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Background: We recently developed a classification system to assess skeletal maturity by scoring proximal humeral
ossification in a similar way to the canonical Risser sign. The purpose of the present study was to determine whether our
system can be used to reliably assess radiographs of the spine for modern patients with idiopathic scoliosis, whether it
can be used in combination with the Sanders hand system, and whether the consideration of patient factors such as age,
sex, and standing height improves the accuracy of predictions.

Methods: We retrospectively reviewed 414 randomized radiographs from 216 modern patients with scoliosis and
measured reliability with use of the intraclass correlation coefficient (ICC). We then analyzed 606 proximal humeral
radiographs for 70 children from a historical collection to determine the value of integrating multiple classification
systems. The age of peak height velocity (PHV) was predicted with use of linear regression models, and performance was
evaluated with use of tenfold cross-validation.

Results: The proximal humeral ossification system demonstrated excellent reliability in modern patients with scoliosis,
with an ICC of 0.97 and 0.92 for intraobserver and interobserver comparisons, respectively. The use of our system in
combination with the Sanders hand system yielded 7 categories prior to PHV and demonstrated better results compared
with either system alone. Linear regression algorithms showed that integration of the proximal part of the humerus,
patient factors, and other classification systems outperformed models based on canonical Risser and triradiate-closure
methods.

Conclusions: Humeral head ossification can be reliably assessed in modern patients with scoliosis. Furthermore, the
system described here can be used in combination with other parameters such as the Sanders hand system, age, sex,
and height to predict PHV and percent growth remaining with high accuracy.

Clinical Relevance: The proximal humeral ossification system can improve the prediction of PHV in patients with
scoliosis on the basis of a standard spine radiograph without a hand radiograph for the determination of bone age. This
increased accuracy for predicting maturity will allow physicians to better assess patient maturity relative to PHV and
therefore can help to guide treatment decision-making without increasing radiation exposure, time, or cost. The present
study demonstrates that assessment of the proximal humeral physis is a viable and valuable aid in the determination of
skeletal maturity as obtained from radiographs of the spine that happen to include the shoulder in adolescent patients
with idiopathic scoliosis.

T
he creation of accurate markers for skeletal maturity has
been of substantial interest to orthopaedic surgeons for
at least a century. This interest has led to the develop-

ment of landmarks such as the well-known Greulich and Pyle

atlas of the hand1-3 as well as the Tanner-Whitehouse III (TW-III)
system4,5. These systems are widely used in the treatment of
adolescent idiopathic scoliosis6-8, slipped capital femoral epiph-
ysis9,10, and growth modulation with an epiphysiodesis.
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We recently developed a classification system to assess
skeletal maturity by scoring proximal humeral ossification in a
similar way to the canonical Risser grading system of the iliac
apophysis11. We described how the lateral margin of the physis of
the proximal part of the humerus ossifies in a consistent manner
that can be defined by 5 distinct stages. The advantages of the
system are the ability to classify growth into narrow intervals in a
reliable manner while being far simpler than many existing sys-
tems12. In addition, our system contributes to a growing body of
work on assessing the timing of maximum growth, the peak
height velocity (PHV), from any available radiograph13-16.

The purpose of the present study was to determine
whether our novel proximal humeral ossification classification
system can be used to reliably assess radiographs of the spine
for modern patients with idiopathic scoliosis, whether it can be
used in combination with the Sanders hand system17-19, and
whether the consideration of patient factors such as age, sex,
and standing height improves the accuracy of predictions for
maturity relative to PHV.

Materials and Methods

Institutional review board approval was obtained to retro-
spectively review radiographic data from patients who pre-

sented with adolescent idiopathic scoliosis between 2007 and
2017. Patients were included if they had been followed at least
every 6 months through either surgical stabilization or dis-
charge from care after skeletal maturity. When possible, we
evaluated radiographs that had been made with the arms by the
sides with palms facing forward; however, radiographs that had
been made in other positions were included as long as the
humerus could be staged. These criteria yielded 216 patients
with a combined total of 414 radiographs. The average age of
the patients was 12 years and 5months. Nineteen percent of the
patients were male, and 81% were female. Each radiograph was
deidentified, randomized, assigned a number, and placed in a
slide deck. These slides were subsequently classified according
to the proximal humeral ossification staging system by 8 investi-
gators, including 2 medical students, 4 orthopaedic residents, and
2 senior attending surgeons. The reliability of evaluation of the

Fig. 1

Evaluation of humeral head stage on spine radiographs. Representative images from spine radiographs that were collected between 2007 and 2017 are

shown in the top row. The zoom function that was built into the Visage visualization software used by our institution was used tomagnify the humeral head,

as shown in the middle row. Schematic illustrations depicting the relevant features of the humeral head during each stage are shown in the bottom row. In

Stage 1, the lateral epiphysis is incompletely ossified, leaving an oblique lateral margin; this results in a radiolucent triangular gap between the epiphyseal

and metaphyseal margins. In Stage 2, increased ossification leads to a rounded epiphyseal margin. In Stage 3, the metaphyseal and epiphyseal lateral

margins are colinear or capped. In Stage4, the lateral part of the physis thins andbegins partial fusion startingmedially; however, the fusion is not complete

and the most lateral portion remains open. Finally, Stage 5 is analogous to Risser 5, with complete fusion.
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humeral physis on these spine radiographs was determined by
calculating an intraclass correlation coefficient (ICC). This data set
was used primarily to validate that the classification system could
be applied unambiguously to modern patients as the prior study
had involved historical patients11.

As concerns about radiation exposure preclude obtaining
comprehensive sequential radiographic series in modern
patients, the value of combining multiple systems was deter-
mined by studying historical patients from the Brush Inquiry,
which was conducted in Cleveland between 1926 and 1942 and
followed 4,435 children through skeletal maturity20. Those
children were between 3 and 18 years of age and had no major
confounding medical conditions. They were predominantly
white and were equally distributed between males and females.
The value of that data set is that it includes comprehensive
radiographs of the shoulder, elbow, wrist, hand, hip, knee, and
foot at every time point20,21. Furthermore, those radiographs are
accompanied by accurate documentation of patient factors,
including standing height and weight. While there are concerns
about the applicability of that historical data set to modern
patients, it should be noted that the collection was used for the
development of landmark classification systems such as the one
described by Greulich and Pyle20,22.

For consistency, we selected the same sets of radiographs
that were used to initially develop our proximal humeral
ossification system11. We then evaluated 606 sets of radiographs
from 70 developing children who had complete data for all of
the variables that could be reasonably examined on a single
radiograph in a patient with scoliosis, including height, sex,
and age, as well as views of the pelvis and proximal part of the
humerus. The PHV for these children could be accurately
calculated to a single time point by applying a cubic spline
method that was validated in a previous study on the subject21.

For analysis, we first sorted each radiograph by
humeral stage and Sanders hand stage. For example, a patient
who was humeral stage 2 and Sanders stage 3 during a par-
ticular visit would be sorted into the H2, S3, and H2S3
groups. After sorting radiographs into groups, we calculated
the mean and standard deviation for the number of years to
PHV for each group. These calculations were performed in
Microsoft Excel, which was also used to generate the corre-
sponding figures. All reliability analyses were conducted with
use of the publicly available Mangold Intraclass Correlation
Coefficient Calculator.

We next sought to predict the number of years to PHV
quantitatively with use of multiple linear regression analyses,
which were performed with use of the lm() function in the R
programming language. The independent variables used in
these regression analyses were the Risser sign, triradiate closure,
humeral stage, Sanders hand stage, age (rounded to the nearest
year), sex (used as a binary variable), and current height
(rounded to the nearest centimeter). The lm() function in R
then calculated a coefficient for each independent variable.
Each prediction model was then built as a linear equation with
PHV as the dependent variable and with the previously

Fig. 2

Top: Box-and-whisker plots depicting the relationship of both the

humeral and Sanders systems to PHV. The top and bottom of a box

indicate the interquartile range (IQR), the line within the box indicates

the median, the X indicates the mean, the whiskers indicate values

within 1.5 IQR of the box, and the circles represent outliers. The

systems were then combined into pairs of stages that had sufficient

data to make an accurate prediction. All graphs depict the same set of

data that was used in this analysis. The stages represent the humeral

system alone (H1, H2, H3, H4, H5), the Sanders system alone (S1, S2,

S3, S4, S5, S6, S7, S8), and the combined system (H1S1, H2S1,

H1S2, H3S1, H2S2, H3S2, H2S3, H3S3, H4S3, H3S4, H4S4, H4S5,

H5S5, H4S6, H5S6, H4S7, H5S7, H5S8). The horizontal red line

represents PHV. Bottom: In the accompanying table, the mean and

95% confidence levels for each combination of humeral and Sanders

stages were calculated relative to PHV in years. All data that had a

complete set of information for all 3 variables were included in these

calculations. A dash indicates that insufficient radiographs fell into

these categories for accurate predictions and therefore the data were

removed from the analysis.
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determined coefficients multiplying each independent variable.
For example, a model including the humeral stage, age, and sex
would appear as follows:

PHV = Coefficient1 · Humeral Stage 1 Coefficient2 ·
Age 1 Coefficient3 · Sex 1 Intercept

In order to evaluate the predictive performance of these
models, we used the process of tenfold cross-validation. In this
form of validation, 10% of the data (60 sets of radiographs)

were excluded from the linear regression analysis so that the
statistical software could not use it while generating coeffi-
cients. The linear equation model was then constructed with
use of these coefficients and was asked to predict the number of
years to PHV for the excluded data. The error for each pre-
diction was calculated as the absolute value of (True PHV as
measured from the patients – Predicted PHV from the linear
equation). The process was iterated with a different 10% of data
being excluded from the linear regression calculation each

Fig. 3

Charts demonstrating the relationship between chronological age and percentage of final height for males and females. Each radiograph was assessed for

humeral stage and was plotted with regard to the chronological age and percent of final height of the patient during that presentation. The radiographs were

color-coded by humeral stage as depicted. Both charts are on the same scale and use the same color scheme. Tanner stageswere depicted on the basis of

the means and standard deviations established in previous literature as described in the Results section.

Fig. 4

Bar graph comparing mean absolute errors between each linear regression equation, with smaller absolute errors indicating better predictions from the

corresponding model. For example, a model that consistently made predictions that were 1 year off from the true PHV would have a mean absolute error of

1.00, whereas a model that made perfectly accurate predictions would have a mean absolute error of 0.00. Risser sign, triradiate closure, humeral stage,

age, sex, current height, and Sanders hand stage are the independent variables that were included in the indicated combinations for the models.
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time. Mean absolute errors were calculated by determining the
arithmetic mean of all of the prediction errors for each model.

Results

We applied our novel 5-stage humeral head classification
system to all 414 spine radiographs from modern

patients with scoliosis with use of the zoom function to enlarge
the humeral head. The lateral epiphysis is incompletely ossified
during Stage 1, leaving an oblique lateral margin. This pattern
results in a radiolucent triangular gap between the epiphyseal
and metaphyseal margins. Stage 2 is characterized by increased
ossification, leading to a rounded epiphyseal margin. In Stage 3,
the metaphyseal and epiphyseal lateral margins are colinear or
capped. In Stage 4, the lateral portion of the physis thins and
begins to partially fuse, starting medially; however, the fusion is
not complete and the most lateral portion remains open.
Finally, Stage 5 is analogous to Risser 5, with complete fusion.
Representative images of the 5 stages are shown in Figure 1.

We found that this system remains reliable when applied to
spine radiographs, with excellent intraobserver and interobserver
correlation coefficients of 0.97 and 0.92, respectively, among 8
investigators. No differences in reliability were observed when
earlier radiographs in which the shoulder/arm position was not
controlled were compared with later radiographs. This correla-
tion is broadly comparable with the coefficients of 0.96 and 0.95
found previously from historical patients11. The remainder of the
results were thus calculated from the historical patients withmore
complete radiographic data.

With use of the historical data, we first analyzed the
relationship of each stage with regard to PHV of both the
Sanders and humerus staging systems separately and in com-
bination with one another. We found that using the humeral

head system alone significantly stratified patients by time from
PHV. Using the systems in combination significantly improved
the ability to distinguish subtle differences in age relative to
PHV (Fig. 2). As the 18 different combinations that were
analyzed made a box plot that was too cluttered for clinical use,
we have summarized the timing and the 95% confidence levels
for each combination of stages in Figure 2.

To determine the accuracy of the humeral head system,
we linked each radiograph to the demographic variables that
were collected at the same office visit, including sex, age, and
current standing height. The performance of a linear regression
model with these 4 independent variables in predicting PHV
showed an adjusted r2 value of 0.97. Each variable was inde-
pendently significant, with p values of <0.0001 indicating that
additional value was provided by each component. The rela-
tionship of humeral stage to chronological age, percent of final
height, and Tanner stage is shown graphically in Figure 3.
Tanner stage boxes were depicted on the basis of previously
published means and standard deviations23-25.

Finally, we conducted multiple linear regression with
PHV as the dependent variable to be predicted and skeletal
staging systems as well as demographic characteristics as the
independent variables. We used the resulting linear equations
as a model to calculate a predicted PHV for each case. We
assessed the performance of each linear regression model by
calculating the difference between the PHV predicted by the
model and the real PHV measured from patients. The average
error between the predicted and real PHV values was called the
mean absolute error and is plotted for each model in Figure 4.
We also calculated the percentage of predicted PHV values that
were accurate to within 6 months or a year of the real PHVand
plotted the results in Figure 5. We found that the model using

Fig. 5

Bar graph showing the percentageof predictions thatwere accurate towithin 6monthsor 1 year of the true PHVmeasured from the patient. The height of the

bar indicates the percentage of predictions that were accurate within the given time frame. For example, a model that was perfectly accurate would have a

value of 100%. Risser sign, triradiate closure, humeral stage, age, sex, current height, and Sanders hand stage are the independent variables that were

included in the indicated combinations for the models.
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only the Risser sign and triradiate closure was the least accurate,
with only 29% of predictions accurate to within 6 months and
53% of predictions accurate to within 1 year. Incorporating the
humeral head staging method as well as age and sex into the
linear regression improved this performance to 56% accuracy
within 6 months and 91% accuracy within 1 year. Finally, the
incorporation of standing height and the Sanders hand system
into the linear regression yielded the best performance.

Discussion

Although many tools for assessing maturity have been
described, the key questions are whether these tools can be

applied to modern patients reliably and whether these metrics
yield improved assessments of PHV compared with current gold
standards. We demonstrated that proximal humeral ossification
can be assessed accurately on radiographs showing the shoulders
in patients with scoliosis. The reliability of assessment of these
radiographs was similar to that observed in dedicated radiographs
from the historical Brush Collection. Furthermore, we suggest
that the humerus can be staged in many positions, although we
suggest that a spine radiographwith the hands by the sides and the
palms facing forward is optimal for this purpose. We found that,
in some radiographs, lead shielding or artificial cropping elimi-
nated the humerus from the field of view; however, minor
adjustments easily allowed for visualization of the humerus.

With regard to the increasing use of EOS systems (EOS
Imaging) for the evaluation of scoliosis, we believe that ade-
quate assessment of the humerus can be obtained while still
allowing for sagittal visualization. Our recommended posi-
tioning is with the arms positioned down with slight forward
flexion of the shoulder such that the hands are at least in front
of the thighs. With EOS imaging, we believe that this slight
forward shoulder flexion will permit adequate visualization of
the spine in the sagittal plane. Therefore, all of the relevant
information can be obtained from a single shot.

An important and reasonable concern is whether historical
patients can be accurately compared withmodern patients. Some
of these suggested limitations are the difference in age of puberty
between historical and modern patients, the reliability of current
height measurements compared with historical controls, and the
ethnicities ofmodern and historical patients. Taking each of these
limitations in turn, we believe that we have adequately controlled
for children reaching puberty at an earlier age because we nor-
malized our system to PHV rather than chronological age. Fur-
thermore, if there is a largely uniform shift in the age of puberty,
such an effect would be expected to uniformly change the rela-
tionship between the stages and chronological age but not affect
their reliability or predictive accuracy. These relationships
between chronological age, growth, height, and sex are best
illustrated in Figure 3, which shows how the humeral stages
remain well differentiated in both males and females. Notably,
the pattern of stages occurs in chronologically oldermales but the
relationship to percent of growth remains consistent.

We acknowledge the limitation that modern techniques
and average heights may be different from historical controls.

To determine how big such an effect might be, we calculated
models both with and without current height. We found that
when current height was excluded as a variable, the mean
absolute error was 0.49 year and 91% of predictions were
accurate within a year. Incorporation of height marginally
improved the performance to a mean absolute error of 0.42
year and 94% accuracy within 1 year. Therefore, although
height has an important role, excluding this variable yielded a
model that generated excellent results.

With regard to the power of this analysis, we found that,
on average, each humeral stage differed from the surrounding
stages by 2.01 years and the normalized standard deviations
were 1.24 years per group. Therefore, we would have required
84 patients to achieve a power of 0.99. With 216 patients, we
had a power of >0.9999 to detect the average predicted dif-
ference between stages. Therefore, we believe that our study
was sufficiently powered to validate the humeral classification
system in modern patients.

Regarding differences between the largely white suburbanite
population of the Brush Collection and modern patients, we
believe that our comparison of modern versus historical staging
shows that osteology is remarkably consistent in humans. Specif-
ically, the same team was able to unambiguously assign a humeral
stage with high interobserver reliability (ICC = 0.92 for modern
patients, compared with 0.95 for historical patients) even though
the modern patients came from a very diverse urban environment
and practice. Furthermore, standards such as the Greulich and
Pyle system were derived from the same historical data set.

In terms of the comparison between the proximal
humeral ossification system and the Sanders hand system, we
found that the Sanders hand system remains the gold standard
for accuracy in terms of growth prediction; however, we noted
that our system merits consideration for several reasons. First,
our method dramatically improves on the canonical Risser/tri-
radiate cartilage assessment system (mean absolute error, 1.03
compared with 1.21) and involves the use of the same spine
radiograph that is routinely obtained at scoliosis visits. There-
fore, it allows for the extraction of additional information
without increasing radiation exposure, time, or cost. Second, our
system can subdivide the Sanders hand system into narrower
growth intervals such that there are 7 combinations prior to
PHV compared with 2 when either system is used alone. This
allows for far greater capacity to distinguish which patients have
not yet reached their PHV. Finally, we note that our system is
extremely simple to remember and has 2 combinations (H2S3)
and (H3S2) that correspond nearly exactly to the time of PHV.

We believe that the present study establishes themerit of the
proximal humeral ossification system for the evaluation of
patients with scoliosis. We believe that this method will be of wide
interest to surgeons because scoliosis is a common condition
affecting between 1% to 5% of children26-28 and because surgery
for scoliosis is a major intervention that can cost up to $100,000
and alter the life of patients29,30. We believe that developing tools
for assessing maturity to guide the treatment of scoliosis and to
inform families of the risk of curve progression—particularly
during PHV—is an important pediatric orthopaedic imperative19.

1873

THE JOURNAL OF BONE & JOINT SURGERY d J B J S .ORG

VOLUME 101-A d NUMBER 20 d OCTOBER 16, 2019
PROXIMAL HUMERAL OSS I F ICAT ION SYSTEM IMPROVES ASSESSMENT

OF MATURITY IN PAT IENTS WITH SCOL IOS I S



Finally, we expect that this method of evaluating the amount of
growth remaining may be combined with the Cobb angle to
prospectively create a treatment algorithm that can be used to
improve the ability of physicians to accurately determine which
patients will progress to a surgical range. n
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