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Background and purpose — Elastic stable intramedul-
lary nailing (ESIN) is the preferred method of operative sta-
bilization of unstable pediatric forearm shaft fractures. How-
ever, the decision whether to use ESIN or open reduction and 
internal fixation (ORIF) in older children or teenagers is not 
always straightforward. We hypothesized that the develop-
ment stage of the elbow would aid in evaluating the eligibil-
ity of the patient for ESIN.

Patients and methods — All eligible children, aged 
<16 years who were treated with ESIN in Oulu University 
Hospital, during 2010–2019 were included (N = 70). The 
development stages of 4 ossification centers were assessed 
according to the Sauvegrain and Diméglio scoring. The pro-
portion of impaired union vs. union was analyzed according 
to bone maturity, by using the optimal cutoff-points deter-
mined with receiver operating characteristics (ROC).

Results — Development stage ≥ 6 in the olecranon was 
associated with impaired union in 20% of patients, com-
pared with none in stages 1–5 (95% CI of difference 8% to 
24%). Trochlear ossification center ≥ 4 was associated with 
impaired union in 17% of patients (CI of difference 7% to 
36%) and lateral condyle ≥ 6 in 13% of patients (CI of differ-
ence 3.4% to 30%). Proximal radial head ≥ 5.5 was associ-
ated with impaired union in 18% of patients (CI of difference 
7% to 39%).

Interpretation — Recognizing the rectangular or fused 
olecranon ossification center, referring to stage ≥ 6, was in 
particular associated with impaired fracture healing. This 
finding may aid clinicians to consider between ESIN and 
plating, when treating forearm shaft fracture of an older 
child or teenager.

Pediatric forearm shaft fractures comprise 6% of all childhood 
fractures. They occur most frequently in children aged 5–14 
years (Wall 2016, Joeris et al. 2017, Alrashedan et al. 2018). 
Most can be treated nonoperatively, and this is particularly 
recommended in children < 9 years (Zionts et al. 2005, Frank-
lin et al. 2012). Older children are more prone to complica-
tions such as nonunion and redisplacement (Asadollahi et al. 
2017). Their longer fracture healing time and less pronounced 
remodeling capacity have resulted in a trend toward operative 
management recently (Sinikumpu et al. 2012).

Elastic stable intramedullary nailing (ESIN) is the preferred 
method to fix forearm shaft fractures in children. The method 
spares periosteal blood supply and surgical wounds are usu-
ally far from the fracture. ESIN produces good angular and 
longitudinal stability (Wall 2016). In older children and teen-
agers open reduction and internal fixation (ORIF) is optional 
(Herman and Marshall 2006). Their fractures are more prone 
to complications and even minor displacement may result in 
shortening and angulation, thus decreasing pro- and supina-
tion, similarly to adult patients (Rehman and Sokunbi 2010). 
However, the calendar age of a patient does not always match 
the maturation of the skeleton, making it challenging to select 
between pediatric-like or adult-like treatment.

Bone age of the patient would help the clinician when 
choosing between ESIN and plating in older children. Bone 
age could be assessed by additional radiographs of the hand 
or iliac spine. However, keeping in mind that there are several 
ossification centers in the elbow, which develop in a particular 
order in a growing child, we hypothesized that higher develop-
ment stage of elbow ossification centers would be associated 
with impaired healing of forearm shaft fractures stabilized by 
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ESIN. We aimed to find a method to predict impaired union 
of forearm shaft fractures treated by ESIN, by using the Sau-
vegrain classification system for bone age (Sauvegrain et al. 
1962).

 
Patients and methods

This is a population-based study that included all eligible 
consecutive patients, aged less than 16 years, who had been 
treated for a forearm shaft fracture using ESIN in the study 
center. The study center is the only full-time pediatric trauma 
unit in the geographical catchment area of Oulu region, in 
Northern Finland. The child population at risk in the study 
area is approximately 87,000 annually. 

All primary and follow-up radiographs were reviewed 
to confirm inclusion; only diaphyseal both-bone fractures 
treated by titanium alloy elastic stable intramedullary nails 
were included and AO classification was used to subgroup 
the patients (Slongo et al. 2007). If more than 1 forearm shaft 
fracture was found in the same patient, the 1st of them was 
included for analysis. There were 2 such patients. No patient 
had a pathological fracture or bone dysplasia. Altogether 112 
patients were primarily reviewed and finally 70 of these met 

the inclusion criteria. 36 patients were treated surgically by 
using Kirschner wires or other straight nails, intramedullary or 
other surgical procedures, and they were therefore excluded. 4 
patients were excluded due to incorrect diagnosis and 2 more 
had an isolated fracture of the ulna.

Altogether 4 impaired unions were detected; 1 patient with 
nonunion had undergone an ossifying operation. 3 patients 
showed delayed union but ossified finally, after 6, 8, and 
11 months of follow-up. Insufficient or lacking callus, frac-
ture line visibility, or lacking cortical healing were assessed 
according to the Lane–Sandhu score (Bhandari et al. 2002). 
The patients who suffered from nonunion were immobi-
lized for a mean 5.3 weeks, compared with 4.0 weeks among 
patients with expected fracture union. In the nonunion group, 
all patients had a nail–intramedullary canal ratio of at least 
0.4, while 4.9% of cases in the union group were stabilized 
by using thinner nails with a nail–intramedullary canal ratio 
of < 0.4. There was no difference in the preferred orientation 
of the tips of the nails in the radius and ulna in comparison, 
demonstrating correct direction of the pre-bent nails, while 
none in the nonunion group and 16 patients in the union group 
achieved this in textbook fashion.

The patients were mean 9.8 years (2–15) of age. Half of 
them were boys (n = 36). 43 were classified as type 22-D/5.1, 
14 were type 22-D/5.2, 11 were type 22-D/4.1, and 2 were 
type 22-D4.2. Trampoline jumping was the most frequent 
cause of injury (26): 23 from a fall < 1 m and 15 from more 
than 1 m. 12 children were treated surgically following failure 
of nonoperative treatment (loss of reduction). 

We examined the association between impaired union and 
the development status of the elbow ossification centers: olec-
ranon, trochlea, lateral condyle, and proximal radius. The mat-
uration stage, referring to bone age, was classified by using the 

Figure 1. Modified illustration of the Sauvegrain and Diméglio classifi-
cation of maturation of the secondary ossification centers around the 
elbow. This staging was used in this research to find the optimal cutoff-
point for (A) olecranon, (B) proximal radial head, (C) lateral condyle of 
the humerus, and (D) trochlea of the humerus.

Figure 2. The elbow has been captured on the lateral view of the fore-
arm radiograph and the secondary ossification center of the olecranon 
has been marked with a border (dotted line). The patient is a male aged 
12. According to the Sauvegrain and Diméglio method the olecranon 
ossification stage with a rectangular shape is 6. This stage was found 
to be a cutoff point in association with disturbed bone union after ESIN 
of forearm shaft fracture.
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Sauvegrain method, modified by Diméglio (Sauvegrain et al. 
1962, Diméglio et al. 2005, Charles et al. 2007) (Figure 1). In 
case of uncertain selection between 2 consecutive classifica-
tion groups, the patient was classified to the higher one. In the 
olecranon ossification center, rectangular apophysis demon-
strated stage 6 in the lateral view of the radiographs (Figure 2).

Statistics
The receiver operating characteristic (ROC) curve was calcu-
lated to find the cutoff-points for Sauvegrain stages of 4 differ-
ent ossification centers that identify impaired ossification. We 
also try to determine optimal cutoff value for calendar age; 9 
years of age was indicative but statistical significance was not 
reached. Using the cutoff points of Sauvegrain classification 
for impaired union, diagnostic accuracy of the classification 
was evaluated by calculating sensitivity, specificity, positive 
predictive value, and negative predictive value with their 95% 
confidence intervals (CI). Furthermore, a standardized normal 
distribution (SND) exact test was used to compare the propor-
tions of nonunion in classes defined by the cutoff values of 
olecranon stage and the indicative cutoff point for age (≥ 9 
years) as well as sex. A logistic regression model was used to 
determine the risk of low-quality healing between the groups. 
The effect of higher chronological age on low-quality union 
was also tested by using age as a continuous variable in regres-
sion analysis. P < 0.05 was considered significant, requiring 
that all analyses were 2-sided. Statistics were calculated using 
StatsDirect Statistical Software (version 3.2.8, https://www.
statsdirect.co.uk/, 2013) and the SPSS Statistical Package 
(version 26.0, IBM Corp, Armonk, NY, USA, 2019). 

Ethics, funding, and potential conflicts of interest
Following official instructions by the Ethical Board of North-
ern Finland Hospital District, Oulu, Finland, ethical board 
evaluation was waived and no ethics committee approval was 

needed. The approval by the local institution was obtained 
prior to study initiation. National research funding (VTR) was 
obtained for the study. Foundation of Pediatric Research have 
supported the study. This was a researcher-initiated study with 
no commercial conflict of interest. JJS was in receipt of a grant 
from the Pediatric Research Society, Alma and K.A. Snell-
man Foundation, Emil Aaltonen Foundation. NL and JJS are 
members of the European Paediatric Orthopaedic Society. The 
other authors declare no conflicts of interest. 

Results (Figure 3)
Olecranon ossification center
The optimal cutoff-point of the olecranon ossification center 
was 6, according to the ROC curve. All patients who suffered 
from impaired bone healing were identified with Sauvegrain 
stage 6–7 (sensitivity (Se) = 100%, CI 40–100%) (Table 1).

The development stage ≥ 6 of the olecranon in the primary 
radiographs was associated with impaired union in 4 out of 20 
patients treated with ESIN, compared with none in olecranon 
stage 1–5 (CI of difference 8–42%). There was no difference 
in open fractures, higher displacement (> 5 mm vs. ≤ 5 mm) 
or open reduction (yes vs. no) between the patients with olec-
ranon stage 6–7 vs. 1–5 (Table 2).

Trochlea ossification center
With the ROC curve we found that the optimal cutoff point 
of the trochlear ossification center was 4. All fractures with 
impaired bone healing after ESIN were found to have trochlea 
stage 4–5 primarily. Sensitivity of this test was thus high (Se = 
100%, CI 40–100%) in recognizing impaired union. Specific-
ity (Sp) of test was 70% (CI 57–80%) (Table 1).

Trochlear ossification center ≥ 4 was associated with 
impaired bone healing in 4 out of 24 patients (CI of differ-
ence 7–36%), compared with none in trochlear stage 0–3.5. 
There seemed to be more open fractures, but no difference in 
displacement (> 5 mm vs. ≤ 5 mm) or open reduction (yes vs. 
no) between the patients with trochlea stage 4–5 vs. 1–3.5 was 
found (Table 2). 
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Figure 3. Optimal cutoff points (lines) of 
Sauvegrain and Diméglio stages, accord-
ing to area under receiver operating curve 
(ROC). Green dots are the fractures that 
united and red dots are the fractures that 
showed impaired union.

Table 1. Sensitivity, specificity, and predictive values of the elbow ossification centers, accord-
ing to Sauvegrain and Diméglio development stage with particular cutoff points, in determining 
impaired union of forearm shaft fractures treated with elastic stable intramedullary nailing (ESIN)

	 Area under 
	 ROC curve	 Se (CI) a	 Sp (CI)	 PPV (CI)	 NPV (CI) a

Olecranon	 0.84	 1 (0.40–1) 	 0.75 (0.64–0.85)	 0.20 (0.06–0.44)	 1 (0.93–1) 
Trochlea	 0.85	 1 (0.40–1) 	 0.70 (0.57–0.80)	 0.17 (0.05–0.37)	 1 (0.92–1) 
Lateral humeral condyle	 0.84	 1 (0.40–1) 	 0.61 (0.48–0.72)	 0.13 (0.04–0.31)	 1 (0.91–1) 
Proximal radial head	 0.87	 0.71 (0.40–1) 	 0.73 (0.60–0.83)	 0.18 (0.05–0.40)	 1 (0.93–1) 

ROC = receiver operating characteristic, Se = sensitivity, Sp = specificity, PPV = positive predictive 
value, NPV = negative predictive value, CI = 95% confidence interval. 
a one-sided CI.
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Lateral humeral condyle ossification center
Lateral humeral condyle ossification center stage 6 was found 
to be the optimal cutoff point according to ROC curve (Se 
= 100%, CI 40–100%). Specificity was 61% (CI 48–72%) 
(Table 1).

The development stage ≥ 6 of the lateral humeral condyle 
was associated with impaired union in 4 out of 30 patients 
(CI 3–30%) who were treated with ESIN. There seemed to 
be more open fractures among higher ossification stages. No 
difference was found in displacement (> 5 mm vs. ≤ 5 mm) or 
open reduction (yes vs. no) between the patients with lateral 
humeral stage 6–9 vs. stage 1–5 (Table 2).

Proximal radial head ossification centers
The optimal cutoff point of Sauvegrain classification was 
5.5 for the radial head, based on ROC curve. Sensitivity was 
71% (CI 40–100%) and the specificity was 73% (CI 60–83%) 
(Table 1).

The development stage ≥ 5.5 of the proximal radial head 
was associated with impaired union in 4 out of 22 patients (CI 
7.3–39%) who were treated with ESIN. There were more open 
fractures, but no difference in displacement (> 5 mm vs. ≤ 5 
mm) or open reduction (yes vs. no) between the patients with 
proximal radial head stage 5.5–6 vs. 1–5 was seen (Table 2).

Effect of age and sex
No statistically significant effect of inferior union was 
observed according to chronological age (p = 0.3) or between 
the age groups ≥ 9 years vs. < 9 years (p = 0.3). 1 out of 36 
boys and 3 out of 34 girls presented low-quality fracture union 
(difference –6%, CI –21 to 7%). 

Discussion

The main finding of this study was that the higher develop-
ment stage of the olecranon ossification center, in particular, 
can be used to estimate the probability of impaired union of a 
forearm shaft fracture, when treated with ESIN. By using the 

method by Sauvegrain and Diméglio, we found that olecranon 
ossification center 6 or higher was associated with impaired 
ossification in 4 out of 20 patients. This means that a rect-
angular or fused olecranon ossification center rather than 
the more immature convex half-moon or lacking olecranon 
apophysis in the lateral radiographs may be associated with 
low-quality fracture healing, if ESIN is performed. In practi-
cal terms, the olecranon ossification center is easily seen on 
the conventional lateral view of the forearm radiograph and 
no extra radiographs are needed. 1 in 5 patients suffering from 
impaired ossification is a recognized number, given that most 
childhood fractures heal fast, meaning that our finding is clini-
cally important.

The fundamental idea of the study method is based on the 
growing skeleton. During the growth period, there is cartilage 
between the metaphysis and epiphysis of the long bones and 
the calcification of the epiphyses is lacking. The timing of cal-
cification of these secondary ossification centers in the period 
of growth after birth differs, meaning that calendar age is not 
accurate method in evaluating the physiological maturation of 
the skeleton in individual children. In contrary, bone age per 
se describes the stage of skeletal development in all people, 
irrespective of calendar age, sex, or ethnic group (Satoh 2015). 
There are several methods for assessing bone status in chil-
dren, while the Risser bone maturity classification is still a 
reference method in many institutions (Thodberg et al. 2010). 
In scoliosis treatment, the method of Sauvegrain et al. (1962) 
for the assessment of skeletal age with use of radiographs of 
the elbow has been used (Charles et al. 2007). In general, com-
plete ossification of the elbow secondary ossification centers 
correlates with full bone maturity. Modified by Diméglio et 
al (2005), Sauvegrain’s method is based on systematic and 
regular morphological development of the elbow apophyses 
during the accelerating growth phase in puberty (Diméglio et 
al. 2005, Charles et al. 2007). Assessment of these apophy-
ses allows skeletal age to be evaluated accurately at 6-month 
intervals. The time of appearance of ossification centers 
around the elbow seems not to vary between sexes (Cheng et 
al. 1998). A rectangular or fused olecranon apophysis, instead 

Table 2. Patients with higher vs. lower development stage of the elbow ossification centers were compared regarding severity of the frac-
ture (higher displacement, open fracture) and open reduction

	 Olecranon	 Trochlea	 Lateral humeral condyle	 Proximal radial head
	 Stage	 Stage		  Stage	 Stage		  Stage	 Stage		  Stage	 Stage		
	 1–5	 6–7		  1–3.5	 4–5		  1–5	 6–9		  1–5	 5.5–6
		  n = 50	 n = 20	 p-value	 n = 46	 n = 24	 p-value	 n = 40	 n = 30	 p-value	 n = 48	 n = 22	 p-value

Impaired union, n	 0	 4	 0.003	 0	 4	 0.006	 0	 4	 0.015	 0	 4	 0.004
	 Difference, % (95% CI)	 20 (8.0–42)	 17 (6.6–36)	 13 (3.4–30)	 18 (7.3–39)	
Severity of the fracture												          
	 Open fracture, n	 5/50	 5/20	 0.08	 4/45	 6/24	 0.05	 3/39	 7/30	 0.05	 4/47	 6/22	 0.04
	 Displaced > 5 mm, n	 27/45	 12/19	 1.0	 26/41	 13/23	 0.5	 19/35	 20/29	 0.2	 26/43	 13/21	 1.0
	 Open reduction, n	 28/49	 10/20	 0.5	 25/45	 13/24	 1.0	 21/39	 17/30	 1.0	 25/47 	 13/22	 0.6
Age in years, mean (SD)	 8.9 (2.3)	 12 (2.3)	 < 0.001	 8.6 (2.2)	 12 (2.1)	 < 0.001	 8.5 (2.2)	 12 (2.1)	 < 0.001	 8.7 (2.3)	 12 (2.0)	 < 0.001
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of halfmoon circular, minor, or lacking apophysis refers to 
stage 6 or higher. In these circumstances, it was reasonable to 
hypothesize that skeletal maturation of the elbow area would 
aid in selecting the optimal treatment of forearm shaft frac-
tures between child-type and adult-type procedures. 

In addition to the olecranon ossification center, we found 
that the other 3 ossification centers, trochlea, lateral humeral 
condyle, and proximal radial head, were also associated with 
impaired union. This is reasonable, while all secondary ossifi-
cation centers develop in a particular order and thus are related 
to bone age. However, although associated with impaired 
union, the other ossification centers had lower statistical vari-
ables when compared with the olecranon. From a clinical point 
of view, these other ossification centers may support the clini-
cian as well, when he/she is considering the maturation stage 
of the patient’s skeleton. Our finding regarding other ossifica-
tion centers is different from that of the report by Morrison et 
al. (2020), which is the only previous study of the issue. They 
reported on only the olecranon apophysis and its association 
with inferior results of ESIN in childhood forearm shaft frac-
tures. In their study, olecranon stage > 3 (on the scale 1–7) 
was associated with increased complications in bone healing. 
In our study, the optimal cutoff point was higher: no patient 
presented disturbed healing if the olecranon development 
status was between 1 and 5. However, there was a difference 
in determining low-quality fracture healing between the stud-
ies: Morrison et al. used 6 months of impaired healing as non-
union, while the respective time was 12 months in our study.

The study question of whether to use ESIN or other methods 
in older children with unstable forearm shaft fractures is clini-
cally essential, bearing in mind that forearm shaft fractures 
are usual in that age group and their incidence is still increas-
ing (Mäyränpää et al. 2010). There are many technical pos-
sibilities in performing operative stabilization, including open 
reduction and internal plate and screw fixation (ORIF) and 
intramedullary nailing with flexible nails (elastic stable intra-
medullary nailing, ESIN) (Bochang et al. 2005, Fernandez et 
al. 2010). Several implant materials have been used in surgi-
cal fixation of forearm shaft fractures, such as stainless steel, 
titanium alloy, and biodegradable composites (Van der Reis et 
al. 1998, Colaris et al. 2013, Korhonen et al. 2018). ESIN is 
currently the preferred method of surgical fixation in children, 
compared with ORIF, due to several advantages such as better 
cosmesis, decreased operative time, early return to activities, 
intact fracture hematoma, and good union rate (Lascombes et 
al. 1990, Schmittenbecher 2005). However, from the clinical 
point of view, there is still some controversy in the indications 
as to whether to use ESIN or plating in older children and 
adolescents, regardless of encouraging evidence in younger 
children (Ortega et al. 1996, Baldwin et al. 2014). The displac-
ing muscle forces are greater in adolescents, the length of the 
shaft is higher resulting in greater torque at the fracture, the 
remodeling capacity is lower, and bone turnover rate is slower 
in adolescents, compared with younger children (Ortega et al. 

1996, Sinikumpu and Serlo 2015). Thus, using the optimal 
method of treatment is particularly important in forearm mid-
shaft fractures; as opposed to many other pediatric fractures, 
there is a risk of impaired healing in these bones, especially 
the ulna. Delayed union is reported to occur in 7% of patients 
and the risk of nonunion is 1–3 % (Mehlman and Wall 2006, 
Schmittenbecher et al. 2008, Sinikumpu et al. 2013). The ulna 
is a subcutaneous bone and more prone to nonunion than the 
radius (Fernandez et al. 2009). Furthermore, there is limited 
remodeling in the forearm diaphysis, which is far from the 
metabolically active growth plates. Malunited fractures tend 
to be associated with decreased forearm rotation, resulting in 
a more aggressive approach with surgical stabilization often 
being required (Kutsikovich et al. 2018). 

The strength of our study is that all children treated opera-
tively for forearm shaft fractures during the recruitment period 
were enrolled. The patients were treated according to best 
available practice. Their treatment was based on the authen-
tic decision of the treating surgeon. Another strength is that 
the patients with higher maturation stage of the ossification 
centers were similar regarding fracture severity and the need 
for open reduction, when compared with the more imma-
ture patients. This supports the hypothesis that no confusing 
fracture- or surgery-related factors affected the results, but 
impaired union was associated with a higher stage of elbow 
ossification centers. Follow-up was based on normal practice 
in the institution and there was no loss of follow-up. Another 
fact that emphasizes the value of this study is that there is no 
evidence-based level I or II data supporting either ORIF or 
ESIN in children’s forearm fractures (Abraham et al. 2011, 
Baldwin et al. 2014). The chronological calendar age cannot 
be used as a determinant for any surgical procedure in forearm 
shaft fractures. In our study, there was no statistically signifi-
cant classifying value for optimal cutoff age point that would 
predict low-quality fracture union. Higher calendar age had no 
statistically significant effect on impaired fracture healing in 
the patients in this study.

A limitation is that the material was collected retrospec-
tively and no causality but only statistical association could 
be evaluated. In addition, the study model was not validated 
in any external dataset. There were several patients who were 
treated by other surgical methods, such as biodegradable 
implants or Kirschner wires, and thus were excluded. Further, 
no data of long-term outcomes was available. High sensitivity 
of the Sauvegrain method of olecranon classification means 
that stages 1–5 (negative result test) ruled out impaired union 
but a wide (97.5%) confidence interval and in particular its 
lower bound (40%) indicate that 100% sensitivity of the test 
overestimates the result. This means that not all patients with 
an ossification center higher than the determined optimal 
cutoff point suffered from impaired healing. The positive pre-
dictive value (PPV = 20%, CI 6–44%) means that the number 
of false-positive test results was high (80%). For these false 
positives, ESIN would still be the appropriate method of 
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treatment, resulting in good bone healing, which needs to be 
emphasized. From a clinical point of view, a minority of the 
patients with higher Sauvegrain stage of the olecranon suf-
fered from impaired union. This highlights that ESIN is in 
general a superior method in treating pediatric forearm shaft 
fractures. The overall risk of disturbed healing of forearm 
shaft fractures treated with ESIN is in general low, and selec-
tion of the surgical procedure needs to be decided individually 
for every patient. However, a 20% of risk of impaired bone 
healing is still a high rate of impaired recovery in the growing 
skeleton and the method we describe may aid in improving 
the treatment of these particular patients: as a straightforward 
way to assess the bone maturity of each patient, this method 
could give additional information for a surgeon treating a 
child with a forearm shaft fracture. As another limitation, 
the number of patients with impaired bone healing was low, 
which justifies further studies in greater study settings. Larger 
studies are important to further analyze the effect of gender. 
However, in the authors’ understanding, the reported method 
could be feasible for both sexes, given that the bone matura-
tion process itself is not dependent on gender, and the devel-
opment of secondary ossification centers around the elbow 
does not differ between the sexes (Cheng et al. 1998, Satoh. 
2015). 

In conclusion, in this study we found that the rectangular 
shape of olecranon maturation stage 6 or higher, in particular, 
seen on the lateral view of conventional forearm radiographs, 
can be used when considering the different treatment methods 
for older children and teenagers with forearm shaft fractures. 
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