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ABSTRACT

VALIDATION AND APPLICATION OF A
NONINVASIVE PREDICTION OF ADULT HEIGHT
By

Wesley Robert Waggener

Traditionally, methods for predicting adult height have been used for clinical purposes in
the diagnosis and treatment of growth pathologies. There has been an increase in the
interest of predicting adult height of children in the field of kinesiology. Likewise, there
is similar interest in noninvasive methods of predicting adult height, such as the Khamis-
Roche [KR] (1994) method. The attractiveness of the KR method to predict height is its
applicability as a biological maturity indicator. Percentage of [predicted] adult height, a
somatic maturation indicator, has yielded favorable results in recent studies involving
youth sports, albeit, without serial data. The purpose of this study is to validate the KR
method of predicting adult height with a longitudinal data set of boys and girls. The KR
method was also examined in terms of rate of maturatioq. The second purpose of this
study was to examine the accuracy of the KR method in estimating biological maturity
(predicted percentage of adult height). Samples of 205 boys and 227 girls had heights
predicted semi-annually from ages 4.0 to 17.5 years of age. Accuracy of prediction was
based on calculation of the median absolute deviation (MAD) at each chronological age.
ANOVA of condensed means for boys and girls revealed statistically significant
differences for average of 50% (MAD) and 90% error bounds. Averages of the MAD for

boys and girls, however, were within acceptable range of errors. When boys and girls



were separated into early-, average-, and late-maturing groups, significant differences
were reported for gender and maturation category. Average-maturing boys and girls
reported lower MAD values than late- and early-maturing boys and girls. Predicted adult
height was used to calculate predicted peréentage of adult height (PPAH) with
corresponding z-score (PZ). The PZ was used to assign boys and girls to early-, average-,
and late-maturing categories. The frequencies of PZ were compared to frequencies
generated from z-scores (AZ) calculated from the actual percentage of adult height
(APAH). Chi Square analysis confirmed similar frequency distributions for most ages

for boys and girls.
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CHAPTERI1

INTRODUCTION

Prediction of Adult Height

The height of an individual is often an important variable in studies of
kinesiology, but it is also an important concept in various practices of human
performance. Parents, teachers, family members, and friends take an interest in a
person’s height. Height (recumbent length) is measured at birth and is frequently
reported along with weight. Stature is often reported on sport team rosters and health
records. Parents, as well as their children, are frequently curious as to how tall children
will become. Thus, potential adult height is of great concern to parents, physicians,
teachers, and coaches, especially in the pre-adolescent and adolescent periods (Sodhi,
Malhotra, & Saini, 1982; Zaréw, 1997). The interest in ascertaining adult stature of
individuals, while they are yet in their childhood years, has been evident throughout
human existence. The nature of investigating the prediction of adult height has revolved
around a physician’s need to know, as well as that of the kinesiology practitioner.

Prediction of adult height has largely been developed by examining variables
linked to growth in stature and, subsequently, to skeletal maturation. Statistical
procedures have identified skeletal maturation to be the most influential of these variables
(Bayley, 1946; Bayley & Pinneau, 1952; Drayer, 1997; Onat, 1975, 1983; Shuttleworth,
1939; Tanner, Whitehouse, Marshall, & Carter, 1975; Tanner, Whitehouse, Marshall,
Healy, & Goldstein, 1975), especially when used in conjunction with other variables
(Mészaros, Szmodis, Mochacsi, & Szabo, 1984; Roche, Wainer, & Thissen, 1974).

Furthermore, there are several methods to date that can be used to predict a child’s



height. Naturally, when conducting research, there is going to be concern for the amount
of error associated with each method, because there are consequences to an erroneous
prediction, whether the need for prediction is medical or motor performance related. The
need for this study is centered on the validation, medical application, and motor

performance utility of these prediction methods.

Need for the Study

Historically, three major studies are considered seminal pieces of literature on the
prediction of adult height. These include the research of Bayley and Pinneau (1952);,
Roche, Wainer, and Thissen (1974); and Tanner and his colleagues (Tanner, Whitehouse,
Marshall, Healy et al., 1975). Each of these research teams has validated its methods of
predicting adult height with large samples, in addition to being validated with other data
samples. This is considered good practice in that the establishment of any prediction
method should always be followed up by validating it with other data sources (Roche,
1980). In fact, validation of any height prediction method for children against other
groups of children, independent of the data set used to derive the prediction equations, is
an absolute necessity (Hintz, 1996).

Prediction equations should be validated for both sexes and at each stage of
growth and development (Zadik, Segal, & Limony, 1997). Some prediction methods that
have been developed are limited by having longitudinal samples of only one sex, such as
the Beunen-Malina method (Beunen et al., 1997).

Validation of prediction methods is generally performed with normal populations

(i.e., those that are free of disease), however, validation of prediction methods with



pathological populations also has utility. For this reason, Bramswig and colleagues
(1990) sought to examine the accuracy of five different methods of predicting growth
because the main prediction methods being used to treat clinical cases, such as
constitutional delay of growth and puberty (CDGP), were developed with “normal”
samples. Other concerns for validation come from Joss, Temperli, and Mullis (1992)
who state that the criteria for a good prediction method are reasonable accuracy over a
large age range, small prediction error, and, if possible, validity for tall, short, and normal
children.

The medical community has forged the impetus for the prediction of adult height.
The accurate prediction of adult height is important in assessing the need for
pharmacological intervention on growth and in evaluating the outcome of any associated
therapy (Zadik et al., 1996). Due to the impact, strength, and reputations of the three
primary prediction methods (Bayley-Pinneau [BP], Roche-Wainer-Thissen [RWT], and
Tanner-Whitehouse Mark II [TW2]), many clinical studies have utilized these methods.
Unfortunately, only the BP method was tested on both normal and pathological
populations. The ease of use of their tables and the validation of the BP method on
different populations are probable reasons for most researchers to use the BP method.

Another strength of these three primary prediction methods was the inclusion of
skeletal age as a variable in which hands and wrists were examined using Roentgenic (X-
Ray) technology. Prediction of final height based on bone age assessments has become
an important tool in the management of patients with growth disorders, although the
limitations of these predictions and the normal variability in bone age progression need to

be clearly understood (Drayer, 1997). While skeletal age is clearly a dominant factor in



predicting adult height, there was a need to develop a method that does not introduce a
child to radiation exposure. The Khamis and Roche method (1994) is the dominant study
to date that addresses a noninvasive approach to predicting adult height.

While most of the applications of the adult height prediction methods have been
utilized in the medical and endocrinology areas, there is a need for predicting adult height
for kinesiology practitioners. One such examp'le is that of talent selection. Because
stature is one of the most important morphological characteristics in a majority of sport
activities, Sodhi, Malhotra, and Saini (1982) studied the heights of Punjabi boys ages 12-
17 years. They were compelled to undertake this study because they believed, that to
select a potential athlete at a young age, it is desirable to predict the adult height from his
stature during childhood so that he can be advised on the sport for which he is likely to be
most suited. Thus, knowing a child’s predicted height can allow a coach to gain an
insight into the potential of an athlete based on how tall he/she might become.

Height is important in various positions on team sports and in the success of
individuals in some individual sports. This concept was the impetus for the research
conducted by Mészaros, Szmodis, Mochacsi, and Szabé (1984) in which they sought to
develop a method to predict the adult height of Hungarian youth. Talent selection,
however, should not discourage participation in an activity. That should never be a goal
of height prediction. Nicoletti (1988) stated that the prediction of adult height “is useful
in guiding choices about sport and perhaps the chances of success in sport” (p. 19).

Another area where practitioners can utilize height prediction also falls within the
domain of youth sports. Because children grow and mature with considerable variation

in rate, chronological age is not always the most appropriate way to group children in



activities. Grouping youth by skeletal maturation, however, might create heterogeneous
ability groups. A noninvasive method of predicting adult height would assist in grouping
these children by a predicted percentage of adult height. Grouping strategies based on
physical size or biological maturity status may foster continued skill development and
deter attrition of skilled yet smaller, later maturing athletes, especially during adolescence
(Malina, Cumming, Morano, Barron, & Miller, 2005).

Researchers in kinesiology can also benefit from predicting adult height.
Georgopoulous and colleagues (2001) utilized two methods of height prediction to
determine the validity of the relationship of physical training and growth stunting. The
study provided a strong argument for the necessity of height prediction methods in
research related to issues of youth sports.

Height predictions, irrespective of the methods used for their estimation,

have been criticized for their inherent inaccuracy. Although definite

conclusions should not be made unless adult height will be attained, in the

vast majority of examined athletes, the finding of an almost identical adult

height to the initially predicted adult height in those athletes who fulfilled

their skeletal development, argue against an overestimation of our

predictions of adult height (p. 5159).

The Khamis-Roche (KR) method is unique in that it is a noninvasive method of
predicting adult height. Because of the ease of use and acceptable range of error, this
procedure has been utilized in recent research. Several studies (Battista, Cumming, &
Malina, 2003; Dompier, 2005; Morano, 2003) have used the Khamis-Roche method of
predicting adult height for establishing indicators of maturation within field studies of

youth sports and human performance. With increased interest and usage of this method

of height prediction, it is necessary to ascertain where the greatest source of error in



prediction occurs. Furthermore, the KR method is being applied to methods of
_noninvasive maturation indicators without having additional longitudinal validation.
Finally, there is a need to study height because of the psychological
considerations that come with height. A child’s perception of predicted height can
sometimes deter him/her from participating in a physical activity. As well, some children
are encouraged to participate in activity because of the benefits of their current and/or
predicted stature. More importantly, perceptions of height have been linked to self-
esteem. Recently, there has been some consideration of psychosocial aspects regarding
height. One study (Erling, Wiklund, & Wikland, 2002) focused on the psychological
functioning of boys of short stature, as defined by growth hormone (GH) insufficiency.
The investigators found that boys with growth hormone insufficiency had a more
negative self-perception of their physical appearance than a normal height sample.
Additionally, they found that the lower the levels of GH, the more inhibited the boys of
short stature were perceived to be by both themselves in a self-rating and by their parents.
Hunt, Hazen, and Sandberg (2000) believe that short stature is associated with
significant problems of psychosocial adaptation and that hormone-induced increases in
growth and height will be associated with improvements in psychosocial functioning in
both the short- and long-term. While improvements are linked to increased measured
heights, Hunt and colleagues postulate that if perceived height is more closely related to
psychosocial adaptation than is measured height, then a therapeutic approach concerned
only with the outcome variables (i.e., measured height or growth hormone therapy) may
result in unexpected and potential negative psychosocial outcomes. In their study,

patients and parents generally over estimated their predicted heights. Perceptions of



taller stature were associated with increased patient and parent satisfaction with the
child’s height. Furthermore, these short stature patients scored higher on physical
appearance and global self-worth questionnaires when they perceived themselves to be
taller. Finally, the overestimated height also yielded few behavior problems. The authors
believe perceived height is more closely linked to psychosocial adaptation than is
measured height.

Player grouping strategies of youth football players based upon physical size or
biological maturity was addressed by Malina, Cumming, Morano, Barron, and Miller
(2005). This study examined a noninvasive way to match players based on size rather
than chronological age for reducing the risk of injury and fostering increased skill
development of later maturing athletes. There were also psychosocial implications for
conducting this study. For example, some youth athletes may not persist in an activity if
they view participating with younger players as a negative judgment on their playing
ability. Similarly, younger athletes that are advanced in skill may not be able to cope
with older athletes on an emotional, social, and/or cognitive level.

There is a logical need for predicting adult height in studies of kinesiology as well
as within the professions of teaching and coaching. A method with the smallest margin
of error, ease of acquiring data, minimal expense, and no adverse effects on the
participants will best suit research and application in the field. An increase in the
application of height prediction in studies of human performance and kinesiology clearly
indicate a need to develop a method suited for youth sports and physical education

activity programs.



Purpose of the Study

While there has been widespread use of adult height prediction methods in
auxology and clinical endocrinology, there is an increasing need for predicting adult
height in kinesiology, particularly in laboratory research and certainly in field studies.
Prediction methods have been developed and utilized with skeletal age as a key variable.
The use of skeletal age, while proven effective in predicting adult height, has also proven
to be expensive, dubious in the reliability of the rater, and invasive by exposing young
participants to radiation. In recent years, a method has been developed that substitutes
chronological age for skeletal age, thereby removing the harmful effects of the use
radiation (Khamis & Roche, 1994; Roche, Tyleshevski, & Rogers, 1983). The KR
method has been validated by the authors with longitudinal data and has been utilized by
other investigators (Battista et al., 2003, Cumming, 2002; Dompier, 2005; Malina,
Cumming, Morano, Barron, & Miller, 2005; Morano, 2003) in their own studies.
Because of the interest in and potential use of this prediction method, it is the purpose of
the current study to validate the KR method of predicting adult height with a sample of
boys and girls. Validating a method with different populations is recommended (Roche,
1980; Hintz, 2001) when attempting to substantiate the effectiveness of a prediction
method.

The validation of KR with the mid-Michigan sample will employ the same
procedures used by the original authors. In this way, the accuracy of the KR method can
be examined in terms of various periods of childhood and adolescence. Specifically, this
study will examine how accurate the KR method is with respect to rate of maturation

(early-, average-, and late-maturing) as revealed by serial data on height.



An additional purpose of this study is to validate the utility of noninvasive
prediction of adult height as a variable in noninvasive somatic maturation indicators.
Recent studies in youth sports have utilized the KR method to calculate a predicted
percentage of adult height in order to assign a group of children to early-, average-, or
late-maturing status. The accuracy of the predicted somatic maturation method can be
validated by comparing it to the actual percentage of adult height collected from serial

measurements of height.

Scope of the Study

The magnitude of this study is three fold. First, there is a need to validate the
Khamis-Roche method of predicting adult height with a sample comprised of both boys
and girls (Haubenstricker, Branta, & Seefeldt, 1999), a longitudinal Motor Performance
Study (MPS) conducted at Michigan State University that investigated growth and motor
performance. The purpose of this validation is to compare the results with those of the
original sample, the Fels Longitudinal Study. Additionally, there is a concomitant
purpose of investigating the magnitude of error based on biological maturation
(percentage of adult height attained). In this way, the accuracy of the KR method can be
determined for early-, average-, and late-maturing boys and girls at different
chronological ages.

Finally, the intention of this study was to validate an application of predicted adult
height data to provide a noninvasive estimate of maturity status. The predicted height for

each participant will be used to calculate a (predicted) percentage of adult height attained.



With this data, the accuracy of the predicted percentage of adult height can be compared

to actual final height in determining rate of maturation at each chronological age.

Research Questions

The current research and literature on predicting adult height, in conjunction with

the need for predicting adult height, has given rise to the following research questions:

1.

What is the validity of the Khamis-Roche method (or how accurate is the method)
of predicting adult height as applied to a sample of boys?

What is the validity of the Khamis-Roche method (or how accurate is the method)
of predicting adult height as applied to a sample of girls?

How accurate 1s the Khamis-Roche method when evaluating early-, average-, and
late-maturing boys and girls.

Does the Khamis-Roche method accurately provide biological maturity estimation
by separating early-, average-, and late-maturing boys with a predicted percentage
of adult height when compared to actual percentage of adult height?

Does the Khamis-Roche method accurately provide biological maturity estimation
by separating early-, average-, and late-maturing girls with a predicted percentage

of adult height when compared to actual percentage of adult height?

Limitations

One of the limitations encountered in this study is inter-rater reliability. The

Motor Performance Study at Michigan State University was initiated in the December

1967 by Dr. Vern Seefeldt. The growth measurements in the study were taken according

10



to established protocols (see Appendix A). Although no formal intra- and inter-
individual errors were calculated, growth measurements were taken under the supervision
of the principal investigator (Seefeldt). Duplicate measurements were taken by trainees
and the principal investigator until the trainees demonstrated consistency in measurement
with that of the principal investigator. However, across the 37-year history of the study,
most of the growth measurements were taken by three faculty investigators. While error
In measurement 1s standard practice for anthropometric studies, the training, experience,
and reputation of the investigators should offset the fact that there is no reported technical
error of measurement values for the growth measurements.

Secular trend could be an issue in this study. Data collection began in December
1967 which means that a potential sample for this study could span nearly four decades
with some participants of the MPS concluding their serial measurements as recently as
2004. The secular increase for height has been recorded in other countries, albeit, the
phenomenon has been slowing and is reported primarily for developing nations (Hauspie,
Vercauteren, & Susanne, 1997, Karlberg, 2002; Matsuoka, Sato, Sugihara, & Murata,
1999; Murata, 1997) . Karlberg (2002) reported a global secular trend in adolescent
growth and subsequent increased mean final adult height. He also reported a propensity
for earlier puberty, but that it is not strongly connected to the increase in height.
However, this is in contrast to other findings (Matsuoka et al., 1999; Murata, 1997).
Matsuoka et al. (1999), for example, reported that secular trends towards taller stature
and earlier maturation are linked to improvements in nutrition and health, as evident in an
observed secular trend initiating in 1900 for all of Japan. Their 1997 study reported that

bone maturation reflects their nation’s secular trend in height. With a series of 1986 and
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1996 X-ray samples, they found that these data parallel secular trends in height and
change in bone maturation, citing a relationship between growth and bone maturation.
Murata (1997) reported a plateau affect for Japanese increase in height in the mid-1980s.

The secular trend in height has not been as evident in North American populations
as in Asian and European countries. Secular trends in growth for the United States have
been reported by the National Center for Health Statistics, Centers for Disease Control
and Prevention. Roche (1995) wrote, “For children and adolescents aged 6-17 years, the
secular trends in stature from NHES II (National Health Examination Survey Cycle I
ages 6-11 years, 1963-1965) and NHES III (National Health Examination Survey Cycle
111, 12-17 years, 1966-1970) to NHANES I (National Health and Nutrition Examination
Survey, 1971-1974) , II (1976-1980), and III (1988-1994) have been small or nonexistent,
except for an increase of approximately 2.2 centimeters at the 85th percentile level for
males between NHES and NHANES III”” (p. 10).

The current study is also limited by ethnicity in that a preponderance of the
sample population is white or Caucasian. The majority of children in this study are from
a mid-Michigan populace approximately 119,128 with 65% being White, 22% African-
American, 10% Hispanic, and 3% Asian ("AreaConnect," 2004). Over 95% of the
participants in the study are Caucasian and represent 21 different school districts in this
mid-Michigan area. Although human beings are considered to be more similar than
dissimilar, it is clear that variations in genotypic and phenotypic characteristics exist
among groups of people that claim a specific racial and/or ethnic background (Malina,
Bouchard, & Bar-Or, 2004). This is particularly important in studies of growth and

maturation. For example, Murata (1997) found that Japanese children tend to attain
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skeletal maturity 1 to 2 years before samples of British/UK, Belgian, and Chinese
children. While the Murata (1997) study focuses on differences in Asian and European
samples, the uniqueness of the United States, as a melting-pot society, tends to have
increased racial and ethnic heterogeneity in samples from this population.

The data collected for this retrospective study were mid-parent statures (see
definitions). A recall method was used to obtain the information. While a correction
factor was employed (Epstein et al., 1995), it should be noted that there is error in the
recall of adult stature. Recall is not as accurate as measured stature. Men tend to over
estimate their height and women tend to underestimate their height (Himes & Roche,
1982; Malina et al., 2004). Giles and Hutchinson (1991) reported that while men as a
whole will overpredict stature by a magnitude of 2.5 cm (1 in), women under estimate
their height to a lesser magnitude (1 cm or three-eighths of an inch) and thus, report their

heights more accurately than men.

Definitions

The following definitions will aid in understanding the terminology used in this
document.

APAH: The acronym used to designate the actual percentage of adult height is
APAH.

Adolescence: Due to the variation in the timing of the adolescent
(circumpubertal) growth spurt in boys and girls, the corresponding chronological age
associated with this period of growth is much more difficult to define. For this study, the

definition of adolescence by Malina, Bouchard, and Bar-Or (2004) is used. The age of



occurrence of adolescence in girls ranges from 8- to 19-years and boys from 10- to 22-
years.

Auxology: The study of growth and the principles of growth.

ASCA: The acronym ASCA defines a predicted adult height that substituted
chronological age for skeletal age using the Beunen-Malina method (Beunen et al.,
1997). The Beunen-Malina method of predicting adult height is a noninvasive method.

ASTW: This acronym stands for adult stature Tanner-Whitehouse and designates
an adult height prediction using the Tanner-Whitehouse method. The ASTW was tested
and compared against the Beunen-Malina method (Beunen, et al., 1997).

AZ: A z-score generated from actual adult height.

BA: The acronym BA defines bone age and is synonymously used with the
acronym SA, or skeletal age. Bone or skeletal age indicates the progress towards a
mature state of skeletal maturation, complete ossification of short bones, and the fissure
of the epiphyseal regions of long bones.

BM Method (of Predicting Adult Height): A noninvasive method to predict adult
height of adolescent boys (Beunen et al., 1997).

BMI: BMI stands for body mass index and is the most often used expression of

the relationship between height and weight. Mathematically, BMI is weight divided by

stature squared (BMI = weight + stature2 or kg + m2).

Biological Maturation: The term biological maturation is used interchangeably

with maturation, the progress towards a mature state and adult morphology of a
physiological system. It is important to understand maturity as a state and maturation as

a process (Malina et al., 2004).
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BP: The acronym BP stands for the method of adult height prediction derived by
Bayley and Pinneau (1952).

CA: The acronym CA indicates chronological age or calendar age. It refers the
time span from an individual’s date of birth to a designated point in time.

Childhood: The period of childhood begins with the first birthday of a child and
proceeds to the start of adolescence, in accordance with the definition of Malina,
Bouchard, and Bar-Or (2004). This period is partitioned into periods of early and middle
childhood.

Correlation: Basic statistics used in studies to explain a relationship amongst
measures of motor performance typically employ zero-order and partial correlation
coefficients (Malina, 1996; Malina et al , 2004). These relationships are interpreted using
the protocols established by Malina (1996). A coefficient below 0.30 will be considered
low, between 0.30 and 0.60 is moderate, between 0.60 and 0.85 is moderately high, and
over 0.85 are high.

CTS: The acronym designating constitutional tall stature is CTS. It is also
known as familial tall stature and is a typical overgrowth synd;ome.

Early Childhood: The period of time following the first birth date to about 5-

years of age marks the period of early childhood.

Final Height: Final height is defined as that height an individual will obtain as an
adult, with full skeletal maturation. While there are many ways to designate the
attainment of this phenomena, as studied by Kato, Ashizawa, and Satoh (1998), final
height for the current study is obtained when three successive, 6-month measurements of

height are within three (3) millimeters of each other. Measurements for growth and
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performance in the Motor Performance Study at Michigan State University occurred
every six months. Utilizing two series of longitudinal data, Kato and colleagues (1998)
found the definition of final stature as the greatest height of an individual measurement to
be the most practical.

GP: The acronym GP stands for Greulich-Pyle (Gruelich & Pyle, 1959) and is
designated as a method of assessing skeletal maturation. This method utilizes an atlas of
hand-wrist X-rays for comparison on individual long and short bones of the hand and
Wrist.

Growth: Growth is defined as an increase in size of a tissue or physiological
system. This study will focus primarily on the growth of osseous tissue and the skeletal
system.

Height: Used synonymously with the term stature, height will indicate the
tallness of an individual at a specified chronological age during growth or as an adult.

Height Prediction: The use of statistical procedures to estimate the final adult

height or adult stature.

ICPP: The acronym designating idiopathic central precocious puberty is ICPP.
Children diagnosed with ICPP tend to be growing at an unusually high rate. The concern
for these children is abnormally short stature. An early, increased rate of growth can
potentially lead to early cessation of growth.

KR: The acronym KR stands for Khamis-Roche (Khamis & Roche, 1994), a
multiple regression method of predicting adult height which utilizes the variables of

current height, current weight, and mid-parent height.
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MAD. The acronym MAD stands for median absolute deviation. The MAD is
the statistic used for accuracy in predicting adult height (Khamis & Roche, 1994; Wainer,
Roche, & Bell, 1978). Mathematically, the MAD is |y - 3|, where y represents the true
adult stature and y represents the predicted adult stature for an individual of a given age
and gender. For the given age and gender, P[|y - y| < MAD] = 0.50, by definition of a
median. Then algebraically,

P[-MAD <y -y <MAD]=0.50
P[y - MAD <y <y + MAD]=0.50
When the MAD is added to and subtracted from the predicted adult stature, an interval is
obtained within which 50% of the actual adult statures lie -- effectively, this is a 50%
confidence interval, and the MAD is referred to as the 50% error bound (Khamis, 2007a).

Maturation: The term maturation indicates progress towards a mature state in a

biological system. This study will focus on the skeletal system and the progress towards

a mature, fully ossified skeletal and adult morphology.

Middle Childhood: The time in which a child usually spends in elementary
school marks the middle childhood period. This is typical of children aged 5-years to the
beginning of adolescence.

Mid-parent Height (Mid-parent Stature): Taking the average of the height of the

mother and the father will yield mid-parent height. This calculation is commonly used in
formulae for target height and methods for predicting final adult height. Mid-parent
height is frequently used in parent-child stature relationships because it can summarize
genetic contributions of both parents and allow for appropriate statistical and genetic

assumptions (Himes, Roche, Thissen, & Moore, 1985).
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MPS: The Motor Performance Study (MPS) was a longitudinal study of growth
and motor performance of mid-Michigan boys and girls (Haubenstricker, Branta, &
Seefeldt, 1999).

Noninvasive Maturity Indicator: Identifying rates of maturation or stages of

change within a specific biological system that does not cause physical or emotional
harm to an individual will indicate a noninvasive measure or indicator. For example,
assessment of secondary sex characteristics, a method typically used to indicate overall
biological maturation, is considered invasive because of the cultural stigma assigned to
nudity, personal space, and physical contact. For this study, skeletal maturation assessed
by means of Roentgenic (X-ray) measures introduces radiation to a child and is
considered a physical threat to his/her health. Examples of noninvasive indicators are
percentage of adult height attained and predicted percentage of adult height.

Percentage of Adult Stature: A maturity indicator for the skeletal system,

percentage of adult height allows one to know how close an individual is to adult stature.
Serial measurements of height are necessary for this maturity indicator, and are only
helpful when retrospective inquiry is needed. Thus, this skeletal maturity indicator will
benefit researchers, but is not practical for professional practice in an immediate sense. A
synonym for percentage of adult stature is percentage of mature height (PMH).

PB1 The acronym PB1 represents the Preece-Baines Model 1 method of
calculating parameters of growth, namely peak height velocity, age at peak height
velocity, take-off of peak height velocity, and termination of peak height velocity.

PHV. The acronym PHYV stands for peak height velocity, the maximum rate of

growth of a child during adolescence. PHV is typically used as a maturation marker for
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both boys and girls in studies involving biological maturation as a variable because it has
been proven to correlate with the timing of other maturation indicators (i.e., secondary
sex characteristics).

PPAH: The acronym designating predicted percentage of adult height is PPAH.
Prediction: The usage of the term prediction in this paper will borrow the
definition used by Roche (1980) in which one or more variables noted at one age are used

to foretell a value at an older age.

Puberty: Puberty is often closely associated with adolescence and the
circumpubertal growth spurt. The choice of definition for the onset or timing of puberty,
as pointed out by Karlberg (2002), is dependent upon systems in questions (e.g.,
secondary sex characteristics, age at peak height velocity). For this paper, the timing of
the growth spurt and age at peak height velocity will be milestones for indicating puberty.

PZ: The acronym for a z-score generated from a predicted adult height rather
than an actual adult height, is designed by PZ.

Regression: Using arrays of correlated variables, the statistical procedure used to
predict one variable from one or more variables is called regression.

RUS: In the Tanner-Whitehouse method for skeletal age assessment, the RUS
portion includes the radial-ulnar skeleton.

RWT: The acronym RWT stands for Roche-Wainer-Thissen (Roche et al., 1974)
and designates the method of predicting the adult height of a child from data recorded
during an isolated examination. The data collected and measured during this examination

includes recumbent length, nude weight, mid-parent stature, and skeletal age as assessed
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by a hand-wrist X-ray and evaluated using the Gruelich-Pyle (Gruelich & Pyle, 1959)
method of skeletal assessment.

SA: The acronym designating skeletal age is SA. Skeletal age is a value used to
designate how close to adult morphology various selected bones are at the time of
assessment. There are three primary assessment methods, each yielding a different
skeletal age based on their own criteria (see Chapter 2 for a review of literature).

SSP: The acronym SSP designates the prediction of adult height method called
the Simplified Skeletal Profile (Nicoletti, 1988).

Stature: The term used to designate tallness of an individual will be shared by
both height and stature, as the two terms will be used interchangeably as synonyms.

TH (Target Height): Not to be confused with predicting final height, target height

will be used to designate genetic potential for growth in stature based on the principle of
mid-parent height. There are several methods for computing target height. These are
outlined in the section entitled “Adult Height Prediction” in Chapter II.

TWI1: The acronym TW1 stands for the Tanner-Whitehouse Mark I method of
predicting adult height (Tanner, Whitehouse, Marshall, & Carter, 1975). This multiple
regression model utilizes height, occurrence of menarche (for girls), mid-parent height,
and bone age as assessed by Tanner-Whitehouse standards (Tanner, Whitehouse,
Marshall, Healy et al., 1975).

TW2: The acronym TW?2 is defined as the Tanner-Whitehouse Mark II method of
predicting adult height (Tanner, Landt, Cameron, Carter, & Patel, 1983). This method

was designed to improve and replace the TW1 method by including samples of both taller

20



and shorter children as well as boys and girls with clinical growth disorders. The variable
for mid-parent height was also removed from the prediction equation.

Z1: The first option of predicting adult height using the Zaréw (1997) method is
Z1. This multiple regression method, used for boys aged 6.5 to 16 years, does not

include a sexual maturation stage in the prediction equation.

Z>: The second option of predicting adult height using the Zaréw (1997) method
is Z7. This option includes a secondary sex characteristic, stages of pubic hair growth, as

a substitute for the traditionally used skeletal age variable.
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CHAPTER 11

REVIEW OF LITERATURE

This review of literature will highlight research in the areas of predicting adult
height, biological maturation, and maturity estimation as related to growth in height.
Additionally, the application of prediction of adult height and uses of this variable in
somatic maturation will be reviewed

In the area of predicting adult stature, much of the literature on validating various
methods has been derived from clinical need. Clinical endocrinologists and pediatric
practitioners, for example, would benefit from this line of research in their efforts to
understand and/or treat pathologies related to growth in stature. While there is a need to
understand the full potential of predicting adult stature in a clinical manner, this is
beyond the scope of this paper. The investigator acknowledges the profound impact of
this research and therefore, only the current uses of prediction models in clinical areas

(i.e., treatments of growth hormone) will be highlighted.

Adult Height Prediction
Prediction of final adult stature has traditionally employed statistical procedures
(i.e., regression analysis) utilizing various biological measures as input. Equations for
predicting adult stature have been derived from serial data of a variety of sources where
the variables, such as anthropometric measurements of children and parents, have been
isolated with statistical procedures (i.e., principal component analysis). The utility of

these statistical methods has been made available to practitioners in the form of charts,
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tables, and variables with corresponding coefticients for input into equations. This
section on adult height prediction will include information on various methods of
computing: charts and tables; regression equations; mid-parent height; noninvasive

methods; and other methods.

Charts and Tables

Shuttleworth (1939) was among the first to publish tables for predicting the adult
height of children. There are four tables, calculated from the Harvard Growth Study
longitudinal records on stature, that are used to estimate mature stature according to sex
and racial stock at each age from 6.5 to 17.5 years. Each table has a corresponding
correlation and prediction estimate (of error). The tables are organized by predictions on
half-year increments. To find a prediction of a child of 7.0 years, for example, an
average must be made of the predictions for the same child at 6.5 and 7.5, respectively.
The racial stock is only Northern European or Italian.

One of the first and accepted forms of adult height prediction methods was tables
by Bayley (1946). The prediction tables utilized the skeletal atlas developed by T.
Wingate Todd (Todd, 1937) which would later be revised by Gruelich and Pyle (Bayley
& Pinneau, 1952). Subsequently, a second set of tables was developed to reflect the
widely accepted standard of radiographic assessment of skeletal maturation, the Gruelich-
Pyle method. The second set of tables is now aptly called the Bayley-Pinneau (BP)
Method. Bayley (1946) based her tables on 192 participants in the University of

California Institute of Child Welfare study in Berkeley, California. The tables were
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validated with a separate sample. The tables are easy to use. Matching skeletal age to
present height provides a percentage of mature height (PMH).

There are separate sets of tables for boys and girls, and three levels for each sex.
There is a table for percentage of estimated mature stature for boys at chronological ages
of 7-12 years whose skeletal ages are within one year of their chronological age. There is
a separate table for boys aged 13 years to mature height. Additional tables for boys who
are early maturing are also provided. For accelerated boys at ages 7-11 years, a table
was created for those that have estimated mature statures with skeletal ages one year or
more advanced over their chronological age. Another table exists for accelerated boys
12-17 years. Similar to the tables for accelerated boys, there are tables of estimated
mature heights for boys who have skeletal ages one or more years less than their
chronological age. This table range was for boys 6-13 years. Bayley termed this group
“retarded in skeletal maturation”.

Tables were also derived for girls with average, accelerated, and retarded growth.
The age ranges for each were 6-11 years and 12-18 years for average; 7-11 and 12-17
years for accelerated; and 6-11 and 12-17 years for girls with retarded growth.

Post and Richman (1981) compiled the data used in the formulation of the BP
method and amalgamated all 11 tables into one, easy-to-use table. The table facilitates
the calculation of a decimal fraction of adult height attained for average, delayed, or
advanced skeletal age when compared to chronological age. Dividing a child’s present
height by the decimal fraction yields the predicted height.

There are other charts (Center for Disease Control and Prevention, 2001,

Nicoletti, 1988; Tanner, 1976) in existence that serve the same function as the Bayley-
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Pinneau tables and the adaptation by Post and Richman (1981). The Simplified Skeletal
Profile (SSP), for example, is very similar to the BP tables (Nicoletti, 1988). There are
only five bones to be rated for SA, however, and utilized the criteria of Tanner (1975).
The bones to be chosen for evaluation are dependent on the age of the child to be rated.
It is the tables in the SSP that indicate which bones should be rated per chronological age
(Nicoletti, 1988). This method, published in Italian, has not been validated in other
studies.

The Center for Disease Control and Prevention (CDC) offer several different
charts not only for height, but also charts for weight, head circumference, and body mass
index (BMI). These charts are made available to the medical practitioner and general
public via the internet (Center for Disease Control and Prevention, 2001). Similar charts
for plotting height and weight have also been published. Tanner (1976) provided a
detailed explanation of several different charts for use in a clinical setting based on data
collected in the United Kingdom. The utility of height charts, height velocity charts, and
standards for height allowing for mid-parent height are explained with regard to

predicting adult height.

Mid-parent Height and Target Height

There is a general consensus that genetics plays a rather significant role in final
adult height (Himes et al., 1985; Karlberg & Luo, 2000; Katzmarzyk, Mahaney,
Blangero, Quek, & Malina, 1999, Luo, Albertsson Wikland, & Karlberg, 1998, Luo,
Low, & Karlberg, 1999; Nicoletti, 1988, Preece, 1996, Sorva, Tolppanen, Lankinen, &

Perheentupa, 1989; Welon & Bielicki, 1971). The genetic potential for growth in stature
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is often referred to as target height (TH) and has mid-parent height as a computing
variable. While the equations for determining genetic potential in stature are not
considered to predict final height, they are used to improve detection of potential growth
pathologies (Wright & Cheetham, 1999). Typically, the mid-parent height is defined
simply as the average of the height of the mother and the father. Originally, mid-parental
height was defined by Galton (1886) when studying the relationship of parental and child
stature. With this work was borne the concept of regression towards the mean and quite
possibly the foundation for later work on predicting adult height.

While there have been other studies cited that have examined mid-parental height
(Clemons, 2000; Cole, 2000), it was the work of Tanner and associates (Tanner,
Goldstein, & Whitehouse, 1970) that examined target height and mid-parental height as
variables in the prediction of adult height. A major contribution of their study was a sex-
corrected mean parent height. They reported the difference to be 13 cm. In calculating
target height, 6.5 cm is added to the mean parent height for a boy and 6.5 cm is
subtracted for a girl. This method, however, fails to consider that maternal height has a
smaller variance than paternal height (Cole, 1996). In addition, the range on which
Tanner (1970) formulated the sex differences on growth data decades ago might fail to
account for a secular trend in growth in stature. Thus, later data reflected a greater range
in the Tanner (1970) sex-corrected stature (Wright & Cheetham, 1999).

Since the introduction of Tanner’s sex-corrected version, there has been
considerable interest in target height. Sorva, Tolppanen, Lankinen, and Perheentupa
(1989), for example, developed two equations for the evaluation of growth with parent

and child specific growth standards. Evaluating height as standard deviation scores
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(SDS), they developed equations for determining parent specific mean height SDS and
parent and child specific expected height SDS. The equations were made into
nomograms for ease of use by a practitioner or pediatrician in detecting growth disorders
(if child’s height SDS differs by more than 2.0 from parent specific mean scores or 1.5
from expected score). This study served to provide initial validation in the use of mid-
parental height as a variable in target height. Thus, in determining a family’s height
potential, mid-parental height is the best measure (Cole, 1996).

Other studies concur with the conclusions of Sorva et al. (1989) that detection of
growth disorders needed to follow the concepts of regression towards the mean in mid-
parental height calculation (Karlberg & Luo, 2000; Luo et al., 1998, Wright & Cheetham,
1999). This was particularly demonstrated for a normal population, but Wright and
Cheetham (1999) found that short children are much more variable. A similar study on a

large sample of Swedish children confirmed their findings (Luo et al., 1998).

Regression Equations

The use of multiple regression analysis has yielded several methods of predicting
adult height (Roche, Wainer, & Thissen, 1975; Tanner, Whitehouse, Marshall, & Carter,
1975; Tanner, Whitehouse, Marshall, Healy et al., 1975, Walker, 1974, Zarow, 1997).
Each of these studies provides coefficients to be entered into equations for various ages
of children in order to predict adult height.

Walker (1974) originally sought to estimate somatotype of children, but published
subsequent data on predicting adult height. Equations used by Walker were determined

in one of three ways: (1) height at age alone, (2) height at age plus growth rate, and (3)
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height at age plus growth rate plus pre/post PHV status. Participants measured by
Walker from a New Haven, Connecticut sample were cross-validated with a sample from
Berkeley, California. The average error was reported at 2 to 3 cm in boys aged 9-14
years and girls 8-12 years. Thereafter, the error rate improves with increasing age for
both boys and girls. When cross validating with the Berkeley sample, the equations
consistently over-predicted adult heights from earlier ages. The uniqueness of Walker’s
study is the provision of the growth rate and status of PHV, which reportedly correlated
considerably higher than height at age alone and height and growth velocity.

A protocol that utilizes skeletal age as a major variable in predicting adult height
was developed using a sample of children from the Harpenden Growth Study (Tanner,
Whitehouse, Marshall, Healy et al., 1975). The other variables used by Tanner and
associates included present height, chronological age, and radial-ulnar skeletal (RUS)
component of their TW2 radiographic assessment method. The RUS score involves the
radius, ulna, and finger bones of digits I, III, and V. The accuracy of the TW2 method is
based on residual standard deviation. Their data show that prediction accuracy improves
with age in both boys and girls. Tanner and his colleagues reported that 95% of
predictions for boys were within 7 cm of actual adult height up to age 12, +6 cm for
ages 13 to 14, +5 cm at age 15, and +4 cm at age 16. For girls, the trend was the same,
but there were considerations for pre- and post-menarchial participants. Tables listing
coefficients for subjects delayed in skeletal maturation were also provided. The accuracy
of these tables, where coefficients were based on classification by year of RUS bone age,
was reported to be as accurate as the other tables except at bone ages 13-14 for boys and

12-13 for girls.
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One of the more prominent and valid methods of predicting final adult stature
used today was developed by Roche, Wainer, and Thissen (1974), which has been aptly
referred to as the RWT method. The participants on which the regression equations were
developed were white boys and girls from middle-class families of southwestern Ohio
who were part of the Fels Longitudinal Study. There were 80 pieces of data collected, 78
obtained serially and two other variables, maternal and paternal stature. Most of the
variables collected were individual bone ages of the hand, wrist, foot, ankle, and knee.
During the first year, data were collected at one, three, six, nine, and 12 months.
Following the twelfth month, children were measured every six months. Through various
statistical procedures, the data were reduced to the four strongest predictor variables:
recumbent length, weight, mid-parent stature, and skeletal age. Skeletal age was assessed
using protocol established by Gruelich and Pyle (1959) for the left hand and wrist. Bone
ages, however, were also assessed for the foot and ankle, as well as for the knee.

The investigators of the Fels Longitudinal Study compared the RWT method
against the BP method, the most prominently used method at the time. Utilizing three
data sets, the Fels, Harvard Boys, and Denver girls, the RWT errors were generally less
than the corresponding BP errors (Roche et al., 1975). These results are also consistent
with Lenko’s (1979) findings on her Finnish sample that the BP tables tended to
overpredict for boys and underpredict for girls. When compared to other methods, RWT
holds up favorably. Zarow (1997), for example, reported absolute prediction errors when
comparing the RWT method with his proposed prediction equations. The RWT had the
lowest median error for boys 7-10 years of age utilizing his Polish sample. For the most

part, Zarow (1997) reported his errors as similar to those of RWT. Two equations were
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derived by Zarow, however. The second (Z,) utilized a simplified pubic hair
development scale as a variable representing secondary sex development. With this
equation, Z; reported smaller errors. This makes sense as it has been reported that ratings
of secondary sex characteristics provide more reliable predictions of adult stature than
those based on present stature and skeletal age, at least when using the BP tables (Roche
etal,, 1974). Lenko (1979) also reported comparable results with the RWT method and
the TW2 method.

A longitudinal assessment examining the RWT, TW2, and BP prediction methods
was reported by Roemmich, Blizzard, Peddada, Malina, Roche, Tanner, and Rogol
(1997). In comparing the three methods, 23 healthy boys were measured every four
months from about 9 years of age to final adult height. Predictions, however, were made
every eight months following each method’s respective protocol. Roemmich et. al (1997)
found the TW2 method to yield the most accurate results with a slight tendency to
underpredict. The RWT method was found to be more accurate than the BP method,
which tended to overpredict more than the RWT method. Preece (1988) found that the
RWT and TW2 predictions to also be more accurate than the BP predictions for normal
population samples, but the BP predictions appear to be more accurate for subjects that
have growth that is delayed or advanced (Preece, 1988a).

A key element to each of the RWT, TW2, and BP methods is skeletal age. The
RWT method appears to concur with other methods (Bayley & Pinneau, 1952; Tanner,
Whitehouse, Marshall, Healy et al., 1975) that skeletal age is a powerful predictor
variable in estimating final adult stature. Utilizing skeletal maturity, however, presents

obstacles in its usefulness. Radiographic protocols, the standard for assessing skeletal
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age, are expensive procedures and introduce participants to radiation exposure. There are
also differences in assessment protocols, a fact substantiated in comparing TW2 and
Gruelich-Pyle methods (Lenko, 1979) where the two simply yield different bone ages
(Malina & Bouchard, 1991). To increase clinical usage of final adult stature prediction,
the mid-parent stature and/or skeletal age variables can be removed from the RWT
method without serious loss of accuracy (Wainer et al., 1978). Wainer and colleagues
(1978) explain that in missing a variable, the mean of the predicted statures is equal to the
mean of the actual statures for the corresponding sex. The mean is used as a default
option and additional information from the predictor variables leads to a prediction for
the individual that differs from the mean (Wainer et al., 1978). This was one of the first
studies that examined the accuracy of prediction for an individual without including
skeletal age and/or the father’s height. The predictive accuracy was reported to be

modest at all ages.

Noninvasive Methods

Roche, Tyleshevski, and Rogers (1983) have proposed a method of assessing
physical maturation by noninvasive means. In predicting final adult stature, the RWT
method can be modified by substituting chronological age for skeletal age in the
regression equations. This can only be done, however, for boys under the age of 14 years
and girls under 12. They reported that this noninvasive method applies for boys between
5-15 years and 3-13 years in girls. Reference data would also be necessary to assess an

individual or a group to infer maturity.
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More methods have been developed in recent years (Beunen et al., 1997, Khamis
& Roche, 1994) that address noninvasive techniques of assessment. The Beunen-Malina
method [BM] (Beunen et al., 1997), for example, considers the prediction of adult stature
in boys aged 13 — 16 years of age. For reasons similar to those of Roche et al. (1983), the
BM method was devised on the premise that it could be used as a maturity indicator in
field studies of physical performance in youth sports. Like the modified RWT method
(Roche et al., 1983), the prediction equation was developed in the absence of skeletal age
as a predictor variable. They used a sample (n=102) from the Leuven Longitudinal
Growth Study of Belgian Boys that were measured serially up to 18 years and then
followed up at ages 30 and 35 years. Their predictor variables were current stature,
sitting height, triceps and subscapular skinfolds, and chronological age. The authors
compared their results to the original Tanner-Whitehouse prediction method and reported
their results as favorable when compared to it. The BM method from ages 12.5 to 16.5
years had correlation coefficients range from 0.70 to 0.87 and standard error of estimate
(SEE) values from 4.2 cm to 3.0 cm, respectively. The conelations for the TW method
using skeletal age (ASTW) were the highest. Substituting chronological age for skeletal
age (ASCA) yielded the lowest correlation coefficients. The correlation coefficients for
the BM method were in between the ASTW and the ASCA.

Khamis and Roche (1994) established a method of predicting final adult stature
using noninvasive means as well. Their method is considered to be more useful in the
sense that there are only three variables in the prediction equation: stature, weight, and
mid-parent stature. These variables were produced following the same methods as the

RWT method. Unlike the Beunen-Malina method, however, the Khamis