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Abstract

Purpose  Current clinical and radiological methods of predict-
ing a patient’s growth potential are limited in terms of prac-
ticality, accuracy and known to differ in different races. This 
information influences optimal timing of bracing and surgical 
intervention in adolescent idiopathic scoliosis (AIS). The Luk 
classification was developed to mitigate limitations of exist-
ing tools. Few reliability studies are available and are limit-
ed to certain geographical regions with varying results. This 
study was performed to analyze reproducibility and reliability 
of the Luk Distal Radius and Ulna Classification in European 
patients. 

Methods  This is a radiological study of 50 randomly selected 
left hand and wrist radiographs of patients with AIS referred 
to a tertiary referral centre. They were assessed for bone ma-
turity using the Luk Distal Radius and Ulna Classification. 
Assessment was performed twice by four examiners at an 
interval of one month. Statistical analysis was performed us-
ing the intraclass correlation (ICC) method to determine the 
reliabilities within and between the examiners.

Results  In total, 50 radiographs (M:F = 13:37) with a mean 
age of 13.7 years (10 to 18) were assessed for reliability. The 
inter-rater ICC value was 0.918 for radius assessment and 
0.939 for ulna assessment. The intra-rater ICC values for ra-
dius assessment ranged between 0.897 and 0.769 and be-
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tween 0.948 and 0.786 for ulna assessment. There was near 
perfect correlation for both assessments. 

Conclusion  This study provides independent evidence that 
the Luk Distal Radius and Ulna Classification is a reliable tool 
for assessment of skeletal maturity for European patients. 
Minimal clinical experience is required to reliably utilize it.

Level of evidence:  IV
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Introduction
Bone maturity assessment underpins the management of 
all types of scoliosis but is especially useful during the peak 
growth spurt just prior to cessation of growth.1 Under-
standing the intricacies of bone maturation in this adoles-
cent growth spurt period is invaluable for decision-making 
with regards to the use of a brace, employing growing rod 
techniques or proceeding to fusion.2-5 Correct use of a 
brace can mitigate the need for surgery and the develop-
ment of accurate, practical and reliable tools is paramount 
to optimizing patient experience and outcomes.2

Multiple methods have been used to determine skeletal 
maturity that include clinical history, physical examination 
and imaging. Clinical measurements include recording 
height, spinal length, arm span and foot size.6-8 While sim-
ple to perform, these rely on differences between serial 
recordings to gauge growth spurt. Multiple recordings 
may not be efficient, their entry not sensitive, may differ in 
different races and by the time the change has been noted, 
it may already be too late to intervene.9-11Secondary sexual 
characteristics, such as the timing of menarche can also be 
used but this is only applicable to female patients, and the 
peak growth spurt may have already passed by its occur-
rence.12

Given that there is considerable variety in patient size, 
even within a particular stage of skeletal maturity, various 
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radiographic assessment tools have been developed. The 
Risser grading system is a simple and commonly used sys-
tem that measures the iliac crest apophysis, however, it 
has been noted to grade peak growth poorly.13-16 Other 
areas of the body used in bone maturity assessments 
include the proximal humerus, elbow and the fusion of 
the rib heads and ring epiphysis.17-19

Radiographs of the hand and wrist are also commonly 
used to assess age or grade maturity. These include the 
Tanner and Whitehouse (TW), Greulich and Pyle (GP) 
and Sanders classifications.12,20-23 The Tanner-White-
house III (TW3) classification established a relationship 
between bone maturity and bone age and scores each 
bone based on maturity with the total weighted score 
converted to a bone age.24 The GP classification is based 
upon ‘Atlas-Matching’ and is less objective than the scor-
ing method of TW.23 Moreover, the GP, while reliable in a 
developed Caucasian population was found to be unre-
liable in other ethnic populations.25-31 Studies comparing 
both methods considered TW to be more reliable but TW 
takes longer to grade, taking on average almost 8 min-
utes.32,33 While both scoring systems are accurate, they are 
complex and time consuming to use.32 This practically lim-
its their use in a busy clinical setting. The Sanders or sim-
plified TW3 classification (sTW3) removed the radius and 
ulna assessment and evaluated only Digital Skeletal Age.12 
The authors argued that even with removal of the radius 
and ulna assessment, curve progression could still be pre-
dicted accurately, however, given the complexity of the 
assessment pre-clinical training was still required. A short-
hand bone age assessment study attempted to shorten 
and simplify assessment but is valid only for an age range 
of 12.5 to 16 years for boys and ten to 14 years for girls, 
hence limiting its use in the overall scoliosis setting.34,35

Luk et al36 developed the Luk Distal Radial and Ulna Clas-
sification (LRDU), due to the limitations of the other skele-
tal maturity classifications in adolescent idiopathic scoliosis 
(AIS).36 In contrast to the Sanders classification, the LDRU 
looks solely at the distal radius and ulna. The original LDRU 
was simplified following feedback from early adopters 
removing descriptions of multiple parameters at different 
stages. The current classification is based on examination 
of a plain film radiograph of the left wrist. It has 11 radius 
grades (R1 to R11) and nine ulna grades (U1 to U9). Growth 
was found to have peak spurt at levels R7 and U5 and halt 
at levels R10 and U9. Table 1 characterizes the LDRU.

Our study aims to perform a reliability analysis on the 
Luk Distal Radius and Ulna Classification system at a differ-
ent geographical location. By performing the study on a 
set of patients based in the United Kingdom it attempts to 
ascertain reliability analysis on a different geographical set 
of patients as previous studies were limited to Chinese and 
Japanese cohorts.37 The study also uses assessors at differ-
ent grades of seniority to assess whether there is a differ-

ence in reliability due to experience. By broadly repeating 
the methodology of the original LDRU study it aims to 
provide independent verification or rebuttal of reliability 
of the original classification.

Materials and methods

A radiographic study was performed on 50 randomly 
selected patients from a prospectively collected database 
who had presented with AIS to our tertiary referral centre 
for children with spinal conditions between 07 February 
2017 and 29 August 2018. The study was registered within 
our hospital, but ethics committee approval was not 
required as the study did not affect patient management.

Left hand radiographs (as per standard agreement) 
were obtained in all patients.23,38 Four examiners were used 
(DFL, SH, JH, AC), one consultant spine surgeon, one senior 
fellow, one registrar and one medical student. There was 
no discussion between the examiners during the study or 
about the classification. Radiographs were accessed using 
a picture archiving and communication system (PACS v4.4; 
Intellispace PACS Enterprise, Philips, Foster City, California). 
Intraobserver reliability assessments were performed one 
month apart with data being stored securely on a spread-
sheet by AC until the end of reliability measurements.

Statistical analysis

Data was evaluated in descriptive and frequency terms 
and analyzed using SPSS version 25 (SPSS Inc, Chicago, 
Illinois). Inter- and intraobserver reliability was evaluated 
using intraclass correlation coefficients (ICC) within its 
95% confidence intervals, as per the original reliability 
analysis. The ICC was further categorized into standard 
groups based on alpha values; poor agreement (0 to 
0.29), fair agreement (0.30 to 0.49), moderate agreement 
(0.5 to 0.69), strong agreement (0.7 to 0.8) and near per-
fect agreement (> 0.8). Further analysis was performed for 
interobserver disagreement.

Results

In total, 50 patients (M:F = 13:37) with a mean age of 13.7 
years (10 to 18) were assessed in the study. The inter-rater 
ICC values for radius (0.918) and ulna (0.939) assessment 
showed near perfect agreement as shown in Table 2. The 
mean intra-rater ICC values for radius was 0.822 (0.769 to 
0.897) and ulna was 0.847 (0.786 to 0.948) assessment 
also showed near perfect agreement as shown in Table 3. 

Intraobserver disagreement

For the radius (n = 200) there were a total of 84 (42%) 
one-grade disagreements and 18 (9%) two-grade dis-
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Table 1  Characterization of the Luk Distal Radius and Ulna Classification

Stage Description

Radius
R1 Epiphysis appears as single or multiple spots
R2 Distinct and oval-shaped epiphysis
R3 Maximal diameter is more than half the width of the metaphysis
R4 Double line at the distal border of the epiphysis represents the 

palmar and dorsal surface
R5 Width of epiphysis not as wide as the metaphysis
R6 Epiphysis is as wide as metaphysis. No capping or narrowing of 

the physis is seen
R7 Epiphysis capping on medial side, but not on the lateral side
R8 Epiphysis capping on both medial and lateral sides. The medial 

and lateral ends of the physis are wider than the centre
R9 Ossification has begun with blurring of the central physis
R10 The physeal line is closed, forming a sclerotic line. A notch is still 

visible at the medial or the lateral end of the growth plate
R11 Complete fusion of the physis with no notch
Ulna
U1 The epiphysis appears at single/multiple spots
U2 A round shaped epiphysis
U3 The epiphysis is at least half the width of the metaphysis
U4 The styloid is visible on the medial end of the epiphysis
U5 Epiphysis width up to the metaphyseal width
U6 Medial epiphysis as wide as the metaphysis
U7 Medial physeal plate narrowing or fusion
U8 More than half the medial growth plate fused with the unfused 

part just proximal to the styoid process
U9 Complete fusion of the physis

Table 2  Inter-rater intraclass correlation coefficient (ICC) values for 
radius and ulna assessment

Inter-rater ICC value 95% confidence interval

Radius assessment 0.918 0.878 to 0.948
Ulna assessment 0.939 0.908 to 0.962

Table 3  Intra-rater intraclass correlation coefficient values for radius and 
ulna assessment according to each examiner

AC DL JH SH Mean

Radius assessment 0.897 0.809 0.769 0.814 0.822
Ulna assessment 0.948 0.843 0.786 0.810 0.847

agreements. For the ulna (n = 200) there were at total of 
62 (31%) one-grade disagreements, 13 (6.5%) two-grade 
disagreements and two (1%) three-grade disagreements. 
No discussions were held to discuss disagreements as the 
intention of the study was to assess reliability and repro-
ducibility at different knowledge and experience levels.

Discussion
This study finds that the LDRU classification had near per-
fect agreement for interobserver and intraobserver anal-
ysis. Our study is broadly representative of the original 
reliability analysis with similar average age and range of 
scores.

The authors of the LDRU suggest that the system is 
simple, practical and provides accurate prediction of a 
patient’s peak growth spurt. One study has suggested 
that the LDRU is more reliable than the sTW3, and may 

also provide more practical indications of when to start 
weaning off the brace.39,40 Bracing was suggested in the 
initial study to begin at R6 and R7 although Li et al41 sug-
gested earlier adoption at R5 and more frequent observa-
tions around R7 to R9 to begin brace weaning at R10.36 If 
the benefits of the LDRU are true, it could provide better 
guidance on whether bracing is appropriate, and when to 
begin and end bracing for any given patient with AIS.2,41,42

The evidence for reliability in the LDRU is limited, 
and the key to cementing evidence is reproducibility in 
research.43 Few reliability analyses have been performed 
so far, and they are all confined to a particular geograph-
ical continent.39,41,44 The larger reliability analysis was per-
formed by the same unit which designed the classification, 
and reported both inter- and intraobserver reliability to be 
near perfect, leaving the study open to potential criticism 
for not being independent.36,44 The second study gave 
data on interobserver disagreement which was lower than 
our findings. None of the independent analyses included 
boys and results varied between them.

Okuda et al39 found significantly lower reliability in the 
LDRU in their cohort of Japanese patients compared with 
ours and the initial study.36 This may be due to the use of a 
different statistical tool; Kappa values instead of ICC. They 
also found in contrast to our study that the radius was 
the more reliable tool for assessment, although they noted 
that the low reliability in their ulna classification may be 
due to different amounts of pronation on their radio-
graphs. Li et al41 have suggested that either the radius or 
the ulna could be assessed in isolation given there is good 
correlation between radial and ulna progression, however 
this was only applicable to older children and knowing 
that variations in radius and ulna maturity might exist. 
Their study of 40 physically immature girls in a Chinese 
population found near perfect reliability. 

Our study used four observers, which is a greater num-
ber than most of the other reliability analyses. This study 
also had a greater number of patients evaluated than the 
other independent analyses. Our study finds that interob-
server reliability was better than intraobserver reliability. 
Similar to the findings of Cheung et al,9 this may demon-
strate a possible learning curve effect for examiners, 
although this was short and may not be clinically signif-
icant. Our interobserver reliability was high without sig-
nificant prior experience of using the LDRU. In our study 
three of the four of the examiners were novices at using 
the system. There was no apparent increase in reliability 
based upon the radiograph experience of the examiner. 
Of interest, the least experienced examiner, a medical stu-
dent, had the highest intra-rater reliability. This shows that 
contrary to the sTW3, little to no experience is required of 
the system and this is also not dependant on experience 
of the observer.
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Our study has some limitations. Similar to the other 
studies, there were no patients with R1 to R4 grades. This 
could be due to our referral system which does not involve 
a school screening programme which is the usual mode of 
referral for the original authors. Our patients may, therefore, 
be referred at a later stage in their growing phase. However, 
bracing decisions are only applicable to patients around 
their peak growth spurt, which is typically around R7 and 
U5, and these scores were well represented in our study. The 
majority of our patients are Caucasian in origin (both in the 
outpatient and the theatre settings), we have however not 
specifically analyzed the ethnic origins of our study patients. 

Conclusions

This study confirms that the Luk Distal Radius and Ulna Clas-
sification system is a reliable system for assessing skeletal 
maturity. The LDRU system can be used reliably in patients 
from the United Kingdom as well as in Hong Kong. Little to 
no experience is required to use the LDRU, which is also not 
dependant on the clinical experience of the observer. Fur-
ther research is required to evaluate its reliability in younger 
children, its sensitivity and specificity, as well as how differ-
ent grades should influence management decisions. 
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