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* Humans are one of the few species undergoing an adolescent growth spurt. Because children enter
. the spurt at different ages making age a poor maturity measure, longitudinal studies are necessary to
. identify the growth patterns and identify commonalities in adolescent growth. The standard maturity
determinant, peak height velocity (PHV) timing, is difficult to estimate in individuals due to diurnal,
. postural, and measurement variation. Using prospective longitudinal populations of healthy children
. from two North American populations, we compared the timing of the adolescent growth spurt’s peak
. height velocity to normalized heights and hand skeletal maturity radiographs. We found that in healthy
children, the adolescent growth spurt is standardized at 90% of final height with similar patterns for
children of both sexes beginning at the initiation of the growth spurt. Once children enter the growth
spurt, their growth pattern is consistent between children with peak growth at 90% of final height and
skeletal maturity closely reflecting growth remaining. This ability to use 90% of final height as easily
identified important maturity standard with its close relationship to skeletal maturity represents a
significant advance allowing accurate prediction of future growth for individual children and accurate
maturity comparisons for future studies of children’s growth.

* Accurately predicting children’s future growth, while important for many specialties, remains challenging. Our
. present study’s hypotheses are that timing relative to the growth spurt and skeletal maturity are highly correlated
. with growth remaining and can accurately predict future growth. Childhood growth is characterized by three
. major phases: a rapid decelerating infantile growth phase lasting until approximately age 3; a longer childhood
. phase with a steady height increase; and the adolescent growth spurt marked by an initial period of rapidly accel-
: erating height velocity reaching a maximum rate at the peak growth age (PGA) followed by deceleration until final
: mature height. Children tend to remain in a constant percentile relative to same sex peers during the childhood
. phase, but cross percentiles by entering the adolescent growth spurt at differing times. This variation in timing
. limits the utility of cross sectional studies to predict growth. Because humans are one of few species undergoing
. an adolescent growth spurt, animal studies also have limited utility. These constraints make longitudinal human
studies essential to understanding human growth. Prior studies have not identified markers of growth sufficiently
reliable for clinically accurate growth predictions. Predicting the timing or magnitude of future growth requires
. amodel derived from a robust longitudinally evaluated population of children with closely spaced intervals of
. height measurement and other predictive details. Several mathematical models have been proposed to model
growth, but are better at description than prediction’.
: Our understanding of human growth patterns derives from studies following children longitudinally
. with serial anthropometrics?'% These studies demonstrate that the timing of the adolescent growth spurt is
© non-uniform, boys undergo their growth spurt about two years later than girls, children change their age matched
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percentiles during the growth spurt, and the pattern of growth during the growth spurt is similar between chil-
dren. The change in percentiles as a child ages can be very impressive as some children are growing rapidly at
one time while their peers are not. Our understanding of radiographic skeletal maturation similarly derives from
those longitudinal studies which obtained serial radiographs concurrent with anthropological measurements.
Lacking the necessary computational power and statistical techniques of analyzing complex longitudinal data
now available, most previous investigations analyzed the longitudinal data using cross sectional techniques of
chronological age percentiles, averages, and standard deviations, which unfortunately blunt the individual growth
curves and hide accelerations and curve shape similarities.

Our present study’s hypotheses are that (1) timing relative to the growth spurt, specifically the PGA, is highly
correlated with growth remaining, and (2) that skeletal maturity using previously described, reliable methods
from hand radiographs accurately predicts growth remaining. We tested these hypotheses via longitudinal analy-
ses of two prospective studies, comparing the PGA to percentage of final height and skeletal maturation and iden-
tify a uniform pattern of growth during the human adolescent growth spurt closely related to skeletal maturity to
providing future growth predictions by percentage of adult height achieved.

Methods
Study populations. The Brush Foundation Study of Child Growth and Development is the largest and most
complete longitudinally collected collection of combined anthropometrics and skeletal radiographs. The pro-
spective study started in 1931 enrolling healthy children from 3 months to 14 years of age during each successive
year until 1942. Subjects had measurements and radiographs every 3 months until 1 year of age, every 6 months
until age 5 and annually thereafter. The study contains records of 4483 children with follow-up ranging from two
to twelve years®. This study is most well-known for the Greulich and Pyle!* hand and wrist skeletal maturity atlas.
The Berkeley Guidance Studies of the Institute of Human Development', best known for Bayley’s work on
mental development'>'6, enrolled every third child born in Berkeley in 1928-9 and followed them to growth com-
pletion with serial anthropometrics and skeletal maturity radiographs; however, the radiographs no longer exist.

Subject selection. From the Brush study, height and height velocity plots were created for each subject
potentially undergoing their adolescent growth spurt during data collection. We identified those who both exhib-
ited the adolescent growth spurt and completed growth, defined as less than 1 cm/year between the final annual
visits. All Berkeley subjects were included having undergoing both their growth spurt and growth completion.

Institutional review board.  All methods were carried out in accordance with relevant guidelines and regu-
lations and was approved by the University Hospitals Case Medical Center Institutional Review Board (IRB). The
subjects for the Brush study were enrolled by their parents in the 1920s and 30s, and knowingly participated in
this longitudinal study. The Berkeley data was obtained from prior published information with children similarly
enrolled.

Determination of PHV. The velocity of maximum growth during the mid—growth spurt is termed the peak
height velocity (PHV). We termed the age of PHV the “peak growth age (PGA)”. To determine the PGA, we first
fit growth curves using cubic splines to the discrete data and denoted the fitted growth curves byh (t). The deriv-
atives of fitted growth curves, i/, {(t), were used as estimates of the height velocity functions. Peak height velocity
(PHYV) of the ith subject is estlmated by taking the maximum of . ;(t) over the time interval, [max(t,;, T,,;,) t,]i]

where ;) is the first and smallest time point; J; is the number of longitudinal observations of the ith subject and t;;
is the last and largest time point. T, ;  is a pre-specified minimum age for PGA (9.0 years for girls and 10.0 years
for boys). The corresponding time point is used as the estimate of PHV. If PHV occurs at the two boundary points
(either £;, or £;,), extrapolation is used to determine the PHV. If the extrapolated height velocity does not attain a
maximum, which can happen if it is monotonically increasing (decreasing) outside of the right (left) boundary
points, a missing value is reported. With the estimated PGA, we are able to classify maturity as timing pre- or
post-PGA. The timing before and after PGA in years*'*!” was compared to the percentage of final height. The
reciprocal of the percentage final height is the individual specific height multiplier's'°.

Comparison of skeletal maturity to growth completion. Radiographic skeletal maturity was assessed
using three separate reliable?*-?* techniques of the hand and wrist: the Greulich and Pyle (GP) method??, the Fels*
method, and the Sanders simplified method? which was derived from the Tanner-Whitehouse 3 method®, using
separate readers for each method. The relationships between skeletal maturity and the growth parameters were
represented as penalized cubic-splines based on functional data analysis techniques®*?’. Specifically, we chose
integrated squared second derivative of the smoothed curves as the roughness penalty. The smoothing parameter
is determined by the generalized cross-validation (GCV) criterion.

Data availability statement. The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Results

For the Brush study, 54 subjects completed growth at study terminus (35 f, 19 m). The age of girls at their first
visit ranged from 2 to 10 years and boys from 7.5 to 11. The Berkeley study had 135 subjects (69f, 66 m) and all
were followed from infancy. The final adult heights and peak growth ages are shown in Table 1. Across all ages
compared to the most recent NHANES data?®, the Brush series average and median percentiles were respectively
56.5ptl and 60.5ptl for girls and 60.9ptl and 62.8ptl for boys. For the Berkeley study, the corresponding values
were 63.1ptl and 68.6ptl for girls 61.6ptl and 65.0ptl for boys.
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Adult Heights 151-175 169-183.9 153.6-183.2 161.8-195.1
& (mean 163.4) cm (mean 177) cm (mean 166.5) cm (mean 179.6) cm

PGAs (spline) 9.7-13.4 years 11.7-14.3 years 9.0-14.4 years 9.0-15.0 years

P (mean 11.34+SD 0.86yr) | (mean 13.04SD 0.65yr) | (mean 11.5+SD 1.1yr) | (mean 13.4+SD 1.4yr)
Ageat 90% adult | 9.9-12.6 years 11.9-14.1 years 9.6-13.2 years 11.6-15.8 years
height (mean 11.24+SD 0.68yr) | (mean 13.0+SD 0.6yr) | (mean11.4+SD0.8yr) | (mean 13.54+SD 0.9yr)
% adult height at 83.4% — 96.5% 85.6% — 93.8% 81.2% — 94.8% 75.3% — 94.8%
PGA (mean 90.0% + SD 2.5%) | (mean 90.0% +SD 2.1%) | (mean 90.5% 4 SD 2.4%) | (mean 90.2% + SD 4.0%)

Table 1. Population Data including adult height, age at peak height velocity or peak growth age (PGA), Age at
90% of adult height, and the % adult height attained at PGA.

Percentage of Final Height

/

55
& 55.0%

-10.00 -8.00 -6.00 -4.00 -2.00 0.00 2.00 4.00 6.00 8.00 10.00
Years Before or after PGA (spline derived)

Figure 1. Graph of Brush Series Using Chronological Age. Graph of Brush Series showing the pattern similarity
between all the subjects comparing timing before and after their peak growth age (PGA) derived from spline
curve 1st derivatives to the percentage of final height attained.

PGA relative to 90% final height. In our assessment of the Brush data, the shape of the curves for all
subjects was quite similar (Fig. 1). Indeed, the curves appeared phase shifted about the mean PGA of 90% final
height, which was the mean PGA for both boys and girls. Performing the phase shift such that 90% of final height
occurred at the same point demonstrated that the growth curves were very similar for all subjects, both boys and
girls and provided very tight fitting of overall height growth between all subjects of both sexes (Fig. 2). The 90%
final growth timing we termed the PGA,,. With this phase shift, the percentage growth remaining curves begin
to coalesce at about 85% of final growth and remained very consistent from 90% until final maturity. The mean
difference between the spline derived PGA and the age at 90% final height was 0.03 years (std. dev. 0.32 years), or
essentially equivalent since the measurements were annual.

We performed the same assessment for the Berkeley subjects and obtained identical growth patterns. The
percentage of final height for the Berkeley children compared to chronological age is shown in Fig. 3a (for boys)
and 3B (for girls). The percentage of final height for both boys and girls compared to PHV timing adjusted to 90%
final height which we designated as PGAyy, is shown in Fig. 4. The curves are clearly very similar for both boys
and girls. The comparative data of the Berkeley to Brush subjects for both age at 90% adult height and percentage
final adult height at PGA are shown in Table 1.

Comparing the Berkeley and Brush series showed no statistical differences between mean PGA and mean age
at 90% height for both sex groups. No significant difference in growth trends were detected at point-wise confi-
dencelevela = 0.05 based on a functional t-test?” that investigates the statistical significance of mean differences
between two sets of height growth curves.

Skeletal maturation. Table 2 compares the results of the three skeletal maturity measurements. The residu-
als demonstrate very small variability. In children undergoing the adolescent growth spurt (Sanders >2) whether
evaluating for timing relative to the PGAy, (all the measures have a SD of ~0.5 year) or percentage final height
(all SD <2%). The residuals are slightly wider when including preadolescents (Sanders score 1 subjects), as shown
in Table 2. Together, these results suggest that skeletal maturity convergences as children enter their growth
spurts. Among the three maturity measures, the Fels method is the most reflective of the final height and relative
age to PGAyy, although the Sanders score performs very well during the adolescent growth spurt for which it was
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Figure 2. Graph of Brush Series % Adult Height to PGAg,,. Graph of Brush Series showing growth curves of all
the subjects comparing timing before and after attainment of 90th percentage of adult height attained (PGAqy).

designed and exhibits a floor effect prior to the growth spurt. Sanders stages are directly reflective of the hand
epiphyseal morphological appearance allowing sex independent radiographic morphology to be directly related
to both timing relative to PGAg,, and percentage of final height which is similar for all the children (see Fig. 5).
When the epiphyses are as wide as the metaphyses (Sanders stage 2, Tanner-Whitehouse stage F) the child has
entered their adolescent growth spurt at 85% of adult height, 2 years before the peak growth. The peak is reached
at Sanders stage 3 when all the digits are capping (Tanner-Whitehouse stage G), at 90% of final height. The growth
spurt slows markedly at 1.5 years after the peak at 96% of final height when the distal phalanges begin to fuse
(Sanders stage 4 and 5, Tanner-Whitehouse stage H), and then asymptotically approaches adult height at 3.5 years
following the peak growth. Growth is nearly complete when only the distal radius and ulnar physes are open. The
relationship between skeletal maturity and percentage final height, timing relative to PGAgy,, and the multipliers
for the Fels, Greulich and Pyle, and Sanders methods from univariate analysis are included in the supplemental
materials.

Discussion

Standard height prediction methods in children take into consideration current height and either chronologi-
cal or skeletal maturity percentiles with the assumption that the child will remain a similar percentile through
growth. This is not the case when children go through their growth spurt at differing times. The development of
statistical techniques for the assessment of longitudinal growth data provide the ability to analyze existing data in
ways previously unavailable to prior investigators. Using data and radiographs from two prior studies, we identi-
fied the coincidence of PHV timing and completion of 90% final height attainment in both boys and girls. When
the children’s heights are normalized to final height and standardized by timing relative to PGAyy, the growth
patterns of both boys and girls become identical during the adolescent growth spurt beginning at about 85% of
final height. Similarly, skeletal maturation of the hand is identical for both boys and girls from the initiation of the
adolescent growth spurt at 85% final to growth completion.

Our findings were anticipated by these earlier investigators who lacked the necessary statistical and com-
putational tools for longitudinal data analysis which developed subsequent to their publications. In 1937,
Shuttleworth? graphically phase shifted height velocity growth curves and noted their overall shape and duration
similarity. Bayley, in 1943°*3! and 1952%? working with the Berkeley study, related growth to percentage final
height rather than cross sectional percentiles. Similar to our results, she noted that when the sexes are compared
using skeletal maturity to final percentage height, boys and girls are nearly identical®”:

When percentage of mature height is classified according to chronological age there is considerable
spread of the percentage values except close to the point of maturity. But when skeletal age is made
the basis for groupings, the (standard deviations) shrink markedly, showing that relative size is
much more closely related to skeletal maturity than to chronological age.

Interpolating Bayley’s results identifies the 90% final height at chronological age 11.4 years for girls and 13.7
years for boys, nearly identical to our findings. The corresponding Greulich and Pyle skeletal ages were 11.0 for
average girls and just under 13.5 years for boys, also corresponding to our finding of maturity using the Brush
data. Buckler’s study performed 40 years after the Brush study, found that PGA occurred at 90-9% final height in
boys and 90-7% in girls, again, nearly identical to our results. While other investigators have examined skeletal
maturity relative to the PGA®-%, they did not directly compare this with percentage adult height attainment.

All modern skeletal maturity assessment scales were developed by identifying orderly, reliably occurring radi-
ological morphologic changes. The three hand maturity scales in this study were selected for different proper-
ties. The Greulich and Pyle method is the most commonly used technique in the USA and assigns a “skeletal
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Figure 3. (A) Percentage of Final Height of Berkeley Boys by Chronological Age. Percentage of final height of
Berkeley boys showing the wide distribution of remaining heights by chronological age about the growth spurt.
(B) Percentage of Final Height of Berkeley Girls by Chronological Age. Percentage of final height of Berkeley
girls showing the wide distribution of remaining heights by chronological age about the growth spurt.

age” based upon the modal radiographic appearance from the Brush collection of same sex children. The Fels
method is a detailed scoring system based upon 98 separate indicators which receive a specific score based upon
chronological age and sex. These scores are then placed into an empirical maximum-likelihood algorithm which
generates a skeletal age. The Sanders stages only applies to adolescent growth, and performed very well during
this phase. The hand stages are nearly identical between boys and girls at the same growth spurt stage. Our results
imply that using skeletal maturity appearance itself rather than separate male and female skeletal ages should
allow more reliable study of the human growth spurt. The Fels system, which is the most complex, relates very
closely to growth remaining and can likely become more functional with computerized radiographic reading.
When detailed assessment is justified, the Fels method provides the best indicator for all subjects. The Greulich
and Pyle also performs well, and the Sanders staging performs very well once the growth spurt begins. The coa-
lescence of skeletal maturity as a child enters the growth spurt has been noted by other investigators®*. From our
data, it makes sense to develop future skeletal maturity scales whose distinguishable phases directly reflect growth
remaining rather than simple sequential occurrence. Skeletal maturation of the hand follows an orderly pattern
making it no surprise that the appearance of an individual adolescent’s radiographs corresponds to percentage
growth remaining once a child reaches their adolescent growth spurt. It can also provide further tools for com-
parative anthropological and biomedical inquiries.
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Figure 4. Percentage of Adult Height of Berkeley Boys and Girls by Age Compared to PGAgy,. The percentage
of adult height for both boys and girls compared to PHV timing adjusted to 90% final height (PGAyy,) showing
similar pattern for both boys and girls.
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Figure 5. Hand Stages compared to PGAy,. Stages as described by Sanders demonstrating the morphology of
the hand growth centers compared to 90% final height (PGAg,) and growth remaining.

Sanders 0.927 0.901 0.567 0.626 2.693 3.006 1.499 1.488
GP 0.689 0.672 0.583 0.677 2.029 1.935 1.771 1.752
Fels 0.671 0.605 0.587 0.581 1.726 1.883 1.372 1.490

Table 2. Mean residual standard deviations for skeletal maturity scales compare to PGA90% and percentage of
adult height. For the ‘preadolescents excluded,, the data was only evaluated once the child entered their
adolescent growth spurt (Sanders score >2).

The percentage of growth remaining is a clinically and anthropologically useful means of determining cur-
rent maturity and predicting future growth. The multiplier is the reciprocal of the percentage growth remaining
which is further justified in humans by our work. During the adolescent growth spurt, the correlation of growth
remaining is excellent using skeletal maturity and much poorer with chronological age. Prior to the growth spurt,
the growth curves have not coalesced into the shape occurring during the growth spurt. Prior work studying the
lower extremities demonstrated excellent prediction of extremity length using a skeletal maturity derived mul-
tiplier during the adolescent growth spurt while predictions before to the spurt were not improved with skeletal
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over chronological maturity*. The multiplier method has the advantage of eliminating the need to work with
percentiles. A taller individual will grow proportionally more than a shorter individual with the same multiplier.
Expressing this in the more commonly used centiles, a child at the 10" percentile will grow the same relative
amount during the growth spurt as one at the 90" percentile though their absolute gains are different. Exactly why
this occurs is uncertain, but because nearly all longitudinal growth is physeal from either the long bones or the
spine, the changes resulting in the final 15% of growth must occur through the physis whether through increased
proliferation or longer hypertrophic cartilage columns. This process is likely intrinsic to the physis and should
inform future studies of human growth spurt.

This study also makes it feasible to directly compare children of both sexes by their timing within their indi-
vidual growth spurts from hand skeletal radiographic appearance. The growth spurt begins at 85% of final height
with all the digits’ metaphyses covered by their respective epiphyses two years before the peak growth. The peak
is reached when all the digits are capping at 90% of final height. The growth spurt slows markedly 1.5 years after
the peak at 96% of final height when the distal phalanges begin to fuse, and then asymptotically approaches adult
height at 3.5 years following the peak growth with closure of the remaining physes.

Because this study was conducted on healthy, middle class, primarily white children, whether this study appli-
cable to current children or is it only of use anthropologically depends on its validity for other populations of
children since there is evidence of some maturational differences between the 1930s and today*!. Repeating this
study for modern children is not possible because regular skeletal maturity radiographs can no longer be obtained
in longitudinal studies of healthy children because of radiation concerns. However, there are several lines of
evidence indicating the data used in this study is highly applicable to modern children. First, we identified sex
independent similarities in maturation patterns relative to maturity through the growth spurt. Since sex is a
large differentiator in ultimate height growth, identifying these similarities marks a commonality not previously
well described. Second, we found nearly identical growth patterns in these cohorts born in the 1920s and 30's to
children born in the 1960s!°. Third, Paley, et al.”?, in describing the age based multipliers for adult height, utilized
data from a number of various databases including the Bolton-Bush and others from various regions including
North America, Asia, Africa, Europe and times ranging from the early 1900 s through the 1990 s and found iden-
tical age based multipliers in all of the cohorts. Paley’s and our separate analyses provides excellent evidence that
even if the absolute values change from place to place or time to time, the relative values of growth remaining are
fundamental to human biology and do not appear to change. Finally, comparing the children in these series to the
2000 CDC growth charts shows the children in these series having average heights for all ages above the current
50" percentile.

Ultimately, the utility of this work is in identifying a reliable relationship between skeletal maturation and final
adult height as well as being able to standardize where a child is within their individual growth spurt. Because
standard growth charts can only evaluate a child’s growth compared to peers, they are not sensitive the amount
of growth remaining for any particular child. For example, a child in the 70* percentile in height for age is not
expected to reach their adult height faster than a child in the 40" percentile. Other potential data such as sec-
ondary sexual characteristics and parents’ heights or age of growth spurt could not be assessed since it was not
collected in the original series. The PHYV is already considered an important maturity indicator, but it’s timing is
difficult to estimate due to diurnal, postural, and measurement variation. Our study clearly identifies the ability to
use 90% of adult height as an easily identified, important standard for height growth. With its close relationship to
skeletal maturity, the use of 90% adult height as PHV timing surrogate represents a significant advance, as it offers
the ability to more reliably quantify maturity and growth remaining in individuals. It also demonstrates the supe-
riority of estimating skeletal maturity using hand radiographs versus chronologic age. Because standard growth
charts can only evaluate a child’s growth compared to age matched rather than growth remaining peers, they are
not sensitive predictors of remaining growth for any particular child. Because of the wide variability in the age
of pubertal onset, a finding of upward or downward crossing of height percentiles in an adolescent is more likely
to reflect growth spurt timing rather than a disease state. Clinically, the ability to readily identify a childs relative
height to final maturity should improve both prediction of future growth and identification of pathologic growth
delay or acceleration for an individual. This has implications for musculoskeletal care including modulation of
spinal or extremity growth, prediction of future limb length difference, and deformity correction via growth mod-
ification which all require precise estimates of future growth. Within human biology, biological anthropology, and
related fields, the ability to determine future height of a child based on skeletal maturity will likewise be helpful
when evaluating skeletal remains.

In summary, we have identified a common pattern of growth between two studies of both boys and girls in
geographic diverse areas of the United States in the early 20" century and related them to skeletal maturation
of the hand. The timing of the PHV corresponds to 90% of final height, and the stage of the growth spurt corre-
sponds to the hand’s radiological morphology. We have found evidence that this same pattern has existed in other
temporally and nationally disparate regions. Despite temporal changes in overall height and age of maturation,
we suspect these normalized measures are indicative of healthy children of various times, ethnicity and nationally
divergent regions and that skeletal maturity can accurately predict a child’s final height and the amount of growth
remaining.

References
1. Hauspie, R. C. Mathematical models for the study of individual growth patterns. Rev.Epidemiol.Sante Publique 37, 461-476 (1989).
2. Baldwin, B. T. The Physical Growth of Children from Birth to Maturity. University of Iowa Studies in Child Welfare 1, 1-420 (1920).
3. Brush Foundation, Western Reserve University & Todd, T. W. Physical and mental adolescent growth: The proceedings of the
Conference on Adolescence, Cleveland, Ohio, October 17 and 18, 1930. (1931).
4. Meredith, H. V. The rhythm of physical growth: a study of eighteen anthropometric measurements on Iowa City white males ranging in
age between birth and eighteen years, University of Iowa, (1935).

SCIENTIFICREPORTS|7: 16705 | DOI:10.1038/541598-017-16996-w 7



www.nature.com/scientificreports/

5. Dearborn, W. E, John, W. M. R. & Shuttleworth, F. K. Data on the Growth of Public School Children. (From the Materials of the
Harvard Growth Study). Monographs of the Society for Research in Child Development 3, 1-136, https://doi.org/10.2307/1165453
(1938).

6. Simmons, K. & Greulich, W. W. The Brush Foundation Study of Child Growth and Development: II. Physical Growth and
Development. Monographs of the Society for Research in Child Development 9, i-87, https://doi.org/10.2307/1165542 (1944).

7. Maresh, M. M. Growth of major long bones in healthy children: A preliminary report on successive roentgenograms of the
extremities from early infancy to twelve years of age. American Journal of Diseases of Children 66, 227-257, https://doi.org/10.1001/
archpedi.1943.02010210003001 (1943).

8. Roche, A. F. Fels section for the assessment of growth and maturity. Am J Clin Nutr 31, 908 (1978).

9. Tanner, J. M., Whitehouse, R. H. & Takaishi, M. Standards from birth to maturity for height, weight, height velocity and weight
velocity: British children, 1965. Archives of Disease in Childhood 41, 454-471-613-625 (1966).

10. Buckler, J. M. H. A longitudinal study of adolescent growth. Vol. 1 (Springer-Verlag, 1990).

11. Wright, C. M. et al. Growth reference charts for use in the United Kingdom. Arch.Dis.Child. 86, 11-14 (2002).

12. Hopkins, B. The Cambridge encyclopedia of child development. (Cambridge University Press, 2005).

13. Greulich, W. W. & Pyle, S. 1. Radiographic atlas of skeletal development of the hand and wrist. Second edition. Stanford University Press,
1959. (Stanford University Press, 1959).

14. Tuddenham, R. D. & Snyder, M. M. Physical growth of California boys and girls from birth to eighteen years. Publications in child
development. University of California, Berkeley 1, 183-364 (1954).

15. Bayley, N. & Schaefer, E. S. Correlations of Maternal and Child Behaviors with the Development of Mental Abilities: Data from the
Berkeley Growth Study. Monogr Soc Res Child Dev 29, 1-80 (1964).

16. Bayley, N. & Schaefer, E. S. Maternal behavior and personality development data from the Berkeley Growth Study. Psychiatr Res Rep
Am Psychiatr Assoc 13, 155-181 (1960).

17. Buckler, . M. H. & Wild, R. H. Longitudinal study of height and weight at adolescence. Archives of Disease in Childhood 62,
1224-1232 (1987).

18. Paley, D, Bhave, A., Herzenberg, J. E. & Bowen, J. R. Multiplier method for predicting limb-length discrepancy. J.Bone Joint Surg.
Am. 82-A, 1432-1446 (2000).

19. Paley, J. et al. The multiplier method for prediction of adult height. J.Pediatr.Orthop. 24, 732-737 (2004).

20. Acheson, R. M. et al. Studies in the Reliability of Assessing Skeletal Maturity from X-Rays. I. Greulich-Pyle Atlas. Hum Biol 35,
317-349 (1963).

21. Groell, R. et al. The reliability of bone age determination in central European children using the Greulich and Pyle method. Br J
Radiol 72, 461-464 (1999).

22. Vira, S. et al. The Interobserver and Intraobserver Reliability of the Sanders Classification Versus the Risser Stage. J Pediatr Orthop,
https://doi.org/10.1097/bpo.0000000000000891 (2016).

23. Sanders, J. O. et al. Predicting scoliosis progression from skeletal maturity: a simplified classification during adolescence. ] Bone Joint
Surg Am 90, 540-553, https://doi.org/10.2106/jbjs.g.00004 (2008).

24. Roche, A. F, Chumlea, W. & Thissen, D. Assessing the skeletal maturity of the hand-wrist: Fels method. (Thomas, 1988).

25. Tanner, J. M., Healey, M. J. R., Goldstein, H. & Cameron, N. Asessment of Skeletal Maturity and Prediction of Adult Height (TW3
Method). (2001).

26. Ramsay, J. O., Bock, R. D. & Gasser, T. Comparison of height acceleration curves in the Fels, Zurich, and Berkeley growth data. Ann
Hum Biol 22, 413-426 (1995).

27. Ramsay, J. O. & Silverman, B. W. Applied functional data analysis: methods and case studies. (Springer, 2002).

28. Centers for Disease Control and Prevention, N. C. f. H. S. in CDC - Growth Charts - Data Tables (2017).

29. Shuttleworth, F. K. Sexual Maturation and the Physical Growth ofRO Girls age Six to Nineteen. Monographs of the Society for
Research in Child Development, 253 (1937).

30. Bayley, N. Skeletal Maturing in Adolescence as a Basis for Determining Percentage of Completed Growth. Child development 14,
1-46 (1943).

31. Bayley, N. Tables for predicting adult height from skeletal age and present height. J Pediatr 28, 49-64 (1946).

32. Bayley, N. & Pinneau, S. R. Tables for predicting adult height from skeletal age: revised for use with the Greulich-Pyle hand
standards. ] Pediatr 40, 423-441 (1952).

33. Hauspie, R., Bielicki, T. & Koniarek, J. Skeletal maturity at onset of the adolescent growth spurt and at peak velocity for growth in
height: a threshold effect? Ann. Hum.Biol. 18, 23-29 (1991).

34. Nahhas, R. W,, Sherwood, R. J., Chumlea, W. C., Towne, B. & Duren, D. L. Predicting the timing of maturational spurts in skeletal
age. Am ] Phys Anthropol 150, 68-75, https://doi.org/10.1002/ajpa.22142 (2013).

35. Buckler, J. M. Skeletal age changes in puberty. Arch Dis Child 59, 115-119 (1984).

36. Sanders, J. O. et al. Correlates of the peak height velocity in girls with idiopathic scoliosis. Spine (Phila Pa 1976) 31, 2289-2295,
https://doi.org/10.1097/01.brs.0000236844.41595.26 (2006).

37. Charles, Y. P,, Dimeglio, A., Canavese, F. & Daures, J. P. Skeletal age assessment from the olecranon for idiopathic scoliosis at Risser
grade 0. ] Bone Joint Surg Am 89, 2737-2744 (2007).

38. Hans, S. D., Sanders, J. O. & Cooperman, D. R. Using the Sauvegrain method to predict peak height velocity in boys and girls. J
Pediatr Orthop 28, 836-839, https://doi.org/10.1097/BPO.0b013e31818ee3c4 01241398-200812000-00009 [pii] (2008).

39. Tanner, J. M., Healey, M. J. R., Goldstein, H. & Cameron, N. Asessment of Skeletal Maturity and Prediction of Adult Height (TW3
Method). (WB Saunders, 2001).

40. Sanders, J. O., Howell, J. & Qiu, X. Comparison of the Paley method using chronological age with use of skeletal maturity for
predicting mature limb length in children. ] Bone Joint Surg Am 93, 1051-1056, https://doi.org/10.2106/jbjs.j.00384 (2011).

41. Duren, D. L., Nahhas, R. W. & Sherwood, R. J. Do Secular Trends in Skeletal Maturity Occur Equally in Both Sexes? Clin Orthop
Relat Res 473, 2559-2567, https://doi.org/10.1007/s11999-015-4213-1 (2015).

Acknowledgements
This research was funded through the Arthur H. Huene Memorial Award granted by the Pediatric Orthopaedic
Society of North America.

Author Contributions

All authors reviewed and approved the final manuscript. J.O.S conceptualized and designed the study, led the
data analysis, drafted the initial manuscript and is the lead and corresponding author. The two co-investigators,
R.W.L. and D.R.C. were involved in all phases of study design, execution, and manuscript preparation. S.D.H.
identified the pool of subjects and reviewed the detailed information from the Brush inquiry and identified
those subjects who were likely to have gone through their adolescent growth spurt and helped with the initial
input of data and developed and reviewed all the velocity curves of this identified subject group. X.Q. and X.L

SCIENTIFICREPORTS|7: 16705 | DOI:10.1038/541598-017-16996-w 8


http://dx.doi.org/10.2307/1165453
http://dx.doi.org/10.2307/1165542
http://dx.doi.org/10.1001/archpedi.1943.02010210003001
http://dx.doi.org/10.1001/archpedi.1943.02010210003001
http://dx.doi.org/10.1097/bpo.0000000000000891
http://dx.doi.org/10.2106/jbjs.g.00004
http://dx.doi.org/10.1002/ajpa.22142
http://dx.doi.org/10.1097/01.brs.0000236844.41595.26
http://dx.doi.org/10.1097/BPO.0b013e31818ee3c4
http://dx.doi.org/10.2106/jbjs.j.00384
http://dx.doi.org/10.1007/s11999-015-4213-1

www.nature.com/scientificreports/

are biostatisticians who developed the statistical methods, performed the data analysis and worked extensively
with J.O.S. in understanding and interpreting the results. M.E.M. developed and implemented the method of
linking the data to the radiographs for review. D.D. took the information identified by S.D.H. and identified those
subjects who had both gone through their adolescent growth spurt and also completed their growth s by carefully
reviewing all the growth curves to identify those with <1 cm of height change between the final visits. D.L.D. is a
biomedical scientist and anthropologist with expertise in skeletal and physical maturation who contributed the
Fels Method readings for the study, helped understand the data in relationship to human physical anthropology,
and made substantial contributions to the manuscript. D.R.W. is a pediatric endocrinologist who performed
skeletal maturity ratings of hand radiographs using the Greulich and Pyle method, helped understand the data
in relationship its pediatric endocrinological implications, made substantial contributions to the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16996-w.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 16705 | DOI:10.1038/541598-017-16996-w 9


http://dx.doi.org/10.1038/s41598-017-16996-w
http://creativecommons.org/licenses/by/4.0/

	The Uniform Pattern of Growth and Skeletal Maturation during the Human Adolescent Growth Spurt

	Methods

	Study populations. 
	Subject selection. 
	Institutional review board. 
	Determination of PHV. 
	Comparison of skeletal maturity to growth completion. 
	Data availability statement. 

	Results

	PGA relative to 90% final height. 
	Skeletal maturation. 

	Discussion

	Acknowledgements

	Figure 1 Graph of Brush Series Using Chronological Age.
	Figure 2 Graph of Brush Series % Adult Height to PGA90%.
	Figure 3 (A) Percentage of Final Height of Berkeley Boys by Chronological Age.
	Figure 4 Percentage of Adult Height of Berkeley Boys and Girls by Age Compared to PGA90%.
	Figure 5 Hand Stages compared to PGA90%.
	Table 1 Population Data including adult height, age at peak height velocity or peak growth age (PGA), Age at 90% of adult height, and the % adult height attained at PGA.
	Table 2 Mean residual standard deviations for skeletal maturity scales compare to PGA90% and percentage of adult height.




