having fractures or deformities, with final
negative results, from the Department of Radiology at Hunan Provincial People’s Hospital, Ningxiang People’s
Hospital, Dongan People’s Hospital, and Yuanling People’s Hospital between January 2019 and December 2023.
Inclusion criteria: (1) Age 1-15 years; (2) Normal forearm X-rays; (3) Standard anteroposterior and lateral
forearm radiographs. Exclusion criteria: (1) Age less than 1 year or greater than 15 years; (2) Positive findings
(fracture, dislocation, infection, deformity, etc.) in the forearm X-rays; (3) Non-standardized X-ray images.

When the normal cases were collected, the ratio of ulna to radius in each age group was check if the ratios
in each age group were constant, and then we evaluated the Monteggia fracture cases by dividing them into
groups that fell within this normal value(define as 95% confidence interval of measured values) and those that
did not. Patients diagnosed with acute Monteggia fractures and who underwent surgery between January 2019
and December 2023 were included in Group A. Inclusion criteria: (1) Age 1-15 years; (2) Diagnosis of acute
Monteggia fracture with a clear trauma history and injury duration of no more than 3 weeks; (3) Standard
anteroposterior and lateral forearm radiographs taken postoperatively; (4) Received reduction treatment.
Exclusion criteria: (1) Unclear trauma history, injury duration exceeding 3 weeks, pathological forearm fracture,
or congenital deformity; (2) Systemic diseases such as bone growth disorders; (3) Severe vascular or nerve
injury; (4) Non-standardized forearm position on X-ray films; (5) Loss to follow-up or follow-up duration less
than 6 months.

Patients diagnosed with chronic Monteggia fractures and who underwent surgery between January 2019
and December 2023 were included in Group B. Inclusion criteria: (1) Age 1-15 years; (2) Diagnosis of chronic
Monteggia fracture with deformity present for more than 3 weeks; (3) Radiographs, including standard
anteroposterior and lateral forearm views. Exclusion criteria: (1) Pathological forearm fracture or congenital
deformity; (2) Systemic diseases such as bone growth disorders; (3) Vascular or nerve injury; (4) Non-
standardized forearm position on X-ray films; (5) Loss to follow-up or follow-up duration less than 6 months.

Surgical technique

All procedures were performed by qualified pediatric orthopedic surgeons. Patients in both Group A and
Group B were positioned supine with the affected limb securely immobilized on the arm table. To minimize
the risk of hemorrhage, tourniquets were commonly used during surgery. Under general anesthesia, patients
with acute Monteggia fractures underwent ulna reduction and internal fixation (using Kirschner wire, elastic
intramedullary nail, or plate) to restore the ulna to its anatomical position, followed by radial head reduction.
Patients with chronic Monteggia fractures were treated with ulna posteriorly convex osteotomy and lengthening,
with internal fixation using a plate. Simultaneously, the radial head was reduced, and the annular ligament was
reconstructed. Kirschner wire fixation was used for the radius based on the stability of the radial head reduction.
After fixation, construct stability was assessed using fluoroscopy. The affected limb was then immobilized in a
tubular cast, flexed at 70-90 degrees, and the forearm placed in the supination position for 4 weeks. After cast
removal, patients were instructed to undergo elbow function rehabilitation under the guidance of a rehabilitation
physician.

Follow up

All patients in Groups A and B underwent anteroposterior and lateral X-rays every 3 months after surgery
as part of routine follow-up. Elbow function was also evaluated at each follow-up. Outcome parameters and
complications were recorded and analyzed.

Parameters of outcomes

Imaging evaluation

The reduction quality of the radial head was assessed using the X-ray taken at the last follow-up after removal of
the internal fixation (follow-up time > 1 year). The reduction quality was classified into three grades based on the
position of the radiocapitellar line (RCL) of the proximal radius: excellent (the long axis of the proximal radius
passed through the middle third of the capitellum on both anteroposterior and lateral radiographs), good (the
long axis of the proximal radius passed through the capitellum but not the middle third), and poor (the long axis
of the proximal radius did not pass through the capitellum on both anteroposterior and lateral radiographs)'3.
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Elbow function evaluation

At the last follow-up (follow-up time > 1 year), the range of pronation, supination, flexion, and extension were
recorded, and elbow function was evaluated using the Mayo Elbow Performance Score (MEPS). The scoring
system was completed objectively by senior residents based on follow-up results.

The Picture Archiving and Communication System (PACS) version used was AnnetPACS V 2.0.01. All
imaging data were independently measured by a senior orthopedic resident who had undergone three months of
systematic radiology training. To ensure the reliability of the measurement data, ten X-ray films were randomly
selected and measured by both a senior associate chief orthopedic doctor and an attending doctor from the
imaging department to authenticate the measurements. Three researchers used identical computer programs
with consistent measurement software. The inner-epiphyseal ulna length (IEUL) was defined as the distance
from the tip of the olecranon to the midpoint of the distal epiphyseal plate of the ulna (red line). The inner-
epiphyseal radial length (IERL), represented by the yellow line in Fig. 1, was defined as the distance between the
midpoints of the radial head epiphysis and the distal radius epiphysis. The inner-epiphyseal ulna-radius length
ratio was calculated as follows:

. . . The i —epiphyseal ulnar length (IEUL
Inner epiphyseal ulna radius length ratio = = ———c—PPRYSCL YW D20 ERI ( )

The inner—epiphyseal radial length (IERL)

Pearson correlation analysis was used to examine the relationship between the reduction grade of the radial
head, the range of pronation, supination, flexion and extension, the MEPS, and the inner-epiphyseal ulna-radius
length ratio.

Statistical analysis

The data were processed using SPSS 26.0 software. Categorical data were expressed as frequencies, and
continuous data with a normal distribution and homogeneous variance were presented as mean + standard
deviation (Mean + SD). Independent sample t-tests were used to compare quantitative data, chi-square tests were
used to compare categorical data, and Fisher’s exact test was applied for univariate analysis when the expected
count was less than 5. Additionally, Pearson correlation analysis was used to examine the relationship between

Fig. 1. The inner-epiphyseal length of ulna and radius was measured in the anteroposterior and lateral view of
the X-ray films, red line: ulna measurement method, yellow line: radial measurement method.
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the reduction grade of the radial head, the range of pronation, supination, flexion and extension, the MEPS, and
the inner-epiphyseal ulna-radius length ratio. A significance level of a=0.05 was set, with P<0.05 considered
statistically significant.

Results

The inner-epiphysis ulna-radius length ratio in normal children

The epiphyseal plate and ossification center of the ulna do not develop proximally until 9 years of age, and the
epiphysis is not visible on radiographs. As a result, it is difficult to measure the lengths of the ulna and radius
radiologically, and all measurements excluded the ossification center and epiphyseal plate.

A total of 432 children aged 1-15 years with ulna and radius X-ray films were included, with a minimum of 30
children in each age group. There were 255 boys (59.0%) and 177 girls (41.0%). The left forearm was measured in
236 children (54.6%), while the right forearm was measured in 196 children (45.4%). The mean inner-epiphyseal
ulna-radius length ratio was 1.094, with a standard deviation of 0.024, and the range of values was 1.0336 to
1.168. The 95% medical reference range was 1.047 to 1.141, both the ulna and radius lengths increased with age,
their length ratio at the epiphyseal plate remained relatively constant across age groups (Fig. 2).

The role of inner-epiphysis ulna-radius length ratio in Monteggia fracture

A retrospective analysis was performed on postoperative anteroposterior and lateral radiographs of the forearm
in pediatric patients with Monteggia fractures. The inner-epiphyseal ulna/radius length ratio was measured
after surgery, and elbow joint function, forearm rotation range, and radiographic reduction quality of the
brachioradial joint were assessed at the final follow-up. Correlations between these parameters were examined.

In Group A, 30 cases of fresh Monteggia fractures were included, with an average age of 6.33+2.72 years
(range: 1-12 years). The mean follow-up duration was 25.07 + 10.86 months. There were 22 cases of Bado type
I, one case of Bado type II, seven cases of Bado type III, and no cases of Bado type IV. Closed reduction and
Kirschner wire internal fixation were performed in seven children, closed reduction and elastic intramedullary
nail implantation in nine children, and open reduction with plate internal fixation in 14 children. The average
inner-epiphyseal ulna-radius length ratio was 1.091+0.022. The average MEPS score at the last follow-up was
90.67 +3.41, the average pronation range was 79.67 +1.83, the average supination range was 83.67 +2.25, and
the average flexion and extension range was 139.33 £4.69. All patients achieved excellent radial head reduction.

In Group B, there were 28 cases of chronic Monteggia fracture, with an average age of 7.68 +£2.9 years (range:
1-14 years) and an average follow-up duration of 17.82+10.50 months. Anterior dislocation of the radial head
was observed in 24 cases, anterolateral dislocation in 3 cases, and posterolateral dislocation in 1 case. Twenty-one
children underwent debridement of the humeroradial joint cavity, followed by ulna osteotomy and lengthening
with plate internal fixation. Seven children received the same procedure, along with Kirschner wire fixation
(typical case presented in Figs. 3 and 4). The average inner-epiphyseal ulna-radius length ratio was 1.070 +0.027.
The average Mayo Elbow Performance Score (MEPS) at the last follow-up was 87.32 + 7.26, the average pronation
range was 71.61 +12.84, the average supination range was 77.14£5.52, and the average flexion and extension
range was 124.39 +12.32. All patients achieved excellent radial head reduction. Outcome parameters for both
groups are summarized in Table 1.

The 95% confidence interval for the inner-epiphyseal ulna-radius length ratio was defined as 1.047 to 1.141.
Significant differences were observed in radiographic reduction quality, pronation range, supination range,
flexion and extension range, and MEPS scores between the normal and abnormal groups (P=0.002, 0.007, 0.030,
0.045, <0.001, respectively). We also performed a univariate analysis with Mayo elbow function evaluation as
the outcome index. There was no correlation between the Mayo Score and gender, side, fracture type (P> 0.05).
The elbow Mayo score in the normal inner-epiphyseal ulna-radius length ratio group was higher than abnormal
group (P<0.05). The elbow Mayo score of the group with injury to surgery time less than 6 months was higher
than that of the group with injury to surgery time more than 6 months(P <0.05) (Table 2). These findings indicate
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Fig. 2. The relationship between Ulna/radius lengths and age, and the relationship between Ulna/radius
lengths ratio and age. We can see that ulna and radius lengths increase with age(Left), the inner-epiphyseal
length ratio remained relatively constant within different age groups (Right).
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Fig. 3. A case of a 11-year-old boy who sustained a Bado type I Monteggia fracture at the age of 6. The patient
underwent ulna osteotomy and plate internal fixation, Kirschner wire fixation, and annular ligament repair

as part of preoperative diagnosis. However, post-surgery recovery did not restore inner-epiphysis ulna-radius
length ratio to 1.047-1.141.

Fig. 4. A case of a 12-year-old boy who sustained a Bado type I Monteggia fracture at the age of 10. The patient
underwent ulna osteotomy, plate lengthening. The inner-epiphysis ulna-radius length ratio was restored to
1.047-1.141, the patient has an excellent recovery of elbow joint function at the 24-month follow-up.
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Parameter Acute Monteggia fractures group | Chronic Monteggia fractures group
Age at surgery(YO) 6.33+2.72 7.68+2.90
Mean observation period(M) 25.07+10.86 17.82+10.50
The inner epiphyseal ulna radius length ratio | 1.091+0.022 1.070+0.027
Pronation range 79.67 £1.83 71.61+£12.84
Supination range 83.67+2.25 77.14+5.52
Flexion and extension range 139.33+4.69 124.39+12.32
MEPS score 90.67 £3.41 87.32+7.26
Reduction grade of radial head

Poor 0(0%) 3(10.7%)
Good 0(0%) 2(7.1%)
Excellent 30(100%) 23(82.1%)

Table 1. Parameters of outcome in two groups (count data were expressed as mean + standard deviation).

Parameters Mayo score<75 | Mayo score>75 ‘ P

Injury side

Left 1 27 0.665
Right 3 227

Gender

Boys 3 41 1.000
Girls 1 13

Fracture types
Acute 0 30 0.104
Chronic 4 24

Inner-epiphyseal ulna-radius length ratio

In the range 2 52 0.021
Out of the range | 2 2

Injury to surgery

<6 months 1 47 0.014
>6 months 3 7

Table 2. Univariate analysis was performed with Mayo elbow function evaluation as the outcome index.
There was no significant correlation between the Mayo Score and gender, side, fracture type (P>0.05). The
elbow Mayo score in the normal inner-epiphyseal ulna-radius length ratio group was significantly higher than
abnormal group (P <0.05). The elbow Mayo score of the group with injury to surgery time less than 6 months
was significantly higher than that of the group with injury to surgery time more than 6 months (P <0.05).

a statistically significant relationship (P<0.05) between the postoperative inner-epiphyseal ulna-radius length
ratio and postoperative imaging reduction quality, pronation range, supination range, flexion and extension
range, and MEPS score.

Discussion

The growth of the radius and ulna in children occurs primarily in the epiphysis at both ends. Ossification centers
typically appear in the distal radius between 6 and 12 months of age, while osteogenic centers emerge in the
distal ulna around 6 to 8 years of age'4. Normal bone and cartilage development relies on appropriate contact
pressure within the joint extremities'. Imbalanced growth between the radius and ulna can lead to abnormal
contact pressure between the capitellum and radial head. Additionally, delayed development of the annular
ligament relative to the elbow joint further exacerbates this imbalance in the length ratio. Previous studies
have shown that loss of Hox11 function results in significant deformities on either the ulnar or radial side of
the forearm by disrupting chondrocyte development, hindering the complete formation of growth plates, and
limiting longitudinal bone growth!°.

Common pediatric orthopedic conditions associated with abnormal ulna and radius length ratios include
congenital radius dysplasia, congenital ulna dysplasia, congenital radioulnar joint fusion, congenital radial head
dislocation, and other disorders'”1°. These conditions exhibit asymmetric growth patterns as children develop,
leading to increased limb dysfunction due to forearm deformities. Additionally, trauma or tumor-related factors
can also cause abnormal ulna and radius length ratios. Acute loss of the ulna and radius length ratio occurs in
common forearm fractures such as ulna and radius fractures or Monteggia fractures. Fractures involving the
epiphyseal plate or bone diseases like multiple osteochondromas, osteomyelitis, or bone tumors that invade

Scientific Reports |

(2025) 15:5195

| https://doi.org/10.1038/s41598-025-89751-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

the epiphyseal plate can result in growth disorders and subsequent deformities, characterized by abnormal
ulna-to-radius length ratios?®?!. Therefore, restoring the proper inner-epiphyseal ulna-radius ratio is crucial for
functional reconstruction surgery.

Due to the abundant cartilage in children, which is not visible on X-ray images, accurately measuring the
full length of the ulna and radius before and after surgery, as well as during intraoperative fluoroscopy, often
presents challenges. In this study, the observation index was defined as the length of the epiphyseal plate, which
can be easily obtained through intraoperative fluoroscopy or X-ray imaging. To minimize potential human error,
all measurements were performed by a single investigator, who assessed the line connecting the midpoints of
the epiphyseal plates at both ends of the ulna and radius. However, identifying the midpoint of the proximal
ulna was challenging due to overlap with the distal humerus; therefore, the midpoint was located at the most
prominent point of the olecranon tip and coronoid process.

The most common pathological change in children with chronic Monteggia fracture is forearm deformity,
primarily affecting the ulnar arch and resulting in a chronic imbalance in the length ratio between the ulna
and radius epiphyseal plates. This imbalance leads to dislocation and hypertrophy of the radial head??, causing
secondary valgus deformity of the elbow, limited flexion, and loss of forearm function. Dislocation of the radial
head’s long stem leads to accelerated growth, resulting in radius lengthening and further disruption of the
ulna-radius ratio®. Ning et al. observed a positive correlation between age and both radius and ulna growth
in consistent proportions. In individuals with short-length types, the anterior ratio of radius to ulna (RLRU)
ranged from 0.8941 to 0.9251, while the lateral ratio ranged from 0.8936 to 0.9375%. The findings from this
study emphasize that restoring a length ratio between 1.047 and 1.141 for the ulna and radius is essential for
maintaining biomechanical stability after radial head reduction in the treatment of Monteggia fractures. By
collecting imaging data from healthy children, we found that the length ratio between the ulna and radius
remained relatively constant across different age groups. Consequently, we aimed to investigate whether these
parameters could serve as reliable indicators to guide treatment strategies for Monteggia fractures. Some
researchers suggest over-lengthening of the ulna®® to prevent ulnar variation or recurrence of radial head
dislocation; however, the extent of over-lengthening remains uncertain due to reports of wrist joint and elbow
joint impingement in some cases?.

We found that while both the ulna and radius lengths increased with age, their length ratio at the epiphyseal
plate remained relatively constant across age groups (Fig. 2). In our study of acute Monteggia fractures in children,
immediate restoration of the normal inner-epiphyseal ulna-radius ratio during surgery resulted in favorable
elbow joint function outcomes and radiographic scores. In the pediatric chronic Monteggia fracture group,
patients who achieved restoration of the radius-to-ulna ratio between 1.014 and 1.147 during surgery exhibited
improved elbow function, joint range of motion, and radiographic scores. In contrast, inadequate restoration of
this ratio resulted in poor elbow function and radiographic scores, leading to suboptimal treatment outcomes.
Therefore, when performing ulna lengthening for forearm fractures, it is crucial to restore both ulna and radius
lengths to the normal range through careful preoperative planning.

The inner-epiphyseal ulna-radius length ratio identified in this study can be applied in the correction of
various forearm deformities in pediatric patients, including congenital radioulnar synostosis, congenital radial
head dislocation, Madelung deformity, hereditary multiple exostoses, and other conditions requiring radius and
ulna reconstruction. This ratio provides a foundation for extending the interosseous distance between the radius
and ulna. Moreover, it offers guidance for using external frames to lengthen the distance between the ulna and
radius in patients with ulnar and radial length imbalance caused by forearm epiphyseal injuries.

Although our findings are promising, we acknowledge the potential for bias. To further address this, we
plan to explore the possibility of conducting a prospective multicenter study, which could offer more robust
validation of the inner-epiphyseal ulna-radius length ratio.

Conclusions

A retrospective analysis was conducted on a cohort of 432 healthy children and 58 children with Monteggia
fractures across four medical centers. In healthy children, the inner-epiphyseal ulna-radius length ratio ranged
from 1.0336 to 1.168, with a 95% confidence interval for the medical reference range of 1.047 to 1.141. Restoring
this ratio (1.047-1.141) in children with Monteggia fractures can improve elbow function and radiographic
reduction quality. By adhering to appropriate ulna lengthening based on this ratio, it is possible to achieve better
radiocapitellar joint reduction and favorable elbow function outcomes.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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