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Abstract

Background Skeletal maturity assessment provides

information on a child’s physical development and

expectations based on chronological age. Given recently

recognized trends for earlier maturity in a variety of

systems, most notably puberty, examination of sex-

specific secular trends in skeletal maturation is impor-

tant. For the orthopaedist, recent trends and changes in

developmental timing can affect clinical management

(eg, treatment timing) if they are currently based on

outdated sources.

Questions/purposes (1) Has the male or female pediatric

skeleton experienced a secular trend for earlier maturation

over the past 80 years? (2) Do all indicators of maturity

trend in the same direction (earlier versus later)?

Methods In this retrospective study, a total of 1240

children were examined longitudinally through hand-wrist

radiographs for skeletal maturity based on the Fels method.

All subjects participate in the Fels Longitudinal Study

based in Ohio and were born between 1930 and 1964 for

the ‘‘early’’ cohort and between 1965 and 2001 for the

‘‘recent’’ cohort. Sex-specific secular trends were estimated

for (1) mean relative skeletal maturity through linear mixed

models; and (2) median age of maturation for individual

maturity indicators through logistic regression and gener-

alized estimating equations.

Results Overall relative skeletal maturity was sig-

nificantly advanced in the recent cohort (maximum

difference of 5 months at age 13 years for girls, 4 months

at age 15 years for boys). For individual maturity indica-

tors, the direction and magnitude of secular trends varied

by indicator type and sex. The following statistically sig-

nificant secular trends were found: (1) earlier maturation of

indicators of fusion in both sexes (4 months for girls,
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3 months for boys); (2) later maturation of indicators of

projection in long bones in both sexes (3 months for girls,

2 months for boys); (3) earlier maturation of indicators of

density (4 months) and projection (3 months) in carpals

and density in long bones (6 months), for girls only; and

(4) later maturation of indicators of long bone shape

(3 months) for boys only.

Conclusions A secular trend has occurred in the tempo of

maturation of individual components of the pediatric skele-

ton, and it has occurred in a sex-specific manner. The mosaic

nature of this trend, with both earlier and later maturation of

individual components of the skeletal age phenotype, calls

for greater attention to specific aspects of maturation in ad-

dition to the overall skeletal age estimate. The Fels method is

currently the most robust method for capturing these com-

ponents, and future work by our group will deliver an

updated, user-friendly version of the Fels assessment tool.

Clinical Relevance Appreciation of sex-specific secular

changes in maturation is important for clinical management,

including treatment timing, of orthopaedic patients, because

children today exhibit a different pattern of maturation than

children on whom original maturity assessments were based

(including Fels and Greulich-Pyle).

Introduction

Skeletal age is an important biological marker of maturity

in children, providing a window into bone metabolism and

health not captured by bone mass or size. Timing of

skeletal maturation varies among children and, for the most

part, this variation is normal. However, population-level

secular trends toward earlier maturity have been

documented in a number of maturation markers, including

those for the skeleton [7, 9]. A trend for earlier maturity of

the skeleton has implications for overall bone health during

childhood and possibly tracking into adulthood. Precocious

skeletal maturation, as observed in conditions such as

precocious puberty and obesity, can lead to short stature,

whereas delayed maturation can have the opposite effect

[5, 14]. To the orthopaedist, skeletal maturity gives a sense

of how much time remains for growth in the patient and

aids in decision-making of treatment timing.

A secular trend toward accelerated skeletal maturation

has been observed in boys and girls in the United States [3],

Australia [17, 21], and Portugal [6]. Speculations of the

origins of such a trend include rapidly changing environ-

mental factors such as chemical exposure [2, 4, 26] and

dietary shifts and a concomitant trend for increased adi-

posity in children [13].

The ‘‘skeletal age’’ phenotype provides an important

snapshot of the developing skeleton. It can signal a delay or

acceleration of maturation informing the clinician of

underlying hormonal or other constitutional issues. The de-

velopmental processes of bone encompassed within the

skeletal maturity phenotype (such as that captured by the Fels

method [23]) are complex and include initiation of ossification,

shape changes within elements, the appearance of radiopaque

densities, formation of bony projections, and epiphyseal fu-

sion. Although aspects of overall skeletal maturation will be

heavily influenced by a common developmental environment,

individual indicators will also respond to signals unique to that

element. There is no a priori reason to believe that changes in

the tempo of maturation for one component will be equivalent

across all components. It is currently unknown whether indi-

vidual aspects of bone development have experienced the

trend toward earlier maturation seen in the global skeletal age

phenotype. The current study examines secular trends and

sexual dimorphism in overall skeletal age and in the ages at

which children advance through stages of development in the

bones of the hand and wrist.

We answered the following questions: (1) Has the male

or female pediatric skeleton experienced a secular trend for

earlier maturation over the past 80 years? (2) Do all indi-

cators of maturity trend in the same direction (earlier

versus later)?

Patients and Methods

Study Sample

Subjects in the current study are participants of the Fels

Longitudinal Study, the world’s largest and longest running

study of human growth, development, and body composi-

tion change over the lifespan [22]. Initiated in 1929, the

Fels Longitudinal Study followed, and continues to follow,

participants from birth through the entirety of their lives.

Subjects are examined at our research facility at regular

intervals. Subjects are primarily of European ancestry and

reside in southwest Ohio or surrounding regions. Subjects

in this sample were not selected for any disease or bone-

related trait and are considered normal and healthy.

Participants in the current investigation include 1240

children born between 1929 and 2001 who were examined

serially between birth and 19 years of age. The sample was

divided into two cohorts based on the approximate end of the

‘‘baby boom era’’ (approximately 1965). In the ‘‘early co-

hort’’ (born between 1929 and 1964), there are 342 boys and

333 girls. In the ‘‘recent cohort’’ (born between 1965 and

2001), there are 293 boys and 272 girls (Table 1). Of the

1240 children, a total of 19,283 radiographs of the left hand-

wrist were obtained with participant and parental consent.

Individual participants had between one and 37 radiographs

between birth and 19 years of age with an average of 16

radiographs per person. After 1987, no radiographs were
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obtained for children younger than age 8 years. All proce-

dures used in this study have been approved by the Wright

State University institutional review board.

Skeletal Maturity Assessment

Skeletal maturity was assessed using the Fels method, a

maximum likelihood-based method that provides both a

skeletal age estimate and a SE [18, 23]. The Fels method is

based on objective assessment of as many as 98 individual

indicators of bone maturity from 29 bones of the hand-

wrist depending on the child’s age. Of these, 85 are cate-

gorical and 13 are continuous (epiphyseal/metaphyseal

ratios). The Fels method is distinct from, and in our opinion

advantageous over, the somewhat subjective Greulich-Pyle

atlas method in that the clinician can get a sense of how

(for what reasons) a child is accelerated or delayed in their

maturation.

Indicators of skeletal maturation in the Fels method can

be divided into biologically meaningful groups. We grouped

the 85 categorical indicators into five sets: ossification,

radiopaque densities, bony projection, shape changes, and

fusion (Table 2).

In this article, we use the term ‘‘skeletal age’’ to refer to

an overall measure of skeletal maturity and ‘‘maturity’’ for

an individual indicator to mean the completion of

maturation of a given bone trait.

Statistical Analysis

To examine the secular trend in our sample for the overall

skeletal age phenotype, we estimated mean relative skeletal

age (skeletal age – chronological age) as a function of

chronological age using a natural spline with 5 degrees of

freedom, by sex and cohort, through a linear mixed model [15].

We used repeated-measures logistic regression and gen-

eralized estimating equations [16, 19] to estimate, for each

trait, the median and interquartile range (IQR) of the age of

maturation (expressed in months) and to test whether indi-

vidual maturity indicators exhibited a secular trends in these

quantities. Statistical analysis was performed using the

geepack package in R Version 2.13.1 [10, 16, 20, 25].

Most categorical indicators (58 of 85) are binary

(immature versus mature), whereas remaining indicators

(27) are ordinal (with more than two maturity grades). For

some ordinal indicators, transitions between different

grades fall into different categories (eg, for U1, moving

from grade 1 to 2 represents ossification, whereas maturing

to grade 3 represents a shape change). Therefore, for this

analysis, we split each ordinal indicator into a set of binary

indicators numbering one fewer than the number of grades

(n) for that ordinal indicator. For example, for an indicator

X with four grades (1, 2, 3, 4), we created three binary

indicators, X1, X2, and X3, where Xi = 1 if X[ i. This

resulted in a total of 121 binary indicators. Note that each

indicator has an age range over which it is included in the

set of indicators to be assessed for a child. For indicators

for which this range starts before age 8 years, children born

after 1987 were not included in the analysis.

For each binary indicator of skeletal maturity, by sex,

we ascertained the significance (two-sided, a = 0.05) of

differences between cohorts in the median and the IQR of

age of maturity and computed associated 95% confidence

intervals. SEs for the median and IQR, which are nonlinear

functions of the logistic regression parameters, were

derived using the delta method. We adjusted for multiple

testing using the Holm-Bonferroni adjustment [12]. The

statistical model for each indicator results in estimates of

secular shifts in timing (median age) and variation (IQR of

age) of maturation (see example in Fig. 1). We focus on

trends in timing, but also include results for variation

(Table 3; Supplemental Table 1 [Supplemental materials

are available with the online version of CORR1.]).

Based on these analyses, we computed the proportion of

indicators exhibiting a statistically significant secular trend

in maturational timing (earlier or later median age). Ad-

ditionally, for each indicator group, we used permutation

tests to test the null hypotheses of no secular trend in the

Table 1. Distribution of children in the sample

Sex Earlier cohort Recent cohort

Birth year Number Radiographs Age Birth year Number Radiographs Age

Girls 1929–1964 333 6626 Birth to 19 years 1965–2001 272 2566 Birth to 19 years

1965–1987* 175 2201

Boys 1929–1964 342 7169 Birth to 19 years 1965–2001 293 2922 1 month to 19 years

1965–1987* 189 2493

* After 1988, children were not radiographed before age 8 years. Therefore, for traits measured before target age 8 years, only children born

before 1988 were included.
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timing of maturation (ie, no difference between cohorts in

the median of the median ages at maturation).

Results

In answer to our questions: (1) the pediatric skeleton in

both boys and girls has experienced a secular trend for

earlier skeletal maturity over the past 80 years; and (2)

individual indicators of maturity did not all trend in the

same direction with some maturing earlier and others later

than in previous generations.

Secular Trend in Skeletal Age

The pattern of relative skeletal age is different for children

born before and after 1965 with differences between cohorts

Table 2. Description of five maturation categories for grouping 85 categorical Fels indicators*

Maturation category Brief description Fels indicators included (and specific grades, if applicable)

Ossification Postnatal ossification of the

carpals and epiphyses

AS1, C1, H1, L1, P1, S1, TPD1, TPM1, TRI1, DP31, DP51,

MET11, MET31, MET51, MP31, MP51, PP11, PP31, PP51, R1,

U1

Density (radiopaque) Appearance of specific radiopaque

densities in a bone

H4, TPD2, TPD5, TPD7, TPM3, TPM4, TRI4, MET13, MET33,

MET53, PP14, PP34, PP54, R3, R4

Projection Outward bony projections

apparent on radiograph

C4, H3, L1, L2, S3, TPD6, TPM2, TPM2, TPM5, TRI3,

DP33, DP53, MET15, MET16, MET34, MET54, MP33, MP53,

PP17, R5

Shape Shape changes a bone

undergoes as it develops

C2, C3, C3, H1, H2, L1, L1, S1, S1, S2, S2, S2, TPD3, TPD4, TPM1,

TPM1, TPM1, TRI1, TRI2, TRI2, MET11, MET14, MET31,

MET31, MET56, MP34, MP54, PP13, PP16, PP33, PP36, PP53,

R1, U1

Fusion Stages of epiphyseal fusion

of the long bones in the hand-wrist

DP14, DP14, DP34, DP34, DP54, DP54, MET17, MET17, MET35,

MET35, MET55, MET55, MP35, MP35, MP55, MP55, PP15,

PP15, PP35, PP35, PP55, PP55, R6, R6, R6, R7, R7, R7, R8, R8,

U3

* Note that some indicators are included in multiple categories, because they span different developmental types at various stages

(see Supplemental Table 1 for stage details). See Roche [22] for description of individual indicators.

Fig. 1 An example of logistic regression and interpretation of

parameters is presented as the probability of maturity of Indicator

MET33 (appearance of a radiopaque line or zone within the lateral

margin of the epiphysis of the third metacarpal) in boys in the early

(solid line) and recent (dashed line) cohorts.
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as great as 5 months (Fig. 2). There was a significant cohort

x age interaction for both sexes (p\ 0.01), indicating the

magnitude of the secular change varied across chronological

ages. The recent cohort had skeletal age approximately equal

to, or more advanced than, the earlier cohort at all ages with

the largest difference during puberty. Recent boys showed

earlier maturation between ages 0 to 8 years and 10 to

18 years (Fig. 2A) with the maximum difference of

4 months advanced skeletal age occurring at age 15 years.

Recent girls exhibited earlier maturation between the ages of

4 and 17 years (Fig. 2B) with the maximum difference of

5 months advanced skeletal age occurring at age 13 years.

Secular Trend in Individual Indicators

Although there is an overall secular trend toward earlier

skeletal development, the direction and magnitude of

secular change vary between individual maturity indicator

types and between indicators of the same type.

The proportions of indicators with a significant

(p B 0.05) secular trend in median or IQR of age of

maturation ranged from 0% (no secular trend) to between

5% of carpal shape indicators and 68% of fusion indicators

maturing earlier and between 7% of long bone shape

indicators and 36% of long bone density indicators ma-

turing later (Table 3). The magnitude of the trend in

median age of maturation differed by indicator group

(Fig. 3) (for details on secular trends for each indicator, see

Supplemental Table 1).

Boys

For boys, within indicator categories the percentage of

indicators exhibiting earlier maturation (by 3 months) in the

recent cohort was as high as 48% (fusion indicators), and the

percentage of indicators exhibiting later maturation in the

recent cohort was as high as 38% (density indicators in long

bones). There was also substantial variation in the magni-

tudes of trends in indicator groupings (Fig. 3A). In some

cases, there are significant trends in timing of maturation for

individual indicators that are opposite relative to the ma-

jority in their group. For example, three long bone projection

indicators exhibited later maturation (DP33: 5 months,

p\ 0.01; DP53: 7 months, p\ 0.01; MP33: 6 months,

p\ 0.01), and two indicators had significantly earlier

maturation (MET16: �10 months, p\ 0.01; PP17: �8

months, p\ 0.01) (Supplemental Table 1).

Even for indicator groups not demonstrating statistically

significant (p\ 0.05) secular trends in median age of

maturation, some individual indicators have undergone

statistically significant trends (Fig. 3A; Supplemental

Table 1). For example, although the median change in

timing for projections in carpals is close to zero, both

TPM2 and TRI3 have undergone statistically significant

secular trends toward later maturation exceeding 1 year (14

and 16 months, respectively; p\ 0.01 for each).

Girls

For girls, within indicator categories the percentage of

indicators exhibiting earlier maturation (by 4 months) in

the recent cohort was as high as 68% (fusion indicators),

and the percentage exhibiting later maturation (by

6 months) in the recent cohort was as high as 25% (density

indicators in long bones). Variation in magnitudes of trends

within indicator groupings in girls was substantial. In some

cases trends in the timing of maturation for individual

indicators occur in the opposite direction to the majority in

their group. For example, carpal density indicator TPM4

Table 3. Proportion of binary and ordinal traits that exhibit a significant (p\ 0.05) difference in median age at maturation (earlier or later) and

in the variability in age at maturation (more or less variable) by sex and trait group*

Trait category Number Boys Girls

Earlier Later More variable Less variable Earlier Later More variable Less variable

Ossification Carpals 9 0% 0% 11% 0% 0% 0% 11% 0%

Long bones 12 0% 0% 8% 0% 33% 0% 0% 8%

Density Carpals 7 14% 29% 29% 0% 57% 0% 14% 0%

Long bones 8 25% 38% 0% 25% 63% 25% 0% 13%

Projection Carpals 10 0% 20% 20% 10% 30% 20% 10% 0%

Long bones 10 30% 30% 20% 20% 20% 20% 0% 10%

Shape Carpals 20 5% 15% 10% 5% 5% 10% 20% 5%

Long bones 14 0% 36% 21% 0% 14% 7% 7% 0%

Fusion Long bones 31 48% 0% 7% 7% 68% 0% 23% 0%

* Percentages are rounded to the nearest whole number.
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exhibited slightly later maturation (0.8 months), whereas

four indicators had significantly earlier maturation (TPD2:

�7 months, p\ 0.01; TPD5: �4 months, p = 0.03;

TPM3: �7 months, p\ 0.01; and TRI4: �8 months,

p\ 0.01) (Fig. 3B; Supplemental Table 1).

Indicator groups not demonstrating a statistically sig-

nificant secular trend in median age of maturation did

contain some individual indicators exhibiting significant

trends for earlier or later maturation. For example, although

the median change in timing for shape in carpals approaches

zero, TRI2 has undergone a significant secular trend toward

later maturation approaching 2 years (21 months, p\ 0.01).

Discussion

The current study examined sex-specific differences in the

tempo of maturation of bones in the hand-wrist between

two cohorts of children to determine if any or all processes

encompassed within the skeletal age phenotype exhibit

secular trends. Previous work by other researchers has

shown evidence for a secular trend for earlier overall

skeletal maturation in recent cohorts [3, 17, 21]. Our data

support these studies because we too observe a secular

trend toward earlier skeletal maturity in the Fels Longitu-

dinal Study cohort. To our knowledge, ours is the first

study to examine specific aspects of maturation of the

skeleton independently and present sex-specific trends in

maturation.

Limitations of the current study include the racial

composition of the study, the segregation of traits and

categories, and the choice for a cutoff date separating co-

horts. First, the study population used for the current

investigation is primarily of European descent. It is thus

difficult to draw conclusions regarding other races and their

sex differences and secular trends. Comparison of our re-

sults with secular trends in other races would necessitate

radiographic data over many years before and after 1965 in

other racial groups. Second, we chose morphological

categories for grouping skeletal maturity indicators. The

number and type of these maturation categories could be

expanded (or collapsed) and were chosen in this analysis

for their discrete nature. Likewise, placement of specific

indicators into these categories may be debated, but the

current construct is appropriate for the questions under

investigation. Third, the choice of 1965 (the approximate

end of the ‘‘baby boom era’’) as a cutoff date separating the

two cohorts was somewhat arbitrary, but represented a

tradeoff between two considerations. An earlier cutoff year

would have led to serious bias in our conclusions because

the original Fels method was calibrated to the data from the

individuals born earlier. A later cutoff year would have

diminished sample size in the ‘‘recent’’ cohort, particularly

in the younger ages.

Sex differences were detected in the secular trend in

overall skeletal maturity with recent boys exhibiting more

advanced maturation by as much as 4 months at age

15 years and recent girls exhibiting more advanced

Fig. 2A–B Relative skeletal age (skeletal age – chronological age)

versus chronological age is presented by birth cohort in (A) boys and

(B) girls. Greater relative skeletal age indicates earlier maturation.

The lines estimate the average relative skeletal age at a given

chronological age for boys and girls. The early cohort (solid line) has

relative skeletal age near zero at all ages (note that this cohort

represents the individuals used to develop the Fels method). The

recent cohort (dashed line) has relative skeletal age greater than zero,

indicating earlier skeletal maturation.
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maturation by as much as 5 months at age 13 years. For

both sexes, the largest secular trend was during puberty.

The magnitude of the trend in boys is similar to that of

Australian boys at age 8 years but very different from the

results for girls in the same Australian sample who showed

no secular trend in skeletal age [17]. Compared with white

adolescents of South Africa, the boys in our sample were

similar (South African boys were advanced by

3.4 months), and the girls in our sample demonstrated al-

most twice the advanced skeletal age of their peers in South

Africa (2.0 months advanced) [11].

By subdividing Fels skeletal age into five component

parts, we identified a mosaic of trends for earlier and later

maturation of the skeleton, depending on the type of

indicator examined. Many of these trends differ in direction

between boys and girls.

Indicators of maturation in radiopaque densities in our

study showed trends for earlier maturation, especially in

girls, where the magnitude of change in median age of

maturation was close to 6 months earlier in the most recent

cohort. Importantly, these radiopaque density indicators are

not related to overall bone mineral density (BMD), but

Fig. 3A–B The magnitude of secular trends in each individual

indicator group is presented for median age in (A) boys and (B) girls.

In each box plot, the thick black line represents the median secular

trend within that indicator group with the corresponding permutation

test p value for testing the null hypothesis that the median is zero.
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rather indicate the infilling of the cartilaginous model of a

carpal or epiphysis and typically appear at joint surfaces.

Although skeletal maturity does not have a one-to-one re-

lationship with bone mass, early (or late) achievement of

maturity in specific aspects of the skeleton can influence

how and where bone is deposited. It has been shown that

timing of puberty has a significant impact on bone strength

(BMD/bone mineral content and cross-sectional geometry)

in women [8, 24].

The most striking secular trend within maturity features

is the number of fusion indicators maturing earlier in both

boys and girls. Fusion indicators represent changes in

stages of epiphyseal closure from initiation to full closure.

The primary systemic influence on fusion is sex steroid

hormones. The median age of maturation in both boys and

girls has trended earlier for the more recent cohort,

reflecting secular trends in pubertal timing [1, 13]. In our

study, some fusion indicators mature as much as 10 months

earlier in the recent cohort. Additionally, although epi-

physeal fusion signals the end of longitudinal growth, it is

yet unknown whether processes leading to ‘‘early’’ (non-

pathological) fusion also accelerate growth before fusion or

if bone deposition is altered as well.

Clinical Relevance

We have demonstrated that consideration of only overall

skeletal maturity (as occurs with most skeletal age

assessments, including Greulich-Pyle) masks the presence

of trends of varying direction and magnitude among indi-

vidual bone traits. Likewise, estimates of skeletal age may

mask differences between trends in the between-individual

variability in age of maturation within each subtype of

maturity indicator. This becomes relevant in clinical set-

tings where a doctor is measuring the effects of treatment

on skeletal maturation without consideration of indicator

type. For example, if all other indicators of maturation are

on target for chronological age, but early stages of fusion

are precocious, the overall skeletal age underestimates the

effects of the treatment on skeletal maturity in that child.

All methods of bone age assessment are guilty of this

masking. The Fels method, however, can be used to iden-

tify these component parts, whereas other methods scoring

whole bone morphology, and not individual aspects of

maturation, cannot.

Given this newly uncovered sex-specific mosaic of

secular trends in skeletal maturity, it is imperative that

current methods of assessing skeletal maturity, and reference

populations on which they are based, be updated. Efforts by

our group are underway to do such an update. We are further

developing utilities estimating the influence of the separate

subtypes of maturation within the Fels assessment for better

resolution of what, exactly, is accelerated or delayed in a

child with an ‘‘abnormal’’ skeletal age.
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