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An insight of how multiple skeletal maturity indices can 
be used for growth assessment: relationship between the 
simplified olecranon, simplified digital, and distal radius  
and ulna classifications
Prudence Wing Hang Cheunga, Federico Canaveseb, Keith Dip Kei Luka and 
Jason Pui Yin Cheunga,c 

This cross-sectional study aims to investigate the 
relationship between the simplified olecranon, simplified 
digital, and distal radius and ulna (DRU) classifications, 
and whether they can aid in more comprehensive 
maturity assessment together. Left hand and wrist and 
lateral elbow radiographs from pediatric patients were 
assessed using the three skeletal maturity indices. The 
association between maturity indices was investigated 
using Goodman and Kruskal’s gamma, and by mapping 
of individual grades based on chronological age. Specific 
maturity grades, at which peak height velocity (PHV) 
occurs as previously identified, were based upon to 
explore how the three systems interact. A total of 114 
patients (63.2% girls) were studied. Correlations and 
associations between the three maturity parameters were 
significant (all at P < 0.001). Mapping revealed uneven 
spans and coverage of different periods by each index. 
Olecranon stage 1 coincided with R3 (for girls), R4 (for 
boys), U3, and SS1. Olecranon stage 5 occurred as early 
as R7, U6, and SS4. Upon elbow fusion, the simplified 
digital (SS5–SS8) and DRU (R8–R11 and U7–U9) 
classifications can be used for assessment until maturity. 
The inter-relationship of the simplified hand, wrist, and 

olecranon methods indicates their combined use. DRU 
grades can be used in growth periods which are less well 
covered. Prepubertal and growth acceleration phase of 
pubertal growth spurt can best be assessed by both the 
simplified olecranon (stages 1–3) and DRU classifications 
(R1–R5 and U1–U4). All three indices are required during 
PHV. For post-PHV, DRU (R8–R11 and U7–U9) and 
simplified digital method (SS5–SS8) complement each 
other for assessment until skeletal maturity. J Pediatr 
Orthop B 30: 371–380 Copyright © 2020 The Author(s). 
Published by Wolters Kluwer Health, Inc.
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Introduction
Assessment of skeletal maturity is essential in pediatric 
orthopedics when making decisions for timely initia-
tion and completion of treatments; this is especially so 
for growth-modulated interventions of the lower limbs 
and spine [1,2]. Examples include decision-making for 
limb lengthening surgery [3], pediatric anterior cruci-
ate ligament reconstruction [4], and the timing of brace 
initiation and weaning for idiopathic scoliosis [5–7]. 
Growth potential is therefore a key parameter for pre-
dicting disease progression and for treatment planning 
[3,8–11].

Various skeletal maturity indices are available for the 
assessment of growth. The Risser sign [12], based on 
the ossification of the iliac apophysis, has been used 
as a prognostic indication for evaluating growth [13], 
but is often criticized for its poor sensitivity during the 
acceleration phase of pubertal growth [14]. Another use-
ful radiological guide for the pubertal growth period is 
Sauvegrain’s method and its contemporary simplified 
olecranon method [15,16]. The hand and wrist [17] are 
also very useful for bone age assessment, and classical 
methods such as the Greulich and Pyle method [18], and 
the Tanner and Whitehouse method, are widely used 
for assessment of skeletal maturity [19,20]. However, 
due to their complexity and flaws in sensitivity, simpli-
fied maturity parameters are becoming more popular. Of 
note are the distal radius and ulna (DRU) classification 
[21] and the simplified digital method [10] which are 
widely used in Asia and in North America, respectively. 
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Tanner–Whitehouse III descriptors were used to develop 
the simplified digital method.

Most clinicians utilize more than one maturity parame-
ter to better delineate and pinpoint the pubertal growth 
period. The use of multiple parameters is likely to provide 
more accurate growth prediction and treatment planning. 
As compared to the classical methods, simplified matu-
rity indices may allow bone age assessment to be done 
faster with comparable accuracy. The commonly used 
simplified olecranon method, simplified digital method, 
and the DRU classification have each tested with the 
capabilities to predict peak height velocity (PHV) accu-
rately [22–24], but how these three maturity parameters 
can be applied in combination have not been explored. 
Therefore, this study aims to investigate the relationship 
between the simplified olecranon method, the simpli-
fied digital method, and the DRU classification, and to 
explore how the three indices can be used in conjunction 
to provide a more comprehensive assessment of skeletal 
maturity.

Materials and methods
Study design and patient recruitment
This was a cross-sectional study of pediatric patients 
attending a tertiary orthopedic pediatric clinic during 
the period of 2011–2012. Inclusion criteria were pediatric 
patients who presented with: (1) orthopedic conditions 
requiring skeletal maturity assessment including idio-
pathic limb-length discrepancies, (2) idiopathic scoliosis, 
or (3) sequelae of epiphyseal trauma of the lower limb. 
Standardized anteroposterior left  hand and wrist radio-
graphs and lateral elbow radiographs must be available for 
assessment. Patients with congenital disorders, or a history 
of systemic illnesses or endocrinopathies were excluded. 
Patient profiles including gender and date of birth were 
recorded. Ethics approval was obtained from the local eth-
ics committee and parental informed consent was gained.

Radiographic assessment of skeletal maturity
Radiographic assessment of skeletal maturity was per-
formed by a total of nine raters [three raters per group] 
based on their years of experience in using radiographic 
maturity parameters: experienced (≥10 years), intermedi-
ate (5 to <10 years), and beginners (<5 years). Each rater 
performed skeletal maturity assessments independently 
using the simplified olecranon method, simplified digital 
method, and DRU classification, with the definition of 
each grade given and any corresponding images available 
as found in their previous publications [22,23,25]. The 
simplified olecranon method categorizes radiographic 
appearance of the apophysis at the olecranon into five 
stages: two ossification nuclei, a half-moon image, a rec-
tangular shape, the beginning of fusion, and complete 
fusion [23]. The DRU classification consists of 11 radius 
grades (R1–R11) and nine ulnar grades (U1–U9) [25], 

whereas the simplified digital method consists of eight 
stages (stages 1–8, hereafter referred to as SS1–SS8) [22]. 
All radiographs were deidentified, so that raters were 
blind to all patient particulars and demographics. The 
images were distributed by an independent investigator 
who was not a rater, and the image order was randomized 
for each assessment. Two assessments were performed 
by each rater, with the second assessment completed 
four weeks after initial reading.

Statistical analysis
Descriptive statistics including chronological age were 
presented as mean ± standard deviation (SD), whereas 
range and median scores were presented for maturity 
grading. Since gender was blinded to avoid bias, the mor-
phological sequence of the five distinct stages of olecra-
non development was termed as grades 1–5, and allowed 
for half grades. These grades were then converted to the 
corresponding bone age per gender after measurements.

The reliability and reproducibility of using these skeletal 
maturity indices together were assessed by the intraclass 
correlation for the first and second assessment. The associ-
ations of the three skeletal maturity indices were evaluated 
according to the rater’s experience level, using Goodman 
and Kruskal’s gamma with Bonferroni correction. A gamma 
coefficient of 0.00–0.24 indicates no relationship between 
two maturity indices, with 0.25–0.49, 0.50–0.74, and 0.75–
1.00 indicating the respective weak, moderate, and strong 
relationships [26,27]. The use of Goodman and Kruskal’s 
gamma, G, a proportional reduction in error measure [28], 
allowed the estimation of the effect that one grading sys-
tem had on the prediction of another.

Further comparison between skeletal maturity indices 
was performed by the mapping of each maturity index 
against chronological age, through calculating the mean 
age for each grade. Mapping utilized the chronological 
age as a common scale as it was demonstrated to have 
a positive, linear relationship with skeletal age for both 
genders [14], and it was a common variable for the indices.

With reference to the existing knowledge of each skel-
etal maturity index, the PHV was used as the important 
growth landmark to formulate a scheme of utilizing the 
three skeletal maturity indices in combination. Previous 
studies have suggested that PHV occurs at olecranon 
stage 4 [29], R6 U5 [24], and SS3 [30], whereas the end of 
the PHV is marked by the complete olecranon apophy-
seal fusion at stage 5 [31]. These pubertal growth time-
points are used to mark the relevance of each maturity 
parameter. This allows us to identify the grades which are 
available for maturity assessment prior to reaching PHV 
and for the decelerating growth phase post-PHV.

Data analyses were conducted using SPSS Windows 23.0 
(IBM SPSS Inc., Chicago, Illinois, USA). A P value of less 
than 0.05 was considered statistically significant.
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Results
A total of 114 patients were recruited, including 72 girls 
(63.2%) and 42 boys (36.8%). The mean chronological 
age for girls and boys was 13.1 ± 1.6 years (ranging from 
9.9 to 17.0 years) and 14.5 ± 1.3 years (ranging from 11.0 
to 17.4 years), respectively. Table  1 shows the skeletal 
maturity profile of the study population, with skeletal 
maturity indices graded with no more than one grade dis-
crepancy among the three experience groups, except the 

simplified digital method graded by beginners for boys 
(median grade of SS6 rated by beginners versus SS4 rated 
by intermediate and experienced raters).

Table 2 presents the reliability of skeletal maturity assess-
ment using the three grading systems, which demonstrated 
significant correlations (all at P < 0.001) with each other 
(given that raters’ experience was controlled). Olecranon 
was strongly correlated with DRU and the digital method. 
Individual radius and ulnar grades were strongly and 

Table 1 Average ratings of the maturity parameters according to raters’ level of experience

Maturity index

Overall (n = 114) Boys (n = 42) Girls (n = 72)

Experienced Intermediate Beginner Experienced Intermediate Beginner Experienced Intermediate Beginner

Skeletal age, years, mean ± SD
Olecranon 13.3 ± 1.1 13.3 ± 1.0 13.3 ± 1.1 14.4 ± 0.7 14.4 ± 0.7 14.3 ± 0.7 12.6 ± 0.6 12.6 ± 0.5 12.6 ± 0.6
Median grade, minimum to maximum, range
Olecranon with coded grading 5

1–5, 4
5

1–5, 4
5

1–5, 4
4

1–5, 4
4

1–5, 4
4

1–5, 4
5

1–5, 4
5

1–5, 4
5

1–5, 4
Simplified digital method 5

1–8, 7
5

1–8, 7
6

1–8, 7
4

1–8, 7
4

1–8, 7
6

1–8, 7
5

1–8, 7
6

1–8, 7
6

1–8, 7
DRU classification
Radius grade 8

4–11, 7
8

4–11, 7
8

4–11, 7
7

5–11, 6
8

4–11, 7
8

5–11, 6
8

4–11, 7
8

4–11, 7
9

4–11, 7
Ulnar grade 6

3–9, 6
7

4–9, 5
7

3–9, 6
6

4–9, 5
6

4–9, 5
7

3–9, 6
6

3–9, 6
7

4–9, 5
7

4–9, 5

DRU, distal radius and ulna; SD: standard deviation.

Table 2 Correlation between the maturity parameters

Between Assessmenta

Boys Girls

G P value G P value

Conditional correlationb

Radius and Olecranon First 0.81 <0.001c 0.83 <0.001c

Second 0.82 <0.001c 0.85 <0.001c

Overall 0.81 <0.001c 0.84 <0.001c

Radius and Digital First 0.77 <0.001c 0.74 <0.001c

Second 0.74 <0.001c 0.79 <0.001c

Overall 0.76 <0.001c 0.76 <0.001c

Ulna and Olecranon First 0.78 <0.001c 0.82 <0.001c

Second 0.81 <0.001c 0.84 <0.001c

Overall 0.79 <0.001c 0.83 <0.001c

Ulna and Digital First 0.76 <0.001c 0.73 <0.001c

Second 0.76 <0.001c 0.77 <0.001c

Overall 0.75 <0.001c 0.74 <0.001c

Olecranon and Digital First 0.84 <0.001c 0.85 <0.001c

Second 0.79 <0.001c 0.87 <0.001c

Overall 0.81 <0.001c 0.86 <0.001c

Correlation according to level of experience for overall (first and second) assessment
Radius and Olecranon Beginner 0.78 <0.001c 0.77 <0.001c

Intermediate 0.89 <0.001c 0.88 <0.001c

Experienced 0.76 <0.001c 0.88 <0.001c

Radius and Digital Beginner 0.64 <0.001c 0.62 <0.001c

Intermediate 0.89 <0.001c 0.88 <0.001c

Experienced 0.74 <0.001c 0.78 <0.001c

Ulna and Olecranon Beginner 0.68 <0.001c 0.75 <0.001c

Intermediate 0.89 <0.001c 0.87 <0.001c

Experienced 0.82 <0.001c 0.88 <0.001c

Ulna and Digital Beginner 0.63 <0.001c 0.60 <0.001c

Intermediate 0.85 <0.001c 0.84 <0.001c

Experienced 0.80 <0.001c 0.78 <0.001c

Olecranon and Digital Beginner 0.74 <0.001c 0.77 <0.001c

Intermediate 0.86 <0.001c 0.90 <0.001c

Experienced 0.84 <0.001c 0.90 <0.001c

G, gamma’s coefficient.
aUsing Goodman and Kruskal’s gamma with Bonferroni correction.
bWhen experience of the rater was introduced as a control.
cStatistical significance at P < 0.05.
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moderately correlated to the digital method. Good repro-
ducibility was indicated with comparable gamma coeffi-
cients for both first and second assessments. In accordance 
with the raters’ experience level, strong overall correlations 
between indices were found, except beginners who could 
only achieve moderate correlations between radius and 
ulna with digital grades, and for ulna and olecranon stages 
for boys (Table 2). The three maturity indices were found 
to have strong associations (all at P < 0.001), with G being 
0.839, 0.812, and 0.778 between the olecranon and the dig-
ital, radius and ulnar grades, respectively. The associations 
were relatively weaker between the digital method and 

the radius grades (G: 0.772), and with the ulnar grades (G: 
0.743).

In addition, Table 3 provides the distribution and the rate 
at which each specific grade of the three indices coin-
cides. For the third olecranon stage (12.0 years for girls 
and 14.0 years for boys), there was no corresponding indi-
vidual radius, ulnar, or digital grades with ≥25% preva-
lence. For SS4, no ulnar grade held for ≥25% of the girl 
cases, whereas no DRU grades held for ≥25% for boys. 
For SS5, it did not correspond to any DRU grade for 
≥15% of the cases for both genders.

Table 3 Three-way cross-tabulation of prevalence rates, expressed as percentages in rows, for specific grades of the three skeletal 
maturity indices in the study population

(continue)
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Mapping of each maturity grade on the common scale of 
chronological age (mean age, Table 4) revealed uneven 
spans between specific grades of each index (Figs. 1 and 
2), particularly for the SS1 and SS2, SS4–SS6 for girls, and 
SS4–SS6, R4, R9, and R10, and U4 and U5 for boys. The 
DRU grades depicted the lowest and the highest mean 
age for girls at 10.1 and 15.2 years (Fig. 1), and boys were 
graded as early as U3 at 11.8 years (Fig. 2),

Based on the relationship between PHV and the skeletal 
maturity system each established in the current literature, 
the concurrently occurring maturity grades were placed 

into the context of growth stages. With the uneven span 
between grades as revealed through mapping and the 
low rate of corresponding specific grades among maturity 
indices, a scheme of the recommended combined use of 
these maturity indices was developed (Fig. 3).

Discussion
Each skeletal maturity index has its characteristic and 
sensitivity for a particular period of pubertal growth. As 
any one maturity index cannot cover the entire growth 
period comprehensively, multiple skeletal maturity 
measures are frequently employed for more accurate 

These tables state the distribution and the rate at which each specific olecranon, digital, and DRU grades coincided, with the prevalence of ≥25% shaded darkest to 
indicate the diagonal trend of distribution.
DRU, distal radius and ulna.
an = 1, interpret with caution.
bReading by columns allows the DRU grades and simplified digital grades in rows to be read as a function of the individual Olecranon grade listed. The same applies to 
DRU grades in rows which can be read as a function of the individual simplified digital scores listed in columns on the right-hand side.

Table 3 (Continued)
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Fig. 1

Mapping of DRU, simplified olecranon, and simplified digital methods by chronological age (girls). DRU, distal radius and ulna.

Table 4 Skeletal maturity indices with mean age, age range, and frequency for each individual grade

Girls (n = 1296 assessments from nine raters and with two assessments per rater)

Olecranon
Mean  

age (years) Range % Radius
Mean  

age (years) Range % Ulna
Mean  

age (years) Range % Digital
Mean  

age (years) Range %

1 10.5 1.4 4.8 R3* 11.3 0.0 0.1 U3 10.1 0.5 0.2 SS1 10.2 1.1 2.2
1.5 11.1 0.3 0.3 R4 10.9 1.4 0.8 U4 10.8 3.4 5.4 SS2 11.3 4.4 7.6
2 11.2 2.3 5.3 R5 10.9 3.2 3.9 U5 11.7 4.5 14.4 SS3 11.8 4.0 12.7
2.5 11.1 1.9 0.3 R6 11.7 4.6 14.0 U6 12.4 4.3 18.4 SS4 12.5 5.4 17.1
3 11.4 3.1 7.2 R7 12.2 4.6 14.7 U7 13.1 6.8 24.3 SS5 12.8 5.8 7.4
3.5 11.6 2.3 0.5 R8 12.8 6.6 22.8 U8 13.8 6.6 21.8 SS6 13.0 6.6 20.3
4 12.2 5.2 22.2 R9 13.7 6.6 21.8 U9 14.9 4.6 15.6 SS7 14.2 6.0 22.8
4.5 12.4 3.2 2.4 R10 14.4 6.8 14.3     SS8 15.1 4.6 10.0
5 14.1 5.6 56.9 R11 15.2 4.3 7.6         

Boys (n = 756 assessments from nine raters and with two assessments per rater)

Olecranon
Mean  

age (years) Range % Radius
Mean  

age (years) Range % Ulna
Mean  

age (years) Range % Digital
Mean  

age (years) Range %

1 13.0 3.5 11.0 R4* 13.3 0.0 0.1 U3 11.8 0.0 0.2 SS1 12.6 2.9 5.2
1.5 13.3 0.0 1.2 R5 12.8 4.4 6.7 U4 12.6 4.4 7.4 SS2 13.2 4.9 0.1
2 13.5 4.2 10.8 R6 13.4 5.2 18.7 U5 13.7 5.2 20.4 SS3 14.2 4.6 13.6
2.5 12.7 2.9 0.4 R7 14.2 5.2 15.2 U6 14.3 5.2 24.5 SS4 14.1 5.0 19.6
3 13.5 4.4 8.4 R8 14.6 3.0 23.0 U7 14.7 3.0 21.0 SS5 14.6 2.6 12.6
3.5 14.2 0.0 1.1 R9 15.5 3.5 17.3 U8 15.3 4.2 16.3 SS6 14.7 4.6 6.9
4 14.4 5.0 24.2 R10 15.4 3.8 11.8 U9 16.0 3.1 10.2 SS7 15.5 3.3 14.4
4.5 14.7 1.8 3.3 R11 16.3 2.6 7.1     SS8 16.1 2.8 17.3
5 15.6 4.2 39.6             

%, frequency.
aTo be interpreted with caution as n = 1 for that particular grade/mean age.
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Fig. 2

Mapping of DRU, simplified olecranon and simplified digital methods by chronological age (boys). DRU, distal radius and ulna.

Fig. 3

Summary of the recommended combinations of skeletal maturity grading with key stages of growth. 
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assessment. The Greulich and Pyle method, the Tanner 
and Whitehouse method, and the Risser sign are com-
monly used together for pediatric patients in daily prac-
tice worldwide [32]. Dimeglio previously found that 
Risser 0 can be subdivided into two periods with open or 
closed triradiate cartilage, and the Risser sign can be split 
according to the apophyseal closure of the greater tro-
chanter. For the Greulich and Pyle method, it was found 
to  correlated well with the  Sauvegrain’s method which 
can complement the Greulich and Pyle Atlas, especially 
for assessing bone age at 6-month intervals [33]. The 
Greulich and Pyle method and the Risser sign can be 
very useful when clinicians understand their limitations 
[31]. However, simplified maturity indices have increased 
popularity as they allow faster and equally precise bone 
age estimation. This study investigates specifically the 
relationships between the simplified olecranon, simpli-
fied digital and DRU classifications, and how they can be 
used together. Our findings reveal that these three skel-
etal maturity indices can complement each other. The 
PHV can be assessed with the combination of the three 
systems. Importantly, the simplified olecranon method 
and the DRU classification can be used to optimize matu-
rity assessment of the growth acceleration phase, whereas 
the DRU classification and simplified digital method can 

be used in conjunction for assessment during the decel-
erating growth period until skeletal maturity.

It is essential to examine how the three skeletal maturity 
indices interact in order to understand whether and how 
their combined use can provide a more comprehensive 
coverage of pubertal growth. An example of such inter-
action is suggested by Canavese et al. [34] for the sim-
plified olecranon method, which is capable of providing 
accurate information during the acceleration phase of the 
pubertal growth spurt prior to Risser 1, as it complements 
Risser 0 and triradiate cartilage fusion [23]. In our study, 
the first olecranon stage coincided predominantly with 
R3 (girls), R4 (boys), U3, and SS1 (both genders). DRU 
was the only classification with several early grades (R1, 
R2, R3 for boys, and U1 and U2) not represented in this 
cohort. As the youngest age in this study was 9.9 years for 
girls and 11.0 years for boys, the DRU classification can 
further identify those maturity statuses in even younger 
patients who cannot be assessed using the simplified 
olecranon and digital methods (Fig. 3). In fact, this corre-
sponds to the period prior to the pubertal growth spurt, 
which usually occurs between 9.0 and 10.0 years of age 
for girls and between 11.0 and 12.0 years of age for boys 
[35]. Thus, the olecranon and DRU systems can be used 
in conjunction for effective coverage of both prepubertal 

Fig. 4

Schematic diagram of the interaction of DRU classification, simplified olecranon and simplified digital methods over the prepubertal, accelerating 
growth, PHV, immediately post-PHV, and decelerating growth. DRU, distal radius and ulna; PHV, peak height velocity.
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and acceleration phases of pubertal growth. For example, 
the olecranon can be a modifier of DRU and further clas-
sifies R6 U5 when the olecranon is beginning to fuse or 
is completing fusion. This may not be possible with the 
digital grades, as the coverage of SS1–SS3 is too wide.

All three maturity indices overlap for the PHV. Previous 
studies have demonstrated PHV strongly correlated 
with each index at olecranon stage 4 [29], R6 U5 [24], 
and SS3 [30]. Olecranon apophyseal fusion completes 
at the end of PHV [31]. At this stage, the simplified 
olecranon method has reached its limit and it is impos-
sible to estimate how much time has elapsed since com-
plete fusion and PHV (Fig.  4). Despite the simplified 
olecranon method being the simplest scheme with the 
least number of grades, it cannot be used for assessing 
later growth stages. Therefore, it is crucial to utilize 
other maturity indices for further growth assessment 
(especially near the completion of olecranon fusion), 
so that the period of PHV until its end can be refined. 
For instance, if olecranon stage 4 is presented with the 
DRU advancing from R6 to R7 or U5 to U6, assessment 
can be continued without disruption beyond PHV to 
the end of growth. It is worth noting that the time span 
for SS2 advancing to SS3 is about one year [10]; thus, 
the DRU may have an advantage of more precise assess-
ments when used in conjunction with the olecranon for 
patients entering PHV. However, for the end of PHV, 
the DRU and digital grades are more useful.

For the deceleration growth phase post-PHV, the use 
of both DRU and digital grades is recommended. The 
first appearance of olecranon stage 5 for both genders 
was found as early as R7, U6, and SS4 (which occurred 
in >25% of the cases). Once the olecranon apophysis is 
fused, the use of SS5–SS8, together with R8–R11 and 
U7–U9, can provide maturity assessment immediately 
post-PHV until skeletal maturity (Fig. 4). Digital stages 
were previously found to be more useful after the puber-
tal growth spurt [34]. Closer examination reveals that dig-
ital grades have an uneven span of SS1–SS3, a clustering 
of SS4–SS6, with a wide span between SS6 and SS7 for 
both genders (Figs. 1 and 2). This is in agreement with 
existing findings of digital stages at irregular, nonlinear 
intervals [10,36]. SS4–SS6 progresses rapidly for each 
stage within 6 months of the previous stage or within one-
year span, as compared to the long span between SS2 and 
SS3 [10,36]. Therefore, combining the use of the DRU 
and digital methods is recommended. SS7 corresponds 
to four radius (R8–R11) and three ulnar (U7–U9) grades, 
whereas SS8 corresponds to R10, R11, U8 (boys), or U9. 
Not only can these two systems complement each other, 
it suggests that the ulnar appearance further refines the 
radius grading.

The main limitation of this study is the unequal sample 
size for girls and boys. Nevertheless, the need to examine 

genders separately may not be necessary as the growth 
speed of individuals is similar at PHV regardless of gen-
der [30,36]. Due to its cross-sectional nature, skeletal 
maturity indices were examined independent of growth 
parameters such as standing and sitting height. It is there-
fore necessary for future validation and examination of 
accuracy and precision of the combined use of these skel-
etal maturity indices based on prospectively collected 
data. The validity of using these simplified skeletal 
maturity parameters should also be studied in the con-
text of the decision-making process for growth-sensitive 
interventions at specific combination of maturity grades. 
Moreover, application of the combined use of these three 
maturity indices needs to be investigated, particularly for 
patients with specific pathology of limb lengthening or 
growth plates in the long bones.

In clinical practice, clinicians use more than one skel-
etal maturity index, with repeated measurement and 
data such as secondary sexual characteristics and bodily 
growth, to improve accuracy of growth assessment for 
treatment decision-making. This study provides practi-
cal recommendations on how the three skeletal maturity 
measures of interests: the simplified hand, wrist, and 
olecranon maturity systems can complement each other. 
Insights are shared on how to utilize the DRU classifica-
tion to contribute for the period that is not well covered 
by simplified digital and simplified olecranon methods. 
Given the good reliability and reproducibility, our find-
ings suggest that using the three simplified maturity indi-
ces together can possibly give a comprehensive coverage 
of the pubertal growth period. The use of both simplified 
olecranon method and DRU classification can provide 
sufficient coverage of the prepubertal and growth accel-
eration phase, whereas the DRU and simplified digital 
methods are more suitable for assessment beyond PHV 
for the decelerating growth phase until skeletal maturity. 
The crucial PHV can be assessed with the combination 
of the three systems complementing each other.
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