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Background: The Modified Fels (mFels) and Abbreviated Modified Fels (abFels) knee systems have been recently
developed as options for grading skeletal maturity without the need for a separate hand radiograph. We sought to
determine the interobserver reliability of these systems and to compare their prediction accuracy with that of the Greulich
and Pyle (G-P) atlas in a cohort managed with epiphysiodesis for leg-length discrepancy (LLD).

Methods: Three reviewers scored 20 knee radiographs using the mFels system, which includes 5 qualitative and 2
quantitative measures as well as a quantitative output. Short leg length (SL), long leg length (LL), and LLD prediction errors
at maturity using the White-Menelaus (W-M) method and G-P, mFels, or abFels skeletal age were compared in a cohort of
60 patients managed with epiphysiodesis for LLD.

Results: Intraclass correlation coefficients for the 2 quantitative variables and the quantitative output of the mFels
system using 20 knee radiographs ranged from 0.55 to 0.98, and kappa coefficients for the 5 qualitative variables ranged
from 0.56 to 1, indicating a reliability range from moderate to excellent. In the epiphysiodesis cohort, G-P skeletal age was
on average 0.25 year older than mFels and abFels skeletal ages, most notably in females. The majority of average
prediction errors between G-P, mFels, and abFels were <0.5 cm, with the greatest error being for the SL prediction in
females, which approached 1 cm. Skeletal-age estimates with the mFels and abFels systems were statistically
comparable.

Conclusions: The mFels skeletal-age system is a reproducible method of determining skeletal age. Prediction errors in
mFels and abFels skeletal ages were clinically comparable with those in G-P skeletal ages in this epiphysiodesis cohort.
Further work is warranted to optimize and validate the accuracy of mFels and abFels skeletal ages to predict LLD and the
impact of epiphysiodesis, particularly in females. Both the mFels and abFels systems are promising means of estimating
skeletal age, avoiding additional radiation and health-care expenditure.

Level of Evidence: Prognostic Level Il. See Instructions for Authors for a complete description of levels of evidence.

of the evaluation of leg-length discrepancy (LLD) in the

growing child. Estimations of remaining skeletal growth
and expected LLD at skeletal maturity are key to determining
appropriate timing or impact of epiphysiodesis in the management
of LLD. Among the available methods to estimate skeletal age, the
Greulich and Pyle (G-P) bone-age atlas' remains the gold standard,
despite concerns as to interobserver reliability and generalizabil-
ity’. A previous study demonstrated that the combination of
the White-Menelaus (W-M) formulae with G-P skeletal age was
superior to both the W-M method with chronological age as well

E stimation of skeletal maturity is an essential component

as other prediction methods in epiphysiodesis-aged cohorts’.
Obtaining skeletal age via the G-P atlas requires a left hand-and-
wrist radiograph, resulting in increased radiation exposure for the
patient and increased health-care expenditure. There is therefore
interest in a skeletal-maturity assessment system based on lower-
extremity radiographs.

The Fels Longitudinal Study represents an immense
collection of radiographs and patient data collected over most
of the last century, providing longitudinal datasets for the as-
sessment of skeletal maturity’. From these datasets, the Roche-
Wainer-Thissen (RWT) method of knee-based skeletal age was
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developed utilizing 36 parameters from an anteroposterior
knee radiograph®. Understandably, the measurement of 36
parameters makes this method impractical for daily clinical
use. Other methods, including the Pyle and Hoerr bone-age
atlas’, remain limited by the same subjectivity inherent to the
G-P hand atlas.

The recently described Modified Fels (mFels) knee
skeletal-maturity system represents a promising method for
estimation of skeletal age using an anteroposterior knee radi-
ograph. As described by Benedick et al., the mFels system
represents a refinement of the RWT method to 7 (5 qualitative
and 2 quantitative) radiographic parameters; the system also
includes chronological age and sex, and then outputs from
these 9 parameters'®. The mFels system has been shown to be
effective in the prediction of leg length at skeletal maturity, is
resistant to rotational variation, and outperforms leg-length
predictions based on chronological age'"'"”. In an effort to
further streamline this method, the creators of the mFels sys-
tem also developed an Abbreviated Modified Fels (abFels)
system using only 2 or 3 radiographic knee parameters, with
potentially similarly effective skeletal maturity estimation".

There are limited data establishing the interobserver re-
liability of the mFels system’. In addition, to our knowledge
neither the mFels nor the abFels system has been evaluated
with respect to predicting LLD at skeletal maturity relative to
the G-P atlas. The present study was performed to determine
the interobserver reliability of the mFels system. We then
sought to compare the accuracy of mFels, abFels, and G-P
estimates of skeletal age in the prediction of short leg length
(SL), long leg length (LL), and residual LLD at skeletal maturity
in a previously reported cohort of patients managed with
epiphysiodesis for LLD’. We hypothesized that skeletal-age
estimates via the mFels and abFels systems would provide
prediction accuracy comparable with estimates via the G-P
atlas.

THE MFELS AND ABFELS KNEE SKELETAL-MATURITY SYSTEMS IN THE
PREDICTION OF LEG-LENGTH DISCREPANCY

Materials and Methods
To assess the interobserver reliability of the mFels system, a
sample cohort with 20 radiographs furnished and scored
by the originators of the mFels system was reviewed by 3
independent and blinded interpreters. The intraclass correla-
tion coefficients (ICCs) and kappa coefficients were obtained
for both the individual radiographic parameters of the mFels
system and the overall estimates of skeletal age.

After receiving institutional review board approval, we
used the radiographs and leg-length data of a previously re-
ported cohort of 77 patients managed with epiphysiodesis for
LLD®. This earlier study established that the W-M formulae
combined with skeletal age as determined from the G-P atlas
performed better than the W-M method with chronological age
and was comparable with or superior to the Green-Anderson
growth-remaining'", Rotterdam straight-line graph'®, and Paley
multiplier” methods in the prediction of SL, LL, and residual
LLD at skeletal maturity.

From the original cohort of 77 epiphysiodesis patients,
60 were determined to have adequate perioperative knee
radiographs (from either the perioperative scanogram or a
dedicated anteroposterior radiograph of the contralateral leg)
to allow estimation of mFels and abFels skeletal ages. G-P
skeletal ages for the patients in this cohort were previously
determined by the senior author using the G-P atlas', recorded
to the nearest corresponding 6 months. These skeletal-age
estimates were subsequently re-reviewed by the same author
for the current study to confirm accuracy, with no differences
found.

SL, LL, and LLD prediction errors were determined via
the W-M method using the G-P, mFels, and abFels skeletal-
age estimates’. We used the W-M method as previously
described, including assuming skeletal maturity at age 16
years in males and 14 years in females and converting annual
distal femoral and proximal tibial growth of 3/8 inch and 1/4

TABLE | Interobserver Reliability Between mFels Creators and 3 Raters Using 20 Knee Radiographs*

Rater 1 Rater 2 Rater 3 Overall (95% ClI)
Kappa coefficient
Femoral capping (FEM-K) 0.70 0.77 0.62 0.80 (0.59-0.95)
Femoral fusion (FEM-F) 0.88 0.77 0.56 0.78 (0.61-1.00)
Tibial lateral capping (TIB-LK) 0.63 0.89 0.66 0.74 (0.35-1.00)
Tibial medial capping (TIB-MK) 1.00 0.79 0.69 0.78 (0.47-1.00)
Tibial fusion (TIB-F) 0.72 0.90 0.90 0.74 (0.49-0.92)
Intraclass correlation coefficient
Proximal tibial epiphyseal-metaphyseal ratio (Tib E:M) 0.78 0.85 0.84 0.73 (0.52-0.87)
Proximal fibular epiphyseal-metaphyseal ratio (Fib E:M) 0.55 0.77 0.81 0.72 (0.51-0.86)
Estimated skeletal age 0.96 0.97 0.98 0.97 (0.93-0.99)
*mFels = modified Fels. Kappa coefficients were used for the 5 categorical variables, and intraclass correlation coefficients were used for the 3
continuous variables, to assess the interobserver agreement between the mFels creators and each of the 3 raters. The overall reliability across the 3
raters was then reported. Skeletal age was estimated using the 7 qualitative and quantitative radiographic parameters, excluding chronological age
and gender for this portion of the study to isolate the overall reliability of the measured parameters specifically.
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Fig. 1

Scatterplot comparison of skeletal age as determined with the Greulich and Pyle (G-P) atlas and the modified Fels (mFels) system. While skeletal age in
males was comparable, skeletal age in females tended to be somewhat younger with the mFels system.

inch to 0.95 ¢cm and 0.64 c¢m, respectively'?*'. We used the
estimated 71% and 57% contributions from the distal aspect
of the femur and proximal aspect of the tibia to calculate
expected growth of the entire segment™ (1.34 cm/year for the
femur, 1.12 cm/year for the tibia, and 2.46 cm/year for the
entire lower limb). Predicted SL, LL (including a calculated
epiphysiodesis effect), and residual LLD were then compared
with the actual outcome at maturity to determine the pre-
diction error. Prediction errors were analyzed as an absolute
value. We categorized LLD prediction errors of >1 cm as
clinically relevant.

Statistical analysis was performed using SAS version 9.4
(SAS Institute) and SPSS version 27 (IBM). Interobserver re-

liability was assessed using ICCs for continuous variables and
kappa coefficients for categorical variables. Continuous varia-
bles were first examined for normality with the Shapiro-Wilk
test, and a nonparametric test such as the Wilcoxon signed rank
test was executed for the comparison. Repeated-measures
analysis of variance (ANOVA) was used for the comparison of
G-P, mFels, and abFels skeletal-age estimates followed by a
paired t test comparing G-P with mFels and abFels-based
skeletal-age estimates for all leg-length prediction errors. Sig-
nificance was defined as a p value of <0.05.

Source of Funding
There was no external source of funding for this study.
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Fig. 2

Scatterplot comparison of skeletal age as determined with the Greulich and Pyle (G-P) atlas and the abbreviated Fels (abFels) system. Comparative abFels
skeletal ages for males and females were similar to those noted with the mFels system.
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TABLE Il G-P, mFels, and abFels Skeletal-Age Estimates in the 60-Patient Cohort*

Skeletal-Age Estimate (yr)

Mean Difference Between Methods (yr) (P Value)t

Group (Size) G-P mFels abFels G-P Versus mFels G-P Versus abFels mFels Versus abFels
Entire cohort (60) 12.7+1.3 124 +£1.2 125+1.5 0.3 £0.8(0.01) 0.2 £0.8(0.07) —0.1+ 0.3 (0.09)
Females (31) 122+1.1 11.7 £ 0.7 11.7 £ 0.7 0.5 + 0.8 (<0.01) 0.4 +£ 0.8 (<0.01) 0 £0.2(0.28)
Males (29) 13.3+1.2 13.3+1.0 13.3+1.2 0 £0.7 (0.98) —0.1+0.7 (0.59) —0.1+0.3(0.19)

repeated-measures ANOVA.

*G-P = Greulich and Pyle atlas, mFels = modified Fels, and abFels = abbreviated modified Fels. 1The mean difference + SD are reported as skeletal
age (G-P)—skeletal age (mFels), skeletal age (G-P) — skeletal age (abFels), and skeletal age (mFels) — skeletal age (abFels). P values are derived from

Results
Overall ICC values across 3 raters for the 2 quantitative
components of the mFels system (the proximal tibial and
proximal fibular epiphyseal-metaphyseal ratios) measured 0.73
and 0.72 respectively, indicating moderate interobserver relia-
bility (Table I). For the 5 qualitative components of the mFels
system, overall kappa coefficients across 3 raters ranged from
0.74 to 0.80, indicating moderate to good agreement between
raters. Skeletal-age estimates demonstrated excellent reliability,
with the overall ICC measuring 0.97 (95% confidence interval
[CI], 0.93 to 0.99).

The epiphysiodesis cohort consisted of 31 females and 29
males with an average chronological age (and standard devia-
tion [SD]) at the time of surgery of 11.9 + 1.0 years (range, 10.5
to 14.3 years) and 13.0 £ 1.3 years (range, 9.6 to 15.6 years),
respectively. The average LLD at time of the intervention was
3.7 £ 1.3 cm, and the average residual LLD was 2.1 £ 1.1 cm.

In the 60-subject epiphysiodesis cohort, mFels and abFels
skeletal ages in males were virtually identical to G-P skeletal
age. In females, mFels and abFels skeletal ages averaged 0.5 year
less than G-P skeletal age; these differences were significant

(Figs. 1 and 2). For the entire cohort, mFels and abFels ages
were on average 0.25 year less than ages determined with the
G-P atlas, with significance for the mFels system. There were no
significant differences between the mFels and abFels skeletal
ages in this cohort (Table II).

The comparison of SL, post-epiphysiodesis LL, and re-
sidual LLD prediction errors using the W-M formulae and G-P,
mPFels, or abFels skeletal age in the 60-patient epiphysiodesis
cohort is summarized in Table III. The average SL prediction
error with the mFels or abFels skeletal age was 0.9 cm more
than with the G-P atlas in females, 0.3 to 0.7 cm less in males,
and 0.1 to 0.3 cm more in the entire cohort. The average post-
epiphysiodesis LL prediction error was 0.4 cm with the mFels
or abFels skeletal age compared with the G-P age in females, 0.3
to 0.5 cm less in males, and virtually identical (1.4 to 1.5 cm) in
the entire cohort. The average LLD prediction error with the
mPFels or abFels was 0.2 to 0.3 cm more compared with G-P in
females, virtually identical in males, and 0.2 to 0.3 cm more in
the entire cohort.

Clinically relevant differences (which we defined as >1.0 cm
between predicted and observed values) were noted throughout

TABLE Il Leg-Length Prediction Errors at Maturity Using W-M Formulae and G-P, mFels, and abFels Skeletal-Age Estimates in the 60-Patient

Cohort*
Length Prediction Error (cm) Mean Difference Between Methods (cm) (P Value)t
eng

Prediction Group (Size) G-P mFels abFels G-P Versus mFels* G-P Versus abFels mFels Versus abFels

Short leg Entire cohort (60) 2.0+1.5 23+1.4 21+1.3 —-0.3+£1.6(0.19) —-0.1+£1.7 (0.68) 0.2 + 0.6 (0.03)
Females (31) 1.4+10 23+13 23+13 -09+15(<0.01) -0.9+1.5(<0.01) 0+0.5(0.82)
Males (29) 26+17 23+15 19+1.2 0.4 +1.5(0.21) 0.8 + 1.4 (<0.01) 0.4 + 0.6 (<0.01)

Long leg¥  Entire cohort (60) 1.4+14 15+1.2 14+11 —0.1+1.0(0.50) 0 +1.1(0.99) 0.1 + 0.4 (0.07)
Females (31) 09+07 13+10 13+1.1 —0.4 £ 1.0 (0.03) —0.4 £ 1.1 (0.03) 0+0.3(0.72)
Males (29) 19+17 16+14 14+1.2 0.3 £1.0(0.17) 0.5+1(0.01) 0.2 £0.4(0.01)

LLD§ Entire cohort (60) 0.8+0.6 1.1+0.7 1.0+0.7 —-0.2+ 0.7 (0.02) —0.1+0.7 (0.15) 0.1 +0.4(0.14)
Females (31) 08+05 1.0+0.7 1.1+0.7 —0.3+£0.7 (0.04) —0.3+£0.8(0.03) —-0.1+£0.3(0.37)
Males (29) 1.0+0.7 11+08 09+0.6 —0.2 £ 0.7 (0.23) 0.1 + 0.6 (0.59) 0.2 + 0.5 (0.02)

*W-M =White-Menelaus formulae, G-P = Greulich and Pyle atlas, mFels = modified Fels, abFels = abbreviated modified Fels. 1The mean difference +

SD are reported as prediction error (G-P) — prediction error (mFels), prediction error (G-P) — prediction error (abFels), and prediction error (mFels) —

prediction error (abFels). P values are derived from paired t tests. At maturity, with the calculated epiphysiodesis effect. §LLD =residual leg-length

discrepancy at maturity.
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the 60-subject cohort for SL, LL, and LLD. SL differences of
>1.0 cm were noted in 38 patients using G-P skeletal age (range,
1.1 to 7.1 cm) compared with 45 (range, 1.1 to 6.4 cm) using
mPFels. LL differences of >1.0 cm were noted in 25 patients using
G-P (range, 1.2 to 6.9 cm) compared with 30 (range, 1.1 to
6.4 cm) using mFels. LLD predictions >1.0 cm from observed
values were noted for 18 patients using G-P (range, 1.1 to
2.8 cm) compared with 26 (range, 1.1 to 2.5) using mFels. G-P
skeletal age was >1.0 cm more accurate than mPFels skeletal age
in SL prediction for 19 patients (12 girls), in LL prediction for
7 patients (all girls), and in LLD prediction for 7 patients (4
girls). Modified Fels skeletal age was >1.0 cm more accurate
than G-P skeletal age in SL prediction for 9 patients (2 girls),
in LL prediction for 6 patients (1 girl), and in LLD prediction
for 1 patient (a boy). Overall, prediction errors with the abFels
system were equal to or slightly less than those with the mFels
system, apart from LLD in females. For LLD in females, the
error with abFels was slightly greater than with mFels; how-
ever, this difference was not significant.

Discussion

ccurate and reproducible estimation of skeletal age re-

mains a mainstay for the prediction of LLD and the
epiphysiodesis effect in epiphysiodesis-aged patients. It has
been reported previously that the W-M formulae combined
with skeletal age as determined by the G-P atlas are superior to
other prediction methods and to chronological age®. In the
current study, we sought to determine whether the mFels
system had acceptable interobserver reliability, and whether
skeletal age as determined by the mFels or abFels system could
supplant G-P skeletal age in prediction of leg lengths in these
epiphysiodesis-aged patients.

We found that skeletal-age estimates with mFels and
abFels were clinically comparable with G-P estimates in our
cohort. More specifically, estimates for the entire cohort and
for males in particular tended to be almost identical. For
females, however, average skeletal-age estimates with mPFels
and abFels ranged from 2 to 6 months younger than with G-P.
This may be secondary to the inclusion of chronological age in
the mFels and abFels formulae and may reflect differences in
modern children versus the historical cohort used to develop
the systems™.

When incorporated into the W-M method, both the
mPFels and abFels skeletal-age estimates provided similar leg-
length and segment-length prediction accuracy, with nearly all
prediction errors being <0.5 cm from G-P-derived estimates.
Despite some prediction errors reaching significance, the
minimal overall difference across the 3 different methods
likely represents clinically comparable results. The notable
exception remains SL prediction in females, where the mFels
and abFels-derived prediction errors were 0.9 cm greater
relative to G-P, nearly reaching our arbitrary 1-cm threshold
for clinical importance. While average differences would ap-
pear clinically inconsequential, it is important to recognize
that individual differences can be substantial. The astute
surgeon must remain conscious of this and carefully consider

THE MFELS AND ABFELS KNEE SKELETAL-MATURITY SYSTEMS IN THE
PREDICTION OF LEG-LENGTH DISCREPANCY

as much growth information as possible when deciding when
to proceed with epiphysiodesis in any individual. There were
certainly female patients who would have been inadequately
managed if we had relied on the mFels or abFels-derived SL
predictions in decision-making regarding the proper timing
of epiphysiodesis. There is therefore likely a role for optimi-
zation of the mFels and abFels systems for females in partic-
ular. Nonetheless, both the mFels and abFels systems were
otherwise able to provide clinically comparable LLD predic-
tions. The current study therefore suggests that these systems,
with some optimization, may have the potential to obviate the
need for a separate hand-and-wrist radiograph. In addition to
avoiding additional patient radiation and decreasing health-
care expenditure, this would also allow timing of surgical
intervention based on the segment in question rather than
on a separate anatomical region that may theoretically mature
at a different rate.

The comparable results obtained by the abFels system
relative to the mPFels system also represent an encouraging
finding, as the abFels is estimated to take approximately 30
seconds for analysis'’. Based on the sex and femoral-capping
(FemK)"' score for any given patient, abFels determines which
additional 1 or 2 parameters are highest-yield and excludes
the remaining parameters that do not add value at any given
skeletal-maturity range. Relative to G-P, which has been
shown in 1 study to require an average of 1.4 minutes for
assessment”, and the mFels system, which has been estimated
to require 1 to 2 minutes for assessment', this offers poten-
tially substantial time savings. Combined with the availability
and rapidity of an application-based skeletal-age assessment
tool, the abFels system would therefore likely be attractive to
the busy clinician, with the knowledge that more widespread
implementation of artificial-intelligence assessment of skele-
tal maturity may help to alleviate concerns as to time for
interpretation.

There are important limitations to our study. The most
important is the relatively small cohort of study subjects, and
our findings may not be appropriately extrapolated to a larger,
diverse population. Before their widespread implementation,
there may be a role for optimization of the mFels and abFels
systems to capture the skeletal maturity of female patients
more accurately. Another limitation is that, although the G-P
bone-age atlas is considered the gold standard for skeletal-age
assessment, this atlas as well as the mFels and abFels systems
are all based on the same Bolton-Brush dataset™, which was
compiled from a cohort of healthy, predominantly Caucasian
children of an elevated socioeconomic standing from 1931 to
1942. With increasing evidence that modern adolescents have
more advanced skeletal age and are developing secondary
sexual characteristics earlier than prior generations™***%, the
relevance of this dataset has been called into question® and
there may be a role for optimization of the mFels and abFels
systems in a more contemporary patient population, partic-
ularly in females.

Inherent to the inexact science that prediction of leg
length represents, another limitation is that there is certainly a
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degree of error associated with the W-M method. As this
method has been shown to be simple and accurate relative to
other prediction methods®, we feel that it is reasonable to use
this technique to answer the current clinical question regarding
reliability and accuracy. It is important to note that individual
case comparisons identify both statistically significant and
clinically important differences in leg-length predictions by any
method. The treating surgeon must always use caution and as
many growth data as are available in determining optimum
timing of epiphysiodesis to manage LLD.

The results of this study provide a step toward validation
of the mFels and abFels systems relative to the current gold-
standard G-P atlas both in estimation of skeletal maturity
and in prediction of leg length at skeletal maturity.
Although there is certainly a role for further study and
optimization, these systems appear to provide clinically
comparable SL, LL, and residual LLD predictions and may
eventually obviate the need for a separate left hand-and-
wrist radiograph and the associated increase in patient
radiation and health-care cost. Via a user-friendly and free
application, the mFels and abFels systems appear to provide
reliable, accurate, and rapid estimations of skeletal maturity

THE MFELS AND ABFELS KNEE SKELETAL-MATURITY SYSTEMS IN THE
PREDICTION OF LEG-LENGTH DISCREPANCY

and therefore appear to be potentially useful tools in the
management of LLD. ®
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