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ABSTRACT
COMPARISON OF AN ESTIMATE OF SKELETAL AGE WITH CHRONOLOGICAL

AGE WHEN CLASSIFYING ADOLESCENT MALES FOR MOTOR
PROFICIENCY NORMS

By

Michael Grant Marshall

This investigation sought 1) to determine the proportion of the
variance in the skeletal development of adolescent males that is
explained by chronological age, height, weight, and a Sexual Maturation
Indicator Value (SMIV) estimate, and 2) to determine how an estimate of
skeletal age (ESA) that incorporated chronological age, height, weight,
and SMIV compared with chronological age when classifying adolescent
males for motor proficiency norms.

To answer part one required a sample of adolescent males who
represented a rectangular distribution of sexual maturation. Hand-wrist
X-rays, height and weight were obtained on 30 randomly selected boys
from East Lansing, Michigan who ranged in age from 134.5 to 180.0 months.
Four Physical Education teachers and the author assessed five primary
and secondary sexual characteristics on two separate occasions. The
sexual characteristics were; 1) facial hair, 2) axillary hair, 3) pubic
hair, 4) penis development and 5) scrotum and testes development. Via
the Greulich-Pyle Atlas, an experienced rater of hand-wrist X-rays
assessed the skeletal ages of the boys on two separate occasions.

The analysis determined that for this sample: (1) chronological
age explained 45 percent of the variance in the skeletal age of the
adolescent males; (2) height explained an additional 20 percent;

(3) weight contributed an additional 6 percent; and (4) the Sexual
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Maturation Indicator value (SMIV) explained 12 percent more. Therefore,
the combination of chronological age, height, weight and an estimate

of sexual maturity explained 83 percent of the variance in the skeletal
age of the sample.

The regression analysis indicated that the most efficient combi-
nation of secondary sex characteristics for estimating SMIV was:

SMIV = 126.47 + 174(X(F)) + 1.20(x(a)) + 2.75(X(PH)) + 6.68(X(P))
where; F is the boys' facial hair rating, A is the boys' axillary hair
rating, PH is the boys' pubic hair rating, and P is the boys' rating
of penis development.

To answer part two required a large cross-section sample of
adolescent males. Therefore, at the author's request, the boys'
physical education teachers in the East Lansing and Mason, Michigan
Junior High Schools collected the required data on the entire male
populations of their schools for three years. The cross-sectional
sample consisted of 1578 boys on whom their teachers determined their-
chronological age, measured their height and weight, tested their ability
to perform sit-ups, pull-ups, standing long jumps, vertical jumps, and
shuttle runs, and assessed five primary and secondary sexual character-
istics.

The Multivariate Analysis of Variance computer program calculated
the raw regression coefficient and mean values for the chronological age,
height, weight, and SMIV estimate variables to create the estimate of
skeletal age (ESA) regression equation. By using identical classifi-
cation intervals for the ESA estimate and the chronological age (CA)

value, the analysis examined the within-cell variances for the five motor
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proficiency tests and the mean value progressions across the annual
increments.

Although the within cell variances for the classifications by CA
and ESA were not significantly different, the author concluded that
compared to CA, ESAclassified adolescent males for motor proficiency
tests better because: 1) ESA is less likely to reward the coﬁpetitors
of the basis of advanced biological maturation; and 2) whereas CA had
a preponderance of 13 and 14 year old subjects, SA dispersed the subjects
throughout the adolescent age range, indicating that ESA moved the
accelerated and delayed-maturers to groupings of similar biological
maturation. The regression analysis indicated that the most efficient
estimate of skeletal age was:

ESA = -16.15 + .277(X(CA)) + .212(X(H)) + .220(X(W)) = .594(X(SMIV))
where; CA is the boys' chronological age in months, H is the boy's
height in inches, W is the boys' weight in pounds, and SMIV is the

estimate of the boys' sexual maturation.
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CHAPTER I

INTRODUCTION

In the United States, competition is a way of life. 1In the
classroom, teachers use competition for grades to motivate students
to improve their academic skills. On the athletic fields, coaches
use competition for victory to motivate athletes to improve their
motor skills. Supporting the value of competition in education is
the principle that regardless of the competition's outcome, if the
students put forth their greatest effort, then everybody wins.
However, for competition to remain an ongoing motivation, it must
reward the quality of effort and not factors over which the compe-
titors have no control. 1In athletic competitions for adolescent
males, the participants have no control over their biological matura-
tion. Therefore, to reduce the influence that biological maturation
has on the outcome of the competition and to increase the likelihood
that the rewards match the quality of effort, the sponsors of ath-
letic competitions for adolescent males should: (1) equate the com-
petitors according to biological age, or (2) adjust the rules to
eliminate the advantage that early-maturing boys have over their
later-maturing peers.

When teaching physical education classes in East Lansing

Junior High School, the author encountered an athletic competition



for adolescent males for which he suspected that nobody had equated
the competitor's biological maturation. That competition was for

the Presidential Physical Fitness Award, which is part of the American
Alliance for Health, Physical Education, and Recreation's (AAHPER)
Youth Fitness Program's motivational plan to increase the physical
fitness levels of 9 to 17 year old American children.

In 1966, President Lyndon B. Johnson established the Presi-
dential Physical Fitness Award. Added to the previously established
Achievement Award Certificate and the Embossed Gold Merit Seal, the
Presidential Physical Fitness Award provided strong incentives for
Physical Edﬁcation Programs to add the AAHPER Youth Fitness Tests
to their curricula. To win the Achievement Award Certificate, the
Embossed Gold Merit Seal or the Presidential Physical Fitness Award,
children had to score above the 50th, 80th, or the 85th percentiles,
respectively, on all of the tests.

Two reports by Hans Kraus and Ruth Hirshland created the
controversy from which the AAHPER Youth Fitness Program evolved
(Kraus and Hirshland, 1953 and 1954). 1In their reports they ques-
tioned the physical fitness levels of American children. Using the
Kraus-Weber battery of six tests, Kraus and Hirshland measured: (1)
children's range of motion during straight and flexed leg sit-ups;
(2) the time that children sustained a supine double leg raise, a
prone double leg raise, and a prone upper trunk raise; and (3) while
maintaining a straight leg toe touch position, the distance above
or below the platform on which the children stood that children could

reach. The Low Back Clinic at Columbia Presbyterian Hospital developed



the Kraus-Weber battery of tests. Comparing American children with
Austrian, Italian and Swiss children, Kraus and Hirshland concluded
that the American children were not as physically fit as foreign
children.

Alerted by the Kraus-Hirshland studies, in 1956 President
Dwight D. Eisenhower summoned a national conference to discuss the
status of American children's physical fitness. President Eisenhower's
conference inspired the 1956 AAHPER national convention to discuss
what physical education teachers might do to upgrade the physical
fitness of American children. As its first step, the AAHPER created
the AAHPER.Youth Fitness Project. As its second step, the AAHPER
appointed a special AAHPER Research Council to direct the AAHPER
Youth Fitness Project.

As their first directive, the AAHPER Research Council decided
to conduct their own measurement of the physical fitness of American
children. To select their battery of physical fitness tests, the
AAHPER Research Council proposed the following five criteria: (1)
the tests should be reasonably familiar to the students; (2) the
tests should require little or no equipment; (3) the tests should
apply equally to boys and girls; (4) the tests should apply to
children aged 9 through 17; and, (5) the tests must measure differ-
ent components of physical fitness. After considerable discussion
and preliminary testing, the AAHPER Research Council chose the
following physical fitness tests: (1) the normal and modified pull-

up tests; (2) the straight leg sit-up test; (3) the shuttle run test;



(4) the standing long jum test; (5) the 50 yard dash; (6) the 600
yard run-walk; and (7) the softball throw for distance.

Directed by Professor Paul A. Hunsicker, in 1957 the Univer-
sity of Michigan's Survey Research Center coordinated the AAHPER
Youth Fitness Program's first data collection. Eight thousand five
hundred children participated in the 1957 sampling.

When the AAHPER Research Council compared those 1957 norms
with the norms of other countries, they confirmed the Kraus-Hirshland
finding that American children were not as physically fit as foreign
children. Therefore, the AAHPER recommended that Physical Education
Departments across the United States add the AAHPER Youth Fitness
Tests to their curriculum.

To determine whether or not the AAHPER Youth Fitness Tests
had effected the physical fitness of American children, in 1963 the
AAHPER commissioned its second national survey. Directed again by
Professor Paul A. Hunsicker, the University of Michigan's Survey
Research Center coordinated the measurement of a different sample of
9,200 children. In the battery of tests for the second sampling,
the AAHPER substituted the timed flexed arm hang for the girl's
modified pull-up. When the AAHPER compared the norms from their
1965 and 1957 surveys, with the single exception of the 17 year old
girl's softball throw for distance, for every age and every test,
they found that both the boys and girls had significantly improved
their scores.

In 1975, the AAHPER commissioned its third national survey.

Directed jointly by Professors Paul A. Hunsicker and Guy A. Reiff,



the University of Michigan's Survey Research Center coordinated the
data collection. In their 1975 test battery, the AAHPER Research
Council made three changes. They eliminated the softball throw for
distance, substituted the flexed leg sit-up for the straight leg sit-
up, and, in place of the 600 yard run-walk, for children aged 12 and
under, they provided the options of a one mile or nine minute run,
and for children aged 13 years and over, they provided the options
of the one and one-half mile to 12 minute run. Also, as their sixth
Youth Fitness Test criteria, the AAHPER Research Council required
that the children should be able to assess their own performances.

When the AAHPER compared their 1975 and 1965 norms, they
found that for both sexes across the eight chronological age classi-
fications and the six tests, the children improved in only six of
the 96 cells and they regressed in two cells. From examining those
results, researchers might conclude that the AAHPER's Youth Fitness
competition failed to stimulate American children to improve their
physical fitness.

When comparing the norms of American children with those of
foreign children or with those of American children from different
data collections, because random sampling negated the effect of the
variability in the bioloigical maturation, the AAHPER could classify
the children by the same procedures the others had used. However,
when the AAHPER established its Youth Fitness competition, the
situation changed. Because the children now competed individually
against each other, random sampling no longer negatéd the effect

of the variability in the biological maturation. Therefore, the



procedure by which the AAHPER classified the competitive match-ups
should have eliminated the variability in biological maturation.
Research evidence suggests that if at the start of its competition,
AAHPER had equated the children on the basis of biological maturation,
then they would have increased the likelihood of rewarding the quality
of the children's efforts.

In 1966, the AAHPER used the following two procedures to
classify the children for their Youth Fitness competition: (1)
chronological age; and (2) the Nielson-Cozens Index. The Nielson-
Cozens Index combined chronological age, height and weight. In 1975,
because of‘a belief that height and weight added little to the
equality of classifying children for motor proficiency norms, the

AAHPER eliminated the Nielson-Cozens Index.

Need for the Study

There is need for a study to determine the proportion of the
variability in adolescent males' biological maturation that is
explained by increments in their chronological age, height, weight
and a Sexual Maturation Indicator Value (SMIV) estimate. More
specifically, this investigation examined the following questions;

Question 1l: What proportion of the variance in the skeletal
age of adolescent males is explained by increments in their chrono-
logical age, height and weight?

Question 2; Does an estimate of sexual maturation (SMIV)
explain a significant additional proportion of the variance in

adolescent males' skeletal age?



Question 3: Can boys' physical education teachers reliably
assess the sexual maturation of adolescent males?

Question 4: How does an estimate of skeletal age (SA) that
encompasses chronological age, height, weight and SMIV compare with
chronological age when classifying adolescent males for motor pro-

ficiency norms?

Scope of the Study

To examine questions 1, 2 and 3, the author randomly selected
30 East Lansing, Michigan sixth, seventh, eighth and ninth grade male
students to represent a rectangular distribution of sexual maturation.
And, to examine question 4, every six months for three years the boys'
physical education teachers assessed selected physical and motor
characteristics of the entire male student body of East Lansing
Junior High School and Mason Junior High School. Therefore, the
scope of this study extends to sixth, seventh, eighth and ninth

grade boys.

Limitations of the Study

The following factors may limit the interpretations of this
study:

(a) Because this study included only sixth, seventh, eighth
and ninth grade males, the findings apply only to males within the
age range of 11 to 17 years.

(b) Although the AAHPER Youth Fitness Test Manual provided

specific instructions for the administration of its battery of tests,



the ability of the physical education teachers to conduct
proper testing methodology may limit the interpretations.

(c) Whenever researchers measure children's motor proficien-
cies, a variety of environmental influences may limit interpretations.
Some of those environmental influences are:

(1) the time of the day in which the children perform,

(2) the order in which the children perform,

(3) the presence of other children during the testing,

(4) the friction coefficient of the surface on which the
children perform, and

(5) the temperature and humidity of the testing site.

(d) The physical education teachers received no special
training. Presumably, they had no special competencies. Therefore,
their ability to observe the (SMIV) checklist variables in a scien-
tific manner may limit the interpretations.

(e) Except for the author's gratitude, the learning exper-
ience, and the advancement of their knowledge about the relationship
between sexual maturation and motor proficiencies, those teachers
received no reward for working in this study. Therefore, some might

argue that the use of volunteer personnel limited the interpretations.



CHAPTER II

REVIEW OF LITERATURE

For the purpose of classifying adolescent males for athletic
competitions, the author questions the use of chronological age.
Because adolescent males of the same chronological age may be years
apart in biological maturation, athletic competitions based on
chronological age potentially reward boys on the basis of advanced
biological maturation and not on the basis of effort or superior
athletic ability. While this dissertation examines only the American
Alliance of Health, Physical Education, and Recreation (AAHPER) Youth
Fitness competition, the implications of the results extend to all
athletic competitions for adolescent males that use chronological
age to classify the boys.

One way that specialists in Child Growth and Development predict
biological maturation of adolescent males is by estimating skeletal
maturation from hand-wrist x-rays. In this study, Health, Physical
Education, and Recreation Child Growth and Development Professor Vern

Seefeldt used the Greulich-Pyle Radiographic Atlas of Skeletal Develop-

ment of the Hand and Wrist to assess the skeletal age of 30 adolescent

boys. Therefore, the first portion of the review of literature covers

the history of the assessment of hand and wrist development.
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Another way that specialists in Child Growth and Development
predict biological maturation in adolescent males is by estimating
the boys' sexual maturation. For this study, the author created a
sexual maturation checklist that the male physical education teachers
from East Lansing and Mason Junior High Schools used to assess the
sexual maturation of their students. Therefore, the second portion
of the review of literature covers the history of the assessment of
adolescent males' sexual development.

The purpose of this study is to examine the procedures by
which sponsors of athletic competitions classify adolescent males.
The AAHPER's use of chronological age to classify adolescent males
for motor proficiency norms is the focus of this iﬁvestigation.
Therefore, the third portion of the review of literature covers the
relationship between the motor proficiency performances of adoles-
cent males and various classification indices.

History of the Assessment of
Hand and Wrist Skeletal Development

William K. Roentgen's December 1895 discovery of x-rays enabled
researchers to study the progressive changes in the human skeleton.
Prior to that discovery, knowledge of human skeletal development
resulted from anatomists dissecting cadavers. Because 1) they received
very few child cadavers and 2) they could not study their subjects
longitudinally, anatomists provided limited information on skeletal
development. However, by using x-rays, researchers could readily

follow the skeletal development in children.
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Four months after Roentgen's finding, on April 2, 1896
Professor Sydney Rowland of Germany x-rayed clinical patients, and,
when describing the appearance of the bones of the children's hands
and wrists, he recognized that those bones indicated the children's
level of skeletal maturation (Pyle, Waterhouse, and Greulich, 1971).
Later in 1896, another German researcher, Joseph Ranke, reported
that x-rays presented a new method for determining children's bio-
logical age (Flory, 1936).

In the United States, Professor J.W. Pryor of the State
College of Kentucky initiated the research on the x-ray assessment
of hand and wrist skeletal development (Pryor, 1905). In 1905,
from 70 x-rays of children aged 44 days to 21 years, Professor Pryor
outlined the appearance order of the eight carpal ossification
centers, and the 21 metacarpal, phalangial, ulnar, and radial
epiphysial ossification centers. For boys and girls separately,
Pryor summarized the ages at which their ossification centers
appeared. He claimed that skeletal maturation occurred earlier in
girls' hands than in boys' hands. This female maturation advantage
was by days in early childhood, by months in early adolescence, and
by years at the completion of skeletal development. Also, Pryor
claimed that first born children's hands skeletally matured earlier
than non-first born children's hands.

The following year, Professor Pryor compared his findings
with the information on skeletal development contained in Cunningham's

Text Book of Anatomy, Morris' Human Anatomy, Holden's Human Osteology,

Gray's Anatomy and Poland's Skiagraphic Atlas (Pryor, 1906). He
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concluded that the skeletal ossification process of children's

hands started earlier than reported in those references and that the
appearance order of the children's epiphysial ossification centers
differed from the appearance order reported in those references.
Further, he emphasized that those references did not separate the
data on boys from the data of girls.

Then, by using x-rays of identical twin girls and boy-girl
twins, Pryor reaffirmed his claim that girls' hands skeletally
matured earlier than boys' hands. Additionally, he emphasized that
the distal ulnar and radial epiphyses developed simultaneously with
the carpals} metacarpals, and phalanges, and therefore, he now
included those sites with the skeletal maturation of the hand and
wrist.

Pryor's next research topic effort delved into the hereditary
nature of variations in carpal development (Pryor, 1907). After
viewing 360 x-rays of children from 225 families, Professor Pryor
observed that variation patterns in the appearance order of the
carpals followed family lines. By recording the appearance order
of the carpals for children from ten families, he showed that when a
child's carpal appearance order differed from the order typical in
the population, that child's brothers and sisters varied similarly.
Additionally, Pryor noted the bilateral symmetry of the hand-wrist
skeletal ossification process.

After expanding his sample of children aged 14 years and
under to 266 girls and 288 boys, Pryor reaffirmed that the skeletal

ossification process began earlier than previously reported (Table
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2.1) and, that the carpal appearance order differed from those orders
given in previous reports (Table 2.2), (Pryor, 1908). From the
information in Table 2.1 he hypothesized that the children's carpal
appearance order to be: (1) Os Magnum; (2) Unciform; (3) Cuneiform;
(4) Semilunar; (5) Scaphoid; (6) Trapezoid; (7) Trapezium; and (8)
Pisiform. Additionally, Pryor reported the sex, age, order of birth,
carpal appearance order, and millimeter diameter size of each carpal

for 136 girls and 153 boys.

Table 2.1

The Age by Sex of Carpal Appearance in
Children (Pryor, 1908)

Carpal Sex Age of Appearance

Os Magnum Female Between 3-4 months

(Capitate) Male Between 7-8 months

Unciform Female Between 3-4 months

(Hamate) Male Between 7-8 months

Cuneiform Female 13th or 14th month

(Triquetral) Male early in the 3rd year

Semilunar Female Late in the 3rd year or early in the 4th year

(Lunate) Male Between the 4th and 5th years

Scaphoid Female About 4 years
Male About 6 years

Trapezoid Female Between the 4th and 5th year
Male Between the 5th and 6th year

Trapezium Female Between thd 4th and 5th year
Male Early in the 8th year

Pisiform Female Between the 9th and 10th year
Male Between the 12th and 13th year

In a 1925 report, Professor Pryor examined x-rays of 64 boys
aged 150 to 274 months and 81 girls aged 144 to 260 months. 1In
table form, Pryor recorded the ages, sex, and an epiphysial rating

of whether he rated Distinct or Indistinct for all 145 children.
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Table 2.2

The Frequency of the Carpal Appearance
Order in 243 Children (Pryor, 1908)

CARPALS 1ST  2nD 3RD 4TH S5TH 6TH 7TH 8TH TOTAL
Os Magnum 238 S 0 0 0 0 0 0 243
Unciform 5 236 0 0 0] o] 0 0 241
Cuneiform 0 o] 219 10 o] o] 0 0 229
Semilunar 0 o] 12 176 8 2 6 0 204
Scaphoid 0 0 o] 3 80 27 19 0 129
Trapezoid 0] 0 0 8 36 59 21 0 124
Trapezium 0 0 0] 7 30 31 51 0 119
Pisiform 0 0 0 0 0 ) 0 19 19

Pryor noted the ages at which the epiphysial centers appeared (Table
2.3). Responding to criticism that he had not compared actual bones
with x-rays of those same bones, Pryor countered that x-rays showed
the bones' texture and the very faint epiphysial lines more clearly
than the naked eye could detect (Pryor, 1925). 1In a 1928 report,
Professor Pryor presented an historical review of his 30 years of
research into the skeleton's ossification process.

Unaware of Pryor's reports, Boston Physician Thomas Morgan
Rotch pondered an anatomical age (Rotch, 1908). X-ray technician
A.W. George of Boston's Children's Hospital had alerted Dr. Rotch
to the anatomic age concept. From examining over 500 x-rays of
children's hands, wrists, elbows, shoulders, hips, knees, and ankles,
Dr. George decided that anatomic age indicated the biological age
differences between children better than chronologic age. And he
concluded that the carpal bones indicated anatomic age better than
any other bones. Working from 200 x-rays of children's carpal bones,

Dr. Rotch developed his Anatomic Stage Index. Because he wanted
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Table 2.3

The ages by sex that the hand-wrist epiphysial centers appeared
(Pryor, 1925)

Epiphysial Center Sex Time of Appearance
lst Metacarpal Female Early in the 3rd year
Male Early in the 3rd year
2nd Metacarpal Female Late in the 1lst year
Male Early in the 2nd year
3rd Metacarpal Female Early in the 2nd year
Male Late in the 2nd year
4th Metacarpal Female Early in the 2nd year
Male Late in the 2nd year
5th Metacarpal Female Early in the 2nd year
Male Late in the 2nd year
Middle Phalange:
First Row Female Late in the 1lst year
Male Early in the 2nd year
Second Row Female Early in the 2nd year
Male Late in the 2nd year
Third Row Female Late in the 2nd year
Male Late in the 3rd year
Ring Phalange:
First Row Ferale Early in the 2nd year
Male Late in the 2nd year
Second Row Female Early in the 2nd year
Male Early in the 3rd year
Third Row Ferale Late in the 2nd year
Male Late in the 3rd year
Index Phalange:
First Row Female Early in the 2nd year
Male Late in the 2nd year
Second Row Female Early in the 2nd year
Male Early in the 3rd year
Third Row Female Late in the 2nd year
Male Late in the 3rd year
Little Phalange:
First Row Female Early in the 2nd year
Male Late in the 2nd year
Second Row Femele Late in the 2nd year
Male Early in the 3rd year
Third Row Female Late in the 2nd year
Maie Late in the 3rd year
Thumb Phalange:
First Row Female Late in the 2nd year
Male Early in the 3rd year
Second Row Fenale Early in the 2nd year
Male Late in the 2nd year
Radius Female About the 8th month
Male About the 15th month
Ulna Female Between the 6th and 7th year

Male Between the 7th and 8th yvear
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to separate anatomic from chronologic age, Rotch alphabetized his

Index (Table 2.4).

- . Table 2.4

Alphabetized Anatomic Stage Index
(Rotch, 1908)

Chronologic Anatomic Description
Age Stage

6 months A Os Magnum and Unciform present

33 months B Distal Radial Epiphysis appears

33 months C Cuneiform appears !
27 months D Semilunar appears ‘
42 months E Either the Trapezium or the Scaphoid appears
66 months F Both the Trapezium and the Scaphoid appear
78 months G Trapezoid appears

72 months H Distal Ulnar epiphysis appears

81 months I Total carpal development advances

99 months J Total carpal development advances
135 months K Pisiform appears
153 months L Pisiform is very clear and total carpal

development advances

162 months M Pisiform is almost as large as the Cuneiform

He hypothesized that when classifying children for school,
athletics, or child-labor, anatomic age defined children's readiness
better than chronologic age. To support his claim, Rotch cited
Dr. C. Ward Crampton's work on the superiority of physiologic age
over chronologic age (Crampton, 1908a). Because researchers could
use anatomic age from infancy to adulthood, Rotch contended that
anatomic age estimated biological age better than any other method.

After a series of communications with Professor Pryor, in
his next paper, Rotch deferred to Pryor's anatomic expertise and
corrected two errors in his first report (Rotch, 1909). He reversed

the appearance order of the Trapezium and the Trapezoid, separated
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the ossification processes of boys and girls, and included Pryor's
Anatomic Stage Index in his paper (Table 2.5). Rotch said that boys
and girls alike could use his Anatomic Stages, but to determine the
chronological age that corresponded with each Anatomic Stage, he had
to separate boys from girls. In a huge table containing data from
129 boys andlgirls aged one month to 13_ye§rs rated as intellectually
b;ight, Rotch provided their sex, height, weight, number of teeth,
and Anatomic Stage. From that table, he concluded that chronological
age, height, weight, number of teeth, and parental or guardian state-
ments insufficiently attested to the children's readiness for school,

athletics, and physical work.

Table 2.5

Pryor's Anatomic Stage Index (Rotch, 1909)

Sex Chronologic Anatomic Description
Age (months) Stage

Female 6 A Magnum and Unciform present
Male 12 A

Female 18 B Distal radial epiphysis
Male 24 B appears

Female 30 C Cuneiform appears
Male 30 C
Female 42 D Semilunar appears
Male 51 D

Female 51 E lst of the Scaphoid, Trapezoid,
Male 63 E or Trapezium appears

Female 57 F 2nd of the Scaphoid, Trapezoid,
Male 69 F or Trapezium appears

Female 63 G 3rd of the Scaphoid, Trapezoid,
Male 81 G and Trapezium appears

Female 75 H Distal Ulnar epiphysis appears
Male 87 H

Female 90 I Everything advances

Male 108 I

Female 102 J Everything advances
Male 120 J

Female 123 K Pisiform appears
Male 153 K
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Although applauding Crampton's work on physiologic age,
Rotch reiterated that because Crampton's Index required someone to
view the boys' public hair, the schools and courts could not use his
procedure. Also, he said that because Crampton's Index applied only
to the adolescent aged boys, anatomical age estimated biological
maturation better than Crampton's Index. Nevertheless, Rotch credited
Crampton for disproving chronologic age as a classification procedure
for children's readiness for school, athletics, and child labor.
Rotch again called for child labor laws based on anatomic age and he
advised educators to consider epiphysial development as an educa-
bility indicator. To accentuate that point, Rotch suggested that
when educators found children whose mental development exceeded their
epiphysial development, to enable epiphysial development to catch up,
educators should withdraw those children from mental exercises.

In May of 1909, the Secretary of the Navy asked Dr. Rotch
to prepare an Anatomic Index that Naval officers could use to deter-
mine the anatomic age of Anapolis Cadets. From x-rays of Naval Cadets
aged 16 to 21 years old, Drs. Rotch and Harold Wellington Smith con-
cluded that after boys reached 13 years of age, researchers should
use the boys' epiphysical unions to describe their Anatomic Age.
They found that the epiphyses that appeared first also ossified first
(Rotch and Smith, 1910). Using the distal radial epiphysis as their
primary criteria, they proposed the following four levels of epi-
physial union: (1) distal radial epiphysial union had just begun;

(2) distal radial epiphysis had ossified one-quarter across the
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radial shaft; (3) one-half distal radial epiphysis has ossified;
and, (4) distinct distal radial epiphysial lines.

Later that year, Harvard Pediatrics Professor T.M. Rotch
used his Anatomic Index to correlate biological age with school grade
level (Rotch, 1910). Rotch detailed the Anatomic Stage that he
believed the children in each grade should have attained (Table 2.6).
To demonstrate the concept, he provided hand-wrist x-rays of three
boys aged 7 to 10 years old. Because those boys' Anatomic Stages

were identical, he stated that they belong in the same school grade.

Table 2.6

Academic Grade-Anatomic Stage (Rotch, 1910)

Academic Grade Chronologic Age Anatomic Stage
K1l 4 years E
K2 5 years F
1st 6 years G
2nd 7 years G+ and H
3rd 8 years H+ and I
4th 9 years I+ and J
Sth 10 years J+
6th 11 years K
7th 12 years L
8th 13 years M

Under the auspices of the Committee on Physical Welfare of
School Children, New York City Physician C. Ward Crampton studied
the anatomic and physiologic ages of males (Crampton, 1910). He
said that Rotch's Anatomic Index was too irregular and subjective,
and, therefore, not reliable. Also, Crampton disagreed that the
skeletal development of the boys' hands indicated their total

skeleton's development.
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Nevertheless, to test Rotch's Anatomic Stages, Dr. Crampton
gave permission and assistance to New York physicians Eli Long and
E.W. Caldwell to analyze hand-wrist x-rays of 200 New York City
Department of Education children aged 13 to 173 months (Long and
Caldwell, 1911). Although they did not compare carpal ossification
with total skeletal ossification, because in one-third of their
sample the right hand x-ray differed from that of the left hand,
Long and Caldwell doubted that carpal ossification accurately
reflected total skeletal development. Because Rotch's Anatomic
Stages I and J allowed x-ray readers to subjectively evaluate the
relationship between the children's increasing bone calcification
and their decreasing carpal interspace area, Long and Caldwell con-
demned Rotch's Index. Consequently, they graded their x-rays in
numerical order from least to greatest skeletal development. Long
and Caldwell concluded that Although Rotch's Anatomic Stages unsatis-
factorily quantified skeletal development, they hoped that the
skeleton's ossification centers would eventuate such an index.

Continuing the work he and Dr. Rotch started in 1909, Boston
physician Harold Wellington Smith x-rayed 914 Naval midshipmen aged
17 to 23 years old (Smith, 1913). Using the 21 epiphyses of the
hand and wrist, Smith outlined their appearance order and age of
completed union. Within the epiphysial ossification process, Smith
differentiated eight stages (Table 2.7). For each hand-wrist epi-
physis, Smith plotted curves of the ages of the subjects at each of
his eight stages. Smith expected those curves to define a uniform

epiphysial development sequence. When those epiphysial development
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Table 2.7

The Descriptions of the Eight Epiphyseal
Development Stages in Adolescent Males
(Smith, 1913)

Stage

Descriptions

No sign of beginning epiphysial union

A few imbrications have appeared in the clear epiphysial cartilage
The imbrications have interrupted the clear epiphysial cartilage
and have reached the proximal side

Except for the periphery, the imbrications have fused into inter-
lacing multiple lines that occupy the cartilage space

The interlacing multiple lines have contracted into an irregular
thick line with deep peripheral notches

The thick line has become a distinct, narrow line that extends the
full width of the bone except for a slight peripheral notch

Only portions of the line and traces of the peripheral notch remains
The bony matrix of the shaft is contiguous with the epiphysial end

curves did not define a uniform sequence. Based on those results, he con-

cluded that his stages did not determine epiphysial development

correctly.

For the first 25 years after Roentgen's discovery of x-rays,

individual researchers such as Professor J.W. Pryor and Dr. T.M.

Rotch did the majority of the research on children's hand and wrist

skeletal development. But, beginning around 1920, University

research centers became involved in the assessment of skeletal matura-

tion.

after,

While there were some one-time studies by individuals there-

from 1920 on, children research centers such as those at the

University of Iowa, Harvard University, the University of Chicago,

and Cleveland's Western Reserve University dominated the study of

hand and wrist skeletal development.



22

Directed by University of Wisconsin Professor C.R. Bardeen,
University of Wisconsin Graduate Student Earnest Donald requested
Roentgenology Instructor Dr. Howard Curl to X-ray 96 boys and 71
girls aged 42 to 138 months (Bardeen, 1921). Donald correlated the
children's carpal ossification with their chronological age, height,
and weight. After comparing Donald's results with Professor Pryor's
results, Bardeen concluded that the age differences in Donald's
sample were not as large as the differences in Pryor's sample. To
make finer subdivisions of carpal ossification than Pryor's Distinct
or Indistinct categories, Bardeen created four carpal ossification

classes (Table 2.8). Using those four ossification classes as his

Table 2.8

Four carpal ossification classes (Bardeen, 1921)

Class Description

Large, dense carpal ossification center
Not as developed as Group A

More developed than Group B

Barely visible carpal ossification center

onw»

base, Bardeen divided the carpal ossification process into 11 stages
(Table 2.9). 1In only four of 96 boys and two of 71 girls did

Bardeen find significant differences in right and left hand ossifi-
cation stage. Because when he compared his sample's age of carpal
center appearances with height and weight, he found no relationship
between those variables, Bardeen said that based on present knowledge,
school officials should not delay children's education because their

carpal centers appeared late.
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Table 2.9

Eleven Carpal Ossification Stages
(Bardeen, 1921)

Stage Description
1 Class C Capitate and Hamate
2 Class C Capitate, Hamate, and Triquetral
3 Class C Capitate, Hamate, Triquetral, and Lunate
4 Either Trapezium, Trapezoid, or Scaphoid appeared
5 Class D Trapezium or absent. Pisiform absent. All
other carpals class B or C.
6 Class C Trapezium and Trapezoid. Pisiform absent. All
other carpals class B.
7 Class D Pisiform or absent. All other carpals class B.
8 Class D Pisiform or absent. Class A Capitate and Hamate.
All other carpals class B.
9 Class D Pisiform. all other carpals class A.
10 Class B Pisiform. All other carpals class A.
11 All carpals class A.

In his three year study of 31 girls aged 10 to 13 years and
36 boys aged 11 to 13 years from the University of Iowa Junior High
Schools, University of Iowa Professor Bird T. Baldwin analyzed the
anatomical growth of children's carpal bones (Baldwin, 1921).
Baldwin searched for a completely objective hand-wrist x-ray eval-
uative method. First, he tried measuring the perimeters of the
carpals. Next, he tried tracing the out}ines of the carpals on
millimeter graph paper. Using a planimeter, Baldwin eventually
decided to measure the total exposed area of the carpals. Because
the Pisiform was not present in all of his subjects, Baldwin excluded
the Pisiform from his measurement of the total exposed carpal area.

Using Pearsonian correlation coefficients to compare total
carpal area with height and weight, Baldwin found that the boys'

correlations were .879 and .755 respectively, and the girls'
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correlations were .729 and .766 respectively. Although he found
that the carpal bones in the right and left hands of some children
had great individual differences, Baldwin concluded that on the
average the carpal areas for both hands were equivalent. For boys
and girls of the same chronological age, Baldwin found that the
girls' carpal area measurements exceeded the boys' carpal area
measurements.

Following Professor Pryor's example and because he had non-
identical twin sons, Baldwin studied four sets of twins. Baldwin
concurred with Pryor that in boy and girl twins, the girls' hands
matured earlier than the boys' hands. Additionally, Baldwin observed
that children's hand-wrist x-rays showed that their carpals had
distinct stages of growth. Therefore, Baldwin promised that he would
study the 280 University of Iowa laboratory school children to
standardize their carpal growth stages into male and female
anatomical calendars..

The next year Professor Baldwin reported on the mental growth
curves of normal and superior children (Baldwin, 1922). Among the
measures that he took on his subjects, Baldwin assessed an x-ray
or anatomic stage. Again, he determined the subjects' anatomic
stage by planimetering the total area of the carpal bones. Baldwin
correlated chronological age, weight, height, mental age, and total
exposed surface area of their carpal bones (Table 2.10). Baldwin
claimed that carpal age related closely to physiologic changes.

Frances Lowell and Herbert Woodrow examined hand-wrist

x-rays of 402 Minneapolis and St. Paul children aged 66 to 138
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Table 2.10

Correlation Table for Chronological Age,
Weight, Height, Mental Age, and Carpal

Age (Baldwin, 1922)

Chronologic Mental Carpal
Age Weight Height Age Age
Chronologic Age 1.00
Weight .84 1.00
Height .98 .86 1.00
Mental Age .88 .71 .89 1.00

Carwal area .92 .88 .92 .83 1.00

months (Lowell and Woodrow, 1922). After separating the x-rays by
age and sex, they ranked the x-rays from best developed to least
developed. For that ranking, they considered the surface area of
the carpals, the shape of the carpals, the number of carpals, the
identity of the carpals present, and the carpal area relative to the
total wrist area. They selected the median x-ray as the standards.
Because this technique ultimately provided today's hand-wrist
skeletal development standards, researchers should recognize Lowell
and Woodrow as the pioneers of the concept. Lowell and Woodrow des-
cribed those median x-rays (Table 2.11).

In addition to those carpal measurements, Lowell and Woodrow
determined the number of permanent teeth. When they correlated the
carpal development with number of permanent teeth, they found a .20
correlation. Similarly, when they correlated the carpal development
with school grade, they found another low correlation. Because of
the low carpal development-school grade correlation, they concluded

that they could not agree with Rotch's concept of using anatomic age
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Table 2.11

X-Ray Standard Descriptions (Lowell
and Woodrow, 1922)

Age
(Years) Description
Boys: 5 carpals present, one very small. No ulnar epiphysis. Carpal
5k area = 2.9 square centimeters.

Girls: 7 carpals. No ulnar epiphysis. Carpal area = 3.4 sq. cms.
Boys: 7 carpals, two very small. No ulnar epiphysis. Carpal area =
6k 3.1 sq. cms.
Girls: 7 fair size carpals. Ulnar epiphysis extends one-quarter the
end of the ulna. Carpal area = 416 sq. cms.
Boys: Ulnar epiphysis extends one-sixth the end of the ulna. Carpal
7% area = 5.7 sg. cms.
Girls: Ulnar epiphysis extends sixty percent the end of the ulna.
Carpal area = 5.9 sq. cms.
Boys: Ulnar epiphysis extends sixty percent the end of the ulna.
8% Carpal area = 5.9 sq. cms.
Girls: Ulnar epiphysial-diaphysial contact. Trapezium-Trapezoid
overlaps. Carpal area = 7.8 sq. cms.
Boys: Oval ulnar epiphysis. Little or no space between the Os Magnum
9% and the Unciform. Carpal area = 6.1 sq. cms. ;
Girls: Radial epiphysis contacts shaft. Ulnar styloid begins. Ulnar
epiphysis better developed. Carpal area = 9.7 sq. cms. :
Boys: Better ulnar epiphysial development. Better carpal develop- /
10% ment. Carpal area = 8.9 sq. cms. /
Girls: Well-developed ulnar styloid. Small pisiform. Carpal area = !
9.7 sq. cms. '
Boys: Ulnar styloid begins. Tiny pisiform. Carpal area = 9.6 sq.
11% cms.
Girls: Good-size Pisiform. Good Carpal compactness. Carpal area =
9.6 sq. cms.

to place children in school grades, nor could they agree with
Crampton's use of physiological age for the same purpose.

Under a Commonwealth Fund grant, Harvard University Professor
Walter F. Dearborn of the Harvard Graduate School of Education
examined the mental and physical development of over 5,000 children.
With Professor Dearborn's permission, Professor Daniel Alfred

Prescott of Harvard University's Psycho-Educational Clinic analyzed
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3,000 hand-wrist x-rays (Prescott, 1923). Professor Prescott
wanted to develop an objective method for assessing children's hand
and wrist ossification stages, and using that objective method, he
wanted to establish objective hand-wrist skeletal development norms.

Because he believed that Pryor and Rotch did not discriminate
skeletal development increments in an objective manner, Prescott
rejected their indices. Although Prescott credited Baldwin with the
first attempt at establishing objective procedures, because Baldwin
failed to adjust his total carpal area index for the size of the
children's hands, he concluded that Baldwin's carpal area index
insufficieﬁtly estimated skeletal age. Prescott also praised
Lowell's and Woodrow's pioneer work, but he stated that because their
carpal development also failed to account for the ;ariable sizes of
children's hands, Lowell's and Woodrow's procedure also insufficiently
estimated skeletal age.

For his initial experimental sample, Prescott selected 38
boys and girls aged 83 months to 114 months. He and an unidentified
co-worker independently ranked those 38 x-rays from least to most
developed. Because their rankings correlated at .98+, Prescott
contended that they had ranked those x-rays correctly. He found
bilateral symmetry in over 80 percent of the hands. Because in this
initial sample Prescott found that girls matured earlier than boys,
he repeated the experiment with a second sample of 39 boys aged 74
to 76 months. Even though he had eliminated the sex and age vari-
abilities, Prescott and his unidentified co-worker again ranked the

x-rays similarly. Therefore, Prescott believed that any objective
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measurement that ranked the x-rays in the same order as their inspec-
tional ranking order would be the objective measurement method.

To find his objective method, the factors that Prescott con-
sidered were: (1) the number, size, and shape of the carpals; (2)
the quality of the carpal ossification; (3) the articulation between
the carpals; (4) the unossified area in the wrist, (5) the size of the
hand; (6) the number of the metacarpal, phalangial, ulnar, and radial
epiphysis present; and (7) the extent of their epiphysial-diaphysial
union. Prescott believed that only when he accéunted for hand size.
could ossified carpal area demonstrate the extent of ossification.
Because planimetering the carpals directly on the x-ray proved
unreliable, Prescott projected the x-ray onto drawing paper. When
the projected image measured five times the x-ray original, he traced
the carpal bones.

In his search for the objective measurement method, Prescott
drew nine lines on each x-ray's tracing (Table 2.12).

In the beginning, Prescott used only Line A (the trapezium-
hamate diameter), Line B (the trapezium-triquetral diameter), and
Line C (the scaphoid-hamate diameter). When he found that those
three measurements adequately separated skeletal developmental levels,
he combined those measures into ratios. However, he found that
those ratios also lacked discriminative ability. At this point
Prescott realized that he had to account for the varying hand sizes.
Therefore, by connecting the following four points, Prescott created
the last five of his lines; (1) the medial-most point on the proximal

end of the shaft of the first metacarpal, (2) the medial-most point
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Table 2.12

The Nine Measurement Lines that Prescott
Drew on the Hand-Wrist X-Rays
(Prescott, 1923)

Line Description

A The widest diameter from the outside of the trapezium to
the outside of the hamate

B The widest diametér from the outside of the trapezium to the
outside of the triquetral

C The widest diameter from the outside of the scaphoid to the
outside of the hamate

D The distance between the first metacarpal's landmark and the
fifth metacarpal's landmark

E The distance between the fifth metacarpal's landmark and the
radius' landmark

F The distance between the first metacarpal's landmark and the
radius' landmark

G The distance between the radius' landmark and the ulna's
landmark

H The distance between the ulna's landmark and the first meta-
carpal's landmark

K The widest diameter between the hamate and the triguetral

on the proximal end of the shaft of the fifth metacarpal, (3) the
lateral-most point on the distal end of the shaft of the radius,
and (4) the medial-most point on the distal end of the shaft of the
ulna.

Theorizing that he needed a ratio of the yet-to-ossify to
the already-ossified area, Prescott hypothesized that Line D times
Line E represented the yet-to-ossify area and Line A times Line K
represented the already-ossified area. Because l) this DE/AK ratio
decreased sytemmatically with increasing age from 5.10 down to 1.58

and 2) the DE/AK ratio correlated .85 with their inspectional

ranking order, Prescott believed that he was on the right path to
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determining the objective measurement method. However, when he found
that Baldwin's, and Lowell's and Woodrow's, carpal area measures cor-
related .93 with Prescott's inspectional ranking order, Prescott
decided to search for a better ratio.

Consequently, Prescott added the following three measures to
his x-ray tracings: (1) D = the sum of the widest diameters of all
of the carpals; (2) W = the diameter of the wrist (Line D); and (3)
inter-c = the sum of the shortest distances between the carpals.

From those new criteria Prescott created three ratio combinations.
When he correlated those new ratios with their inspectional ranking

he found all of the correlations exceeded .94 (Table 2.13). 1In

Table 2.13

The Correlations that Prescott Found for His
Carpal Ossification Ratios
(Prescott, 1923)

Experimental Groups D inter-c D
W W inter-c
38 boys and girls aged 88-114 months .97 .98 .99-
39 boys aged 74-76 months .96+ .94 .96-
46 boys aged 77-79 months .95 .96 .97+
84 boys aged 86-88 months .95 .95 .97

addition to his first two experimental groups, Prescott used two

more experimental samples to correlate his findings. Therefore,
Prescott contended that all three ratios provided a reliable, signifi-
cant, and discriminating measure of carpal development. However,
because D/W required only nine x-ray tracing measurements and less
than three minutes per x-ray, whereas the inter-c and D/ inter-c
ratios required five and eight minutes, respectively, Prescott

adopted the D/W ratio as the objective measure of assessing anatomical

age.
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Using the D/W ratio, Prescott measured two more experimental
groups to further test his objective measurements' ranking order
with their inspectional ranking order. From the x-rays of 92 boys
aged 83-86 months and 59 girls aged 83-86 months, he found that the
D/W ratio correlated 98+ and 96+, respectively. Prescott called
his D/W ratio values the Anatomical Index. By determining the
Anatomic Index for the median x-ray of each of his age groups,
Prescott indexed the anatomic ages. To create Table 2.14, the author
interpreted the charts that Prescott provided. Prescott claimed that

Table 2.14

The number, sex, age range, and anatomical indices of Prescott's
sample (Prescott, 1923)

Number of Sex of Age range Anatomic

Subjects Subjects of Subjects Index
11.; Fe.]“ale agmﬁs T.70
137 Female 75-80 months 1.82
135 Female 81-86 months 1.92
158 Female 87-92 months 2.03
86 Female 93-98 months 2.13
38 Female 108-119 months 2.50
37 Female 120-131 months 2.68
40 Female 132-143 months 2.90
26 Female 144-155 months 3.06
52 Female 156-167 months 3.14
46 Female 168-179 months 3.18
52 Female 180-191 months 3.18
28 Female 192-203 months 3.26
36 Female 204-215 months 3.18
15 Female 216-227 months 3.20
112 Male 69-74 months 1.23
162 Male 75-80 months 1.43
175 Male 81-86 months 1.54
149 Male 87-92 months 1.70
108 Male 93-98 months 1.84
17 Male 108-119 months 2.00
29 Male 120-131 months 2.38
24 Male 132-143 months 2.55
34 Male 144-155 months 2.69
36 Male 156-167 months 2.98
41 Male 168-179 months . 3.10
50 Male 180-191 months 3.18
35 Male 192-203 months 3.10
28 Male 204-215 months 3.28

1S: Male 216-227 months 3.24
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the uniform distribution of the Anatomic Indices established the
validity and merit of his D/W ratio.

Supervised by Western Reserve University Anthropology Pro-
fessor T. Wingate Todd, Masters' Degree Candidate Paul H. Stevenson
examinedll0 skeletons from persons who died at ages 15 to 28 years
old (Stevenson, 1924). Stevenson wanted to determine the sequence
and duratioh of epiphysial unions. To acquire a general understand-
ing of epiphysial union, Stevenson developed four epiphysial union
phases (Table 2.15). For the 28 epiphyses associated with the
humerus, radius, ulna, femus, tibia, scapula, hip, ribs, and clavicle,
Stevenson discussed the age of union of the diaphyses with their
epiphyses. Considering the ulna and radius together, Stevenson
noted that their proximal epiphyses united earlier than their distal
epiphyses. He determined that the distal epiphyses of the radius
and ulna united at age 19 years.

In 1921, the University of Chicago Department of Education's
Laboratory Elementary School staff began x-raying the hands and
wrists of their sample. After a year of collecting those x-rays,
University of Chicago doctoral candidate Thomas M. Carter analyzed
those x-rays. After two years of work, Professor Frank N. Freeman
and Mr. Carter reported their carpal ossification ratio (Freeman and

Carter, 1924). While they referenced the Rotch, Woodrow, and



33

Table 2.15

The Four Epiphyseal Union Phases that
Stevenson Described

(Stevenson, 1924)

Phase Description
The epiphysial and diaphysial margins
1 project saw-tooth-like external margins.
(No union) During macenation, the epiphysis may
separate from its diaphysis.
2 The epiphysial line develops and occasionally
(Beginning Union) the two margins knit together.
Active bone union completed, but, a fine
3 reddish demarcation line continues. Most
(Recent union) difficult phase to assess.
Completed epiphysial union. Do not mistake
4 the capsular attachment line with the
(Complete union) epiphysial line.

Baldwin articles, they did not review Prescott's work. However, in
a footnote, they said that they now had Prescott's article, but they
had completed their work prior to receiving it.

Freeman and Carter believed that carpal development indicated
the children's immediate position in the skeletal maturation process.
Because they found carpal diameter measures too irregular, they
decided that Baldwin's total carpal area measure might be more
reliable. Because general skeletal size influenced total carpal
area, they concluded that their measurement procedure had to account
for the varying hand sizes. Therefore, they conceived a carpal
ossification ratio.

In their carpal ossification ratio, their numerator factor
was the ossified carpal area measure, and their denominator was a

carpal quadrilateral area measure. They hypothesized that their
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carpal quadrilateral area measure adjusted for the general skeletal
size. Although later in their article they said that they would
specify the points of their carpal quadrilateral, their only descrip-
tion was that "points on the bones of the extremities of the arm and
of the hand" formed the carpus quadrilateral.

After analyzing the hand-wrist x-rays of 20 girls and 20
boys at each age from five years through 17 years, Freeman and Carter
provided separate tables for: (1) the carpal quadrilateral; (2)
the ossified carpal area; and (3) the carpal ossification ratio.
For the boys, the ossified carpal area ranged from 45 mm. at age five
to 355 mm. at age 17. Therefore, their carpal ossification ratio
ranged from 45/160 = 0.28 at age five to 355/330 = 1.07 at age 17.

Four months after Freeman and Carter reported their method,
Arthur I. Gates reported on his 1922-23 experimental study at the
Horace Mann School (Gates, 1924). Because Gates needed a measure of
anatomical development, he reviewed the literature for an objective
procedure. After reading Baldwin's work, Gates decided that Baldwin
failed to account for varying hand sizes. Therefore, Gates hypothe-
sized an ossified carpal area to a carpal quadrilateral area ratio.

To represent his carpal quadrilateral area, Gates selected
points on the extreme outer corners of the first metacarpal, fifth
metacarpal, ulna, and radius. By combining both hands and dividing
the ossified areas, Gates computed his Ossification Percentage. For
30 boys and 28 girls with an average of 68 months and an average
deviation of 12 months, Gates' Ossification Percentage ranged from

11 to 44 percent, with a mean of 25 percent. For 26 boys and 30
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girls with an average age of 115 months and an average deviation of
10 months, Gates' Ossification Percentage ranged from 41 to 72 percent
with a mean of 55 percent.

To show that when compared to the Freeman-Carter Ossification
method any inspectional method inadequately estimated skeletal age,
Joseph C. McElhannon reported on a reliability study that he partici-
pated in at the University of Chicago (McElhannon, 1926). For 20
boys and 20 girls at each age from seven years to ten years, McElhannon
first inspected the x-rays and ranked them from least to most mature.
McElhannon explained that the landmarks of the Freeman-Carter carpal
quadrilaterél were the "proximal points of the radius, ulna, fifth
metacarpal, and the epiphysis proximum of the first metacarpal,"
and that the ossified carpal area included the Multangulum Majus,
Multangulum Minus, Naviculare, Lunatum, Triquetrum, Capitatum,
Hamatum, Pisiforme, and the distal radial and ulna epiphyses. 1In
addition to measuring the area of the carpals and the carpal quad-
rilateral by the Freeman-Carter method, he observed the shape,
number, and identity of the carpals present. Then, to determine
which inspectional method ranked the x-rays the best, McElhannon
used the following six different criteria; (1) the development of
the Multangulum Majus, Multangulum Minus, and Novaculare; (2) the
development of the Lunatum and Triquadrum; (3) the development of
the Capitatum and Hamatum; (4) the development of the distal radial
epiphyses and the distal ulnar epiphysis; (5) the fusion of the

distal ulnar epiphysis; and (6) general observation.



36

Because a composite of all of those inspectional criteria
correlated almost perfectly with his initial general inspectional
ranking, McElhannon determined that all inspectional ranking methods
were equivalent. Therefore, he concluded that having several inspec-
tional criteria failed to increase the rater's ability to discern
the skeletal maturation.

Next, he correlated his inspectional method with the Freeman-

Carter method (Table 2.16). McElhannon concluded that as the carpal

Table 2.16

The Correlation Values Between McElhannon's
Inspectional Method and the Freeman-

Carter Method (McElhannon, 1926)

7 year 7 year 8 year 8 year 9 year 9 year 10 year 14 year
boys girls boys girls boys girls girls boys

.85 .91 .82 .73 .75 .62 .41 .53

bones began to overlap and fill the carpal quadrilateral, the relia-
bility of inspectional methods decreased. Therefore, because as
carpals grew, the inspectional estimate decreased, McElhannon advised
that workers reject inspectional methods and use a scientific mea-
surement method (McElhannon, 1926).

Later that same year, Thomas M. Carter also reported on the
reliability of the Freeman-Carter method (Carter, 1926). In this
article, Carter described the following four points as the Freeman-

Carter carpal quadrilateral landmarks: (1) the extreme outside
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point of the distal ulnar shaft; (2) the most proximal point of the
fifth metacarpal; (3) the nearest point on the first metacarpal
epiphysis; and (4) the extreme outside point on the distal radial
shaft. To verify the Freeman-Carter measurement method, Carter and
fellow graduate student E.J. Brown independently measured 15 children's
x-rays by the Freeman-Carter procedure. Then they x-rayed those
children a second time and again independently measured their x-rays.
Their test-retest correlations were .97 and .96, respectively.
Carter concluded that those correlations verified the reliability
of the Freeman-Carter method.

Additionally, Carter reported that three other University of
Chicago graduate students also tested the Freeman-Carter method.
Using x-rays of 20 boys and 20 girls at.each age of 9, 10 and 11
years old, W.H. Buchanan correlated an inspectional method with the

Freeman-Carter method (Table 2.17). J.G. McElhannon and Everett

Table 2.17

The Correlation Values Between Buchanan's
Inspectional Method and the Freeman-

Carter Method (Carter, 1926)

9 yr old 9 yr old 10 yr 10 yr 11 yr 11 yr
boys girls boys girls boys girls

Buchanan's .85 .90 .78 .61 .69 .58
Correlations

Davis studied x-rays of 20 boys and 20 girls at each age of seven,
eight and nine years, and 20 girls aged ten years and 20 boys aged

14 years (Table 2.18)
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Table 2.18

The Correlation Values Between the Inspectional Methods
of McElhannon and Davis and the Freeman-Carter
Method (Carter, 1926)

7 yr 7 yr 8 yr 8 yr 9 yr 9 yr 14 yr 10 yr
boys girls boys girls boys girls bovs girls

McElhannon's

within-rater .85 .91 .82 .73 .75 .62 .41 .53
Davis'
within-rater .86 .62 .83 .73 .78 .73 .87 .92

McElhannon-Davis
between-raters .49 .81 .91 .91 .88 .69 .51 .69

Table 2.17 shows why McElhannon concluded that the accuracy
of his inspectional method decreased as the carpals filled the
Freeman-Carter carpal quadrilateral. However, McElhannon's inter-
pretation failed to hold for Davis. In Fact, Davis' two highest
values were for the oldest two groups.

In 1927, University of Minnesota Professors Richard E.
Scammon and Gordon H. Scott studied the accuracy of the 7-inch
Amsler planimeter that Baldwin and Freeman and Carter had used
(Scammon and Scott, 1927). Unaware of the readings, an observer
planimetered the area of several circles which ranged from one to
four centimeters in diameter 25 consecutive times. A second observer
recorded each of the 25 readings. They determined that the Amsler
planimeter failed to provide reliable readings. Therefore, they

examined the Hammer area-by-weight method of determining ratios.
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In the Hammer area-by-weight method, workers trace the
desired area on special Hammer paper, meticulously cut out those
areas and determine the desired ratio by weighting the two areas.

To compute the Freeman-Carter ratio by the Hammer method, the workers
would trace the carpal quadrilateral and the carpals. Next, they
would cut out and weigh the carpal quadrilateral area, and then

cut out and weigh the ossified carpal areas. By dividing the weight
of the ossified carpal areas by the weight of the carpal quadrilateral
area, the workers would determine the Freeman-Carter ratio.

. However, Scammon and Scott realized that the Hammer method
had three pfimary sources of error. (1) The ability of the workers to
precisely cut out the elaborate outlines of the various structures
varied. However, they found that careful operators minimized that
source of error. (2) The paper's moisture content also varied, which
caused the weight to vary depending on the ambient humidity. After
much experimenting, Scammon and Scott decided that workers should
use Eastman Kodaloid No. 3 celluloid in place of the Hammer paper.
(3) The thickness of the Hammer paper also varied, which caused the
weight to vary. With regard to uniform thickness, they determined
that celluloid sheets varied 50 percent 1less than the Hammer
paper. Because of the transparency of the celluloid, workers traced
directly from the x-rays and since their sharp stilus easily cut
through the celluloid, the Scammon-Scott method eliminated two steps
from the Hammer method.

After Professor Bird T. Baldwin's death, Laura M. Bushby and

Helen V. Garside wrote the final draft of Baldwin's ten year study on
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anatomic growth (Baldwin, Busby, and Garside, 1928). 1Iowa Child
Welfare Research Station research associate S. Idell Pyle assisted
Busby and Garside with the report's bibliography. Although Baldwin's
study began in 1918, he collected the majority of his data between
1923 and 1926. Baldwin searched for basic anatomic growth principles,
and if he uncovered a pattern, then he wanted to develop a general
anatomic growth calendar.

After unsuccessfully experimenting with roller and polar
planimeters, Baldwin et al. purchased Coradi's circumscribing disc
planimeter to measure their area values. By remeasuring 56 carpals
of eight ten-year-old boys, they determined that the reliability
correlation coefficient of their planimeter measurements was .9996.
To obtain their wrist rectangle measurement, they measured the width
of the wrist from the most exterior points of the first and fourth
metacarpals and the length of the wrist from the midpoint of the third
metacarpal's proximal end to the midpoint of the radius' distal end,
then they multiplied those two values. For the wrist rectangle mea-
surements, they used a millimeter graduated sliding calipers.

Baldwin et al. conducted an experiment on the effect of x-ray
hand position. By purposefully mispositioning their subjects' hands
they found that the greatest difference in total carpal area was
only 2.4 percent. Therefore, they concluded that children's ability
to maintain the x-ray hand position had a negligible effect on the
Anatomic Index value. Using several grades of paper and linen trac-
ing cloth, they tried measuring carpal area and wrist rectangle by

the Hammer weight method. However, they found that besides taking
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longer, the weight method decreased their accuracy. On the premise
that the ratio between a carpal's area and its longest diameter
remained constant, they measured each carpal's longest diameter.
However, they found that the ratio of carpal area to longest diameter
did not remain constant.

To compare the hand and wrist x-rays of boys and girls,
Baldwin et al. recorded the age and order that they first observed
each epiphyses, each carpal bone and each sesamoid bone, the age at
the onset of ossification of the epiphyses, carpals and sesamoids,
and the age that the distal ulnar and radial epiphysial fused. 1In
every case, the girls' hands skeletally matured earlier than the
boys' hands.

From the right and left hand x-rays of the 634 boys and 538
girls, Baldwin et al. recorded the number of carpal bones present,
the area of each carpal and the total carpal area. From 200 older
children's right and left hand x-rays, they determined: (1) the
number of epiphyses present; (2) if those epiphyses had fused; (3)
the number of sesamoid bones present; and (4) two wrist diameter
measurements. To account for the relationship between carpal size
and general skeletal size, they searched for an anatomic index. By
dividing the total carpal area by the wrist rectangle, they computed
an Anatomic Index. For both sexes at each age level, they determined
a regression equation with carpal area the dependent variable and
height and shoulder width the independent variables.

Using their Anatomic Index procedure, Baldﬁin et al. developed

an Anatomic Index Table (Table 2.19). Except between the one to two



Anatomic Index Values for the Boys and
Girls Aged 1 to 17 Years (Baldwin,
Busby, and Garside, 1928)

42

Table 2.19

Boys Girls

 AGE (years) N Mean N Mean
1 19 .078 17 .082
2 16 .092 15 .108
3 22 .116 25 .144
4 26 .152 31 .180
5 31 .180 40 .248
6 40 .220 42 .314
7 45 .226 37 .373
8 48 .342 30 .401
9 31 .382 29 .474
10 ’ 30 .461 30 .529
11 40 .514 35 .598
12 42 .550 25 .630
13 35 .570 24 .689
14 37 .618 29 .685
15 38 .664 36 .707
16 24 .666 25 .706
17 18 .697 17 .712

year and 15 to 16 year old males, the 13 to 14, 15 to 16 and the

16 to 17 year old females, they found significant differences between

every age level. Whereas the girls reached their maximum mean

Anatomic Index by age 15, the boys still had not reached their maximum

mean Anatomic Index by age 17.

In December of 1920, Physical Anthropology research associate

Milo Hellman of New York's American Museum of Natural History x-rayed

the right hand of 60 New York City Hebrew Orphan Asylum girls aged

123-147 months (Hellman, 1928).

In the subsequent three years of

his four year longitudinal study, he measured 56, 47 and 35 of those

same girls. Hellman desired knowledge of the ages at which the hand
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epiphyses of girls ossified. Because he found its bones readily
accessible and easily observable, he chose the hand as his skeletal
development indicator. Each year he painstakingly recorded any
morphological changes associated with the hand's ossification process.
After several years of intense examination, he realized that he had
to (1) delineate the various phases of epiphysial fusion, (2) arrange
those phases in their manifested order, and (3) based on the girls'
chronologic age, measure the onsets of those phases.

Using the median line, Hellman measured the millimeter length
of each digit from the distal end of each first phalanx to the proxi-
mal end of its metacarpal. He also measured the millimeter length
between the extreme ends of each phalanx, and between the end of the
shaft and its diaphysis. As a result of his intense x-ray examina-
tions, Hellman discovered that epiphysial ossification proceeded
irregularly. Instead, he found that epiphysial ossification passed
through five fundamental morphologic phases. Hellman labeled those
phases Stage A through E and he stated that his five epiphysial
ossification stages did not proceed sequentially (Table 2.20).
Hellman also detailed the percent of the epiphyses that developed via
different stages (Table 2.21).

Hellman concluded that epiphysial ossification started
between 143 months and 155 months and terminated between 171 months
and 180 months. Therefore, once started the entire hand epiphysial
ossification process required less than 36 months.

Using the first three years data of a five year study by the

New York City's Bureau of Educational Experiments, Anthropology
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Table 2.20
The Five Stages of Epiphyseal Ossification

That Hellman Determined (Hellman, 1928)

Stages Description
A The epiphysis and diaphysis are distinctly separate.
B The epiphysial cartilage narrows until the separation
disappears.
Cc A bud-like protrusion extends from the margins of the

epiphysis and diaphysis. It can be one bud in the center
and spread to the periphery, or, one or two buds at the
periphery and spread towards the middle.

D The actual fusion of the epiphysis with its diaphysis
which shows on the X-ray as a dark line.
E The epiphysis obtains the trabecular struction

continuous with its shaft.

Table 2.21
The Percent of the Epiphyses that Developed

Via Different Stages (Hellman, 1928)

Transitions Number Percent
From A to B 419 30.6
From A to C 241 17.6
From A to D 26 1.0
From A to E 0 .0
From B to C 145 10.6
From B to D 127 9.3
From B to E 42 3.1
From C to D 195 14.2
From C to E 69 5.0
From D to E 107 7.8

totals 1371 100.1
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Professor Ruth Otis Sawtell surveyed hand and wrist x-rays of chil-
dren aged six months to seven years (Sawtell, 1929). She reported
that whereas the children's carpal ossification was erratic during
early childhood, their hand and wrist epiphysial ossification was
orderly. She found that the ratio of the maximum transverse diameters
of the epiphyses to its diaphysis provided consistent age and sex
differences for children aged one to eight years old, and that the
distal radial epiphysis to diaphysis ratio did not exceed 1.00 until
after eight years of age. Therefore, by multiplying the radial
epiphysis' maximum transverse diameter x 100, and then dividing by
the distal fadial diaphysis' maximum transverse diameter, Sawtell
obtained her Radius Index measurement. Sawtell remarked that both
she and Western Reserve University Professor T. Wingate Todd had
selected the distal radial epiphyses and the metacarpal and phalangial
epiphyses as the most promising aspects of the hand with which to
solve the separate problems of differentiation uniformity and qual-
itative trait variability.

In her next report, with permission from Professor Todd,
Professor Sawtell used her Radius Index to assess Western Reserve
University's x-rays (Sawtell, 1929b). She compared her Bureau of
Educational Experiment's children with Todd's Cleveland children
(Table 2.22).

In 1930 Western Reserve University Professor T. Wingate Todd
actively entered the research field of skeletal development. The
first volume of the 1930 Child Development periodical contained

three of Todd's articles on skeletal development.
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Table 2.22

Sawtell's Comparison of the Bureau of Educational Experiments
Sample and the Cleveland Sample (Sawtell, 1929)

Bureau of Educational Experiments Sample

Age(yrs) Boys Girls
N Mean N Mean
1 10 17.4 7 24.9
2 15 43.4 11 55.7
3 16 59.2 14 70.3
4 21 66.2 24 79.4
5 22 76.7 24 87.5
6 . 20 83.0 21 91.0
7 11 91.6 15 95.5
8 10 95.0 10 99.8
Cleveland sample
Age (yrs) Boys Girls
N Mean N Mean
5 9 79.3 9 89.1
6 40 83.8 31 89.3
7 40 89.3 32 92.9
8 44 94.0 30 99.3

Told's first report contended that skeletal development specialists
based their estimates of children's age of epiphysial union on insuffi-
cient valid evidence (Todd, 1930a). He said that basically their esti-
mates came from Henle's 1891 report. 1In spite of impressive sample sizes,
because x-ray researchers had never compared children's actual bones with
x-rays of those bones, Todd questioned their observations. Additionally,
Todd stated that because those x-ray workers failed to learn the skeletal
maturation patterns of primates, they could not comprehend the skeletal

maturation patterns of humans. Because Western Reserve University's
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Hamann Museum housed more quantifiable human skeletons than any
other institution, Todd said that no one could successfully refute
his observations. The Hamann Museum possessed 200 children and young
people skeletons, 150 anthropoid skeletons, and more than 850
mammalian skeletons.

Todd explained that although developing epiphyses form a
nearly perfect cap, when this cap was large and complicated or deeply
embedded in soft tissue, its x-ray easily confused the untrained
worker. Therefore, he re-emphasized that except for those few x-ray
workers that he had trained with actual skeletons, x-ray researchers
could not relate the x-ray to the actual.

To evaluate the several stages of epiphysial union throughout
the body, Todd exaﬁined the Hamann skeletons. After careful analysis
he decided to label epiphysial unions as: (0) no union; (1) com-
mencing union; (3) recent union; and (4) completed union. If the
x-ray showed an indefinitely outlined whitish margin, then the actual
bones showed slight bone tissue condensation between the diaphysis
and epiphyses. When Todd compared the x-rays with the actual bones
in his "commencing union" stage, he said that the actual bones showed
the progressive narrowing of the diaphysoepiphysial gap. And he
said that for a period of six months after epiphysial-diaphysial
fusion, a fine red line marked the site of the union and this post-
fusion red line eventuated to a white scar. Todd labeled the white

scar stage as his "completed union" stage. By averaging the scores
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he assigned to every epiphyses in the skeleton, Todd estimated the
skeleton's epiphysial maturation. Through careful dissections, Todd
found that those epiphysial ossification stages occurred in other
mammals as well as man.

Because he questioned the reliability of epiphysial union
data of the standard anatomical textbooks, in 1923 Todd had asked his
graduate student, P.H. Stevenson, to trace the origins of those data.
Stevenson reported that except for Dwight's daﬁa in Piersol's Human
Anatomy textbook, the standard anatomical textbooks based their data
on Henle's 1871 report. Therefore, by examining the Hamann Museum's
collection §f over 200 children and adolescent skeletons, Todd compared
the actual bones and the x-rays of those bones to find the facts
about epiphysial union (Todd, 1930b). Because Todd discovered the
epiphysial development proceeded in a complicated manner, and
because previous skeletal maturation research lacked fundamental
comparitive information, in spite of adverse reactions to Stevenson's
1924 report, Todd delayed his rebuttal until he clinically applied
his observations. After analyzing the x-rays of over 1,000 living
children and clinically applying his observations, Todd answered
those opposed to Stevenson's 1924 report.

The x-ray sites where Todd said that workers could readily
ascertain the successive stages of epiphysial development were the
distal radial epiphysis and the distal humeral epiphysis. Todd
described nine stages of epiphysial maturation (Table 2.23).

In his third article in the 1930 volume of Child Development,

Todd discussed the principles of skeletal maturation and differentiation
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Table 2.23

The nine epiphysial maturation stages that Todd described (Todd, 1930b)

Stages

Description

1

While a spherical epiphysial nodule progressively
ossifies to reproduce the outline of the growing carti-
laginous epiphysis, the diaphysis likewise ossifies.

Adjacent to the delimiting epiphysial and diaphysial
surfaces, the bone texture changes. On the X-ray stage 2
shows a hazy ribbon between the surfaces.

The bony outlines develop a thin coating of more
condenced osseous tissue. On the X-ray, Stage 3 shows a
fine delimiting line of bone between the surfaces.

The bony outlines parallel each other. On the X-ray
stage 4 shows a closing of the epiphysial-diaphysial gap.

The bony outlines parallel each other. On the X-ray
stage 5 shows a definite parallelism in the clear billowy
bony outlines.

The bony outlines narrow. Todd corresponded his stage
6 to Hellman's Stage B.

The bony outlines erratically extend across the epiphy-
sial-diaphysial gap from the deeper surface towards the
outer bone surfaces. On the X-ray, stage 7 shows as patchy
irregularity of opposing surfaces with isolated double
fine parallel lines. Todd corresponded his stage 7 to
Hellman's Stage C.

On the outer surface of the bone the bony surfaces
appear as a thin red line. On the X-ray, stage 8 shows a
thicker single white line. Todd corresponded his stage 8
to Hellman's Stage D.

The osseous trabeculae extends from the shaft through
the epiphysis and the bone loses all traces of epiphysial
differentiation. Todd corresponded his stage 9 to Hellman's
Stage E.

in the knees, elbows, and hands (Todd, 1930c). He noted that whereas

epiphysial growth merely increased the bones' dimensions, when the

shaft of the bones grew, the bones changed their proportion as well

as their dimensions. As evidence that skeletal maturation disabilities

involved only dimensional stunting and not differentiational stunting,

Todd pointed to the number of short people versus the number of people

with inhibited skeletal differentiation.
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To select the X-ray standards for his skeletal maturation
atlas, Todd catalogued his 1,000 hand-wrist X-rays by sex into six
month age intervals. Then, within each group he ordered the X-rays
from least to most differentiated. And finally, he selected the
X-ray nearest the mean value as each group's standard. Thereafter,
whenever they evaluated the skeletal age of their sample, Western
Reserve University's child growth and development research team used
Todd's atlas.

Todd acknowledged that Professor Sawtell had checked her
Radial Index against his qualitative study, and that she had found
both methods equally dependable. Therefore, when Todd discussed the
principles of differentiation, he concluded that while the maturation
process of the short bone shafts in the hand, the ulnar and radial
epiphyses, and the carpals each uniquely described children's hand
and wrist skeletal development, the distal radial epiphysis described
hand-wrist skeletal development better than the rest.

In addition to his previous complaints about X-ray workers
lacking training in reading X-rays properly and in understanding
mammalian skeletal development, Todd argued that when those workers
proposed a natural variability in skeletal development, they incor-
rectly analyzed the conditions under which those alleged variabili-
ties occurred (Todd, 1931). When workers argued that the male and
female skeletal maturation pattern differed, Todd countered that man
and woman manifested a single genetic plan. While Todd found that
female hands matured earlier than male hands, he also found that the

female precosity did not proceed linearly (Table 2.24). Each grbup
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Table 2.24

The female advantage over males in skeletal differentiation (Todd, 1931)

Ages Skeletal Differentiaticn Advantage (months)
(Years) Knee Hand Elbow

5-0 to 5-5 6 0 (0]

5-6 to 5-11 6 0 0 |
6-0 to 6-5 6 6 0 :
6-6 to 6-11 12 6 0

7-0 to 7-5 15 6 0

7-6 to 7-11 12 6 0

8-0 to 8-5 9 6 15

8-6 to 8-11 12 4 9

9-0 to 9-5 6 0 6

9-6 to 9-11 18 0 6

10-0 to 10-5 18 12 24
10-6 to 10-11 24 15 24 :
11-0 to 11-5 18 18 18

11-6 to 11-11 12 12 12
12-0 to 12-5 12 12 22

12-6 to 12-11 6 4

had 20 to 25 subjects. Todd noted that at about nine years of age,
the females' skeletal differentiation rate slowed until the sex dif-
ference disappeared for the hand and almost disappeared in the knee

and elbow joints, but that after the tenth year, the females' skeletal
differentiation rate accelerated again.

From 13 years of age upward, Todd evaluated children's skeletal
development by epiphysial union (Table 2.25).

Studying the relation of race to skeletal maturation, Todd
found that while white males and Negro males "punched the time clock
together" and probably white and Negro girls also, American boys and
girls skeletally differentiated a couple of months earlier than Italian
boys and girls.

After examining the relationship between children's

bodily forms and rate of skeletal differentiation, Todd concluded that
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Table 2.25

The female advantage over males in the
age of epiphysial union (Todd, 1931)

.- AGE (years) Epiphysial Union Advantage (months)
12-6 to 12-11 18
13-0 to 13-5 18
13-6 to 13-11 18
14-0 to 14-5 15
14-6 to 14-11 12

15-0 to 15-5
15-6 to 15-11
16-0 to 16-5
16-6 to 16-11

oOwo o

children with advanced height and weight displayed advanced skeletal
developmentQ

Eleven years after Prescott's monograph, Harvard University
Professor Psyche Cattell re-examined Prescott's D/W ratio (Cattell,
1934). Cattell concluded that because both the numerator (D) and
the denominator (W) increased with age, Prescott's ratio and any
similarly designed index failed to provide satisfactory results.

To determine an objective ossification measurement, Cattell
selected 54 annual X-ray plates of 9 feeble-minded girls from 12 to
18 years old. After inspecting those X-rays, Cattell decided on the
following four measurement criteria: 1) the measurements should be
objective, 2) the measurements should not be influenced by hand posi-
tion changes during the X-raying procedure, 3) the measurements should
be taken only on those bones that showed a prolonged growth period,
and 4) the measurements should give equal weighting to the short bones,
the long bones, and the epiphyses. Using those criteria, Cattell

chose twelve measurements to begin her study (Table 2.26).
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Table 2.26

The twelve hand-wrist measurements that Cattell used in her
search for an objective assessment method (Cattell, 1934)

Number Description of the measurement

1-5 The widest diameters of the Capitate, the Triangulate,
the Lunate, the Havicular, and the Greater Multangular.
6-7 The lengths of the first and fifth metacarpal shafts.
8-9 The maximum transverse widths of the first and fifth
metacarpal shaft and the proximal fifth metacarpal shaft.
10-11 The maximum transverse widths of the distal first
metacarpal shaft and the proximal fifth metacarpal shaft.
12 The maximum transverse diameter of the distal radial
. epiphysis.

Because independent measurements by two regular Harvard
Growth Study research assistants correlated at .95+, Cattell concluded
that her twelve measurements not only compensated for random'experi-
mental errors, but also provided total annual increments sufficient
to be reliable from birth through early adolescence.

Supported by a General Education Child Development Research
Fellowship, University of Chicago's Charles D. Flory searched through
anthropometric measurements and osseous indices to find a measure from
which he could predict the age at which females reached puberty (Flory,
1935a). From the University of Chicago Laboratory Schools' Cumulative
Records System, Flory selected 80 girls on whom they had taken yearly
measures beginning with their tenth birthday. Flory chose to study
females because the Child Research Center had more complete records
on girls than on boys and because he could use the girls' first date
of menstruation as a criterion of onset of puberty. Flory chose the
following anthropometric measurements: 1) head width, 2) head length,

3) chest girth, 4) chest depth, 5) chest width, 6) lung capacity,
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7) iliac width, and 8) trochanter width. The osseous indices that
Flory chose were: 1) the Freeman-Carter Carpal Ossification ratio,
2) the age at Pisiforme appearance, 3) the age at the appearance of
the sesamoid at the distal end of the first metacarpal, and 4) Flory's
undefined skeletal age value. Flory determined that all of the osseous
indices predicted the onset of female puberty better than any anthro-
pometric measure, and that the girls' age at the time their first
metacarpal appeared, coupled with their age when their Freeman-Carter
ratio exceeded 1.00 provided the best predictor of the age at onset
of female puberty.

From examining the right hand X-rays of 100 newborns, 300 one
to four year old children, 6000 University of Chicago Laboratory
School children, and 200 University of Chicago students, Charles D.
Flory determined sex differences in the rate of skeletal growth and
degree of skeletal maturation difference by the following four pro-
cedures (Flory, 1935b). 1) At annual intervals for each sex, Flory
selected the X-ray typical of that group's skeletal maturation. When
he compared the male and female standards, Flory found that the five
year old female standard equalled the six year old male standard and
the twelve year old female standard equalled the fourteen year old
male standard. When he used epiphysial closure in the hand as his
skeletal maturity standard, Flory found that fifty percent of the
girls reached completed skeletal maturity by age seventeen, whereas
fifty percent of the boys did not reach completed skeletal maturity
until they were eighteen and one-half years of age. 2) Because the

appearance order of the Naviculare, Lunatum, and Triquetrum carpals
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related inversely to their eventual size, their area growth curves
had to cross. Therefore, by using the age at which those three area
growth curves crossed as a measure of skeletal maturity, Flory found
that the girls' Naviculare, Lunatum, and Triquetrum growth curves
crossed at age eight and one-half years whereas the same curves in
his male samples did not cross until the boys reached ten years of
age. 3) By using total carpal area as a measure of skeletal maturity,
Flory found that the girls neared their maximum total carpal area at
fifteen years, whereas the boys did not near their maximum total
carpal area until they were seventeen years of age. 4) By using the
children's Freeman-Carter method as a measure of skeletal maturity,
Flory found that the girls reached the 1.00 ratio just prior to age
twelve years, whereas the boys did not reach the 1.00 ratio until
almost fourteen years of age. Flory concluded that those four findings
supported Pryor's contention that female hands matured earlier than
male hands, first by days, then by months, and eventually by years.

In his 1936 Monograph, Charles D. Flory summarized the litera-
ture on children's hand-wrist development (Flory, 1936). In his
opening statement, he presented: 1) the University of Chicago Labora-
tory School children's skeletal development norms, 2) his evaluation
of the Freeman-Carter method, 3) his own skeletal development rating
technique, and 4) a discussion of the predictability of several skeletal
development measures.

As early as five years after the University of Chicago study
that started in December of 1921, University of Chicago master degree

candidate Paul M. Cook questioned the validity of the Freeman-Carter
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method. Flory cited the following three reasons why the Freeman-
Carter method failed: 1) the slightest positional change during the
X-raying procedure altered the resulting ratio, 2) because the first
metacarpal epiphysis appears after one year of age for infant
measures workers had to guess at that carpal quadrilateral landmark,
and 3) when the children's skeletal maturity approached adult status,
workers had problems locating the quadrilateral landmarks on the
distal radial shaft and the distal ulnar shaft.

Because he determined that no ratio index could provide a
completed skeletal development value, Flory developed an inspectional
procedure fér evaluating carpal development. As early as 1931, Flory
supplemented the quantitative methods with his inspectional method.
While Todd used the wrist as but one of several areas for which
researchers could assess skeletal maturation, Fléry explained that
because he found X-raying several different joint areas and assessing
those X-rays expensive and time consuming, he assessed only the wrist.
Flory said that not only does the wrist X-ray easily, but complete
skeletal maturation occurred in the wrist. Flory admitted that he had
utilized many of Todd's suggestions.

For both sexes at annual increments between eight and seventeen,
Flory selected 100 high quality X-rays. After arranging each group's
X-rays from least to most skeletally mature, Flory chose the median
X-ray as each group's standard. Then, Flory requested twenty graduate
students and professors to independently order those standards from
least skeletally mature to most skeletally mature. In every case,

those untrained persons arranged Flory's standards as Flory had
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selected them. Along with the X-ray standard for each group and sex,
Flory provided a written description of the skeletal maturation
changes since the preceding standard.

One year after Flory's monograph, Professor T. Wingate Todd
published his own Atlas of Skeletal Maturation (Hand) (Todd, 1937).
Although Todd criticized Flory's work because Flory had studied only
the hand and only hands of healthy youngsters, Todd did credit Flory
with a useful research contribution to the study of skeletal matura-
tion (Todd, 1937). Todd noted that during March of 1934, while he
struggled with the verbal descriptions for his own standards, Dr.
Flory had visited Todd's laboratory.

By 1937, Todd had already developed four separate sets of
standards. He created his earlier 1927 and 1931 standards from
chance selection of school children. But, because 1) Todd wanted
age standard deviations of no more than three months for each standard,
2) his random sample selection had provided too few X-rays showing
equal skeletal maturity throughout the skeleton, and 3) Todd had
inadequate serial X-rays of children, Todd refused to publish either
his 1927 or his 1931 standards. While his 1934 standards did have
enough serial X-rays and sufficiently low age standard deviations,
Todd still had reservations about the number of X-rays that showed
unequal skeletal maturity throughout the skeleton. Even though his
1935 standards still had a few X-rays which displayed incongruent
total body skeletal maturity, Todd decided to footnote his concern

about those X-rays and publish his 1935 standards.
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To create his 1935 standards, Todd and Dr. Carl E. Francis
assessed over 4000 children's X-rays at least twelve times each, or
almost one-half million separate X-ray readings. To select his age by
sex standards, Todd divided the X-rays by sex into six month age
groups. Within each of those groups, in addition to Dr. Francis and
himself, Todd asked various assistants and Dr. H. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>