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Use of Skeletal Maturation Based on Hand-Wrist Radiographic
Analysis as a Predictor of Facial Growth: A Systematic Review
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Abstract: The purpose of this systematic review was to evaluate the predictive value of hand-wrist
radiographic assessment of skeletal maturity in estimating facial growth timing and velocity. A search of
PubMed, Medline, Cochrane Database of Systematic Reviews, Embase, Web of Sciences, and Lilacs iden-
tified 16 articles that met the following inclusion criteria: use of hand-wrist radiographs for skeletal mat-
uration determination, facial growth evaluated through cephalometric radiographs, and cross-sectional or
longitudinal studies. Five articles were rejected because of major methodological issues. Most of the
remaining articles had small sample size, and there was no report of randomization or method error. Skeletal
maturity determined by hand-wrist radiographic analysis was well related to overall facial growth velocity.
Maxillary and mandibular growth velocities were related to skeletal maturity, but their relationship was
less robust than that for overall facia growth. The available articles have not adequately defined a rela-
tionship between cranial base growth velocity and skeletal maturity. Hand-wrist radiographic assessment
of skeletal maturity for use in facial growth prediction should include bone staging as well as ossification
events. The role of skeletal maturity assessment in clinical and research applications is discussed and

recommendations are provided. (Angle Orthod 2004;74:118-124.)
Key Words: Hand-wrist radiographs; Skeletal maturation; Facial growth; Prediction

INTRODUCTION

In orthodontic treatment planning, knowledge of facial
growth velocity and percentage of facial growth remaining
is very important for effective growth modification inter-
ventions. Furthermore, an understanding of percentage
growth remaining after completion of orthodontic interven-
tion may be important in predicting posttreatment rebound.
Simultaneously, evidence-based orthodontic practice re-
quires research into treatment outcome of various modali-
ties. To facilitate this, the influence of normal growth during
a study period should be isolated from the data to distill
the effect of treatment intervention. Samples considered
should be matched for craniofacial growth velocity and per-
centage of growth remaining.
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Staging of human skeletal development has been as-
sessed using physiological parameters including peak
growth velocity in standing height, pubertal markers (such
as voice changes in males, menarche in females, breast de-
velopment, appearance of pubic hair, and appearance of ax-
illary hair), radiographic assessment of bone maturation,
chronological age, and staging of dental development.*?

Peak growth velocity in standing height is the most valid
representation of rate of overall skeletal growth. It forms a
useful historic longitudina measure of an individual’'s
growth pattern but has little predictive value for future
growth rate or percentage of total growth remaining. For
this reason, an indication of the maturation level of an in-
dividual is necessary to predict future growth. Longitudinal
measurements used to calculate peak standing height
growth velocity do provide the “gold standard” to assess
the validity of growth predictors.

Dental development indicators are not reliable predictors
of anindividual’'s stage of skeletal development.>* Because
there is wide variation among individuals in the timing of
the pubertal growth spurt, chronologic age cannot aso be
used in the evaluation of adolescent growth.252° Hagg and
Taranger® reported a two-year sex difference for the begin-
ning, peak, and end of the pubertal growth spurt in standing
height for males and females. In addition, these authors
reported an individual variation of approximately six years
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in each growth event in both sexes. Furthermore, environ-
mental factors may influence timing and rate of skeletal
development.”

Skeletal maturation staging from radiographic analysisis
a widely used approach to predict timing of puberta
growth, to estimate growth velocity, and to estimate the
proportion of growth remaining. Although use of the cer-
vical spine??# and frontal sinus?* has been reported, skeletal
maturation is generally determined by using stages in the
ossification of bones of the hand and wrist, because of the
guantity of different types of bones available in the
area, %1723 or by evaluating the ossification onset of the
u| nar Sesa[noi d_3,28,30,31,35—38

Skeletal maturity is influenced in each individual by a
combination of genetic and environmental factors. The os-
sification sequence and timing of the skeletal maturity with-
in the hand-wrist area show polymorphism and sexua di-
morphism, which can limit their clinical predictive
use.16193940 An jmportant consideration is that the same pat-
tern of skeletal growth can be found in almost every indi-
vidual, but the initiation, duration, and amount of growth
varies considerably during the pubertal growth spurt.*+4?
Some individuals are early maturers with a relatively short
pubertal growth spurt, whereas others are late maturers with
a larger pubertal growth spurt.t7:1825294344

There are two genera approaches to assessment of the
hand-wrist radiograph. The first method consists of the
comparison methods of Greulich and Pyle?” and Tanner et
al.?» Greulich and Pyle?” use an atlas as a standard of com-
parison. The atlas is composed of plates of ““typical’ hand-
wrist radiographs at six-month intervals of chronological
age. Each bone of the subject’s hand-wrist is compared with
the corresponding bones in the atlas and is assigned an age
in months. All ages are averaged yielding the *“mean age”
of the individual. In clinical use, this approach is often
shortened to a gross assessment to find the best match of
the individual with one of the plates.t The Tanner et al.?
method also compares an individual with radiographic stan-
dards of skeletal maturity of “normal’” children of similar
age and sex. Individual bones are rated using a biological
weighted scoring system to assign a “‘skeletal age.”

The second general method of assessment of the hand-
wrist radiograph uses specific indicators to relate skeletal
maturation to the pubertal growth curve. This approach fo-
cuses on the maturation evaluation of the individual rather
than on mean values. A number of indicators have been
described in the literature including onset of calcification
of the sesamoid, state of calcification of the hook of the
hamate, and staging of the middle phalanges of the third
fl nger_3,4,16,17,25—38

Bowden'® described a graphical approach to determine
an individual's placement on the male and female pubertal
growth curve using criteria based on the ulnar, radius, car-
pal, metacarpals, phalanges, and the sesamoid bone. The
relative growth velocity and percentage growth remaining
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can be estimated. More recently, Fishman'®44> developed
a system for assessment of skeletal maturation on the basis
of 11 discrete ““skeletal maturity indicators (SMI)”" cover-
ing the entire period of adolescent development. The indi-
cators provide identification of progressive maturation
events and are located on six anatomic sites on the thumb,
third finger, fifth finger, and radius. He provided graphs and
tables to estimate an individua’s relative growth rate and
percentage of total adolescent growth completed. These val-
ues are independent of chronologica age.

A significant association between skeletal maturity and
facia growth has been demonstrated.?>43444647 Many stud-
ies?35:3644.48-51 hgve shown an association between peak ve-
locity of facial growth and peak velocity of statural growth
during puberty. Individuals who demonstrated delayed or
accelerated maturational schedules exhibited comparable
delays or accelerations in skeletal maturation and facial
growth.17.434452 Conversely, some studies'®?*4’ have
shown little association between SMI and specific compo-
nents of craniofacial growth. Some studies®.3536:53-55 suggest
that facial growth and peak velocity of statural growth oc-
cur amost in paralel during puberty, whereas other stud-
ieste43445657 g ggest that facial growth occurs later.

Because there is apparent controversy regarding the pre-
diction capabilities of the hand-wrist analysis of skeletal
meaturation in determining the relative rate of facial growth
and amount of unattained facial growth, a systematic re-
view of available evidence isindicated. The purpose of this
systematic review was to evaluate the prediction of facial
growth from the skeletal maturity obtained from hand-wrist
radiographs.

MATERIALS AND METHODS

The following inclusion criteria were used to consider
studies for this review:

» Use of hand-wrist radiographs for skeletal maturation de-
termination.

» Facial growth evaluated through cephalometric radio-
graphs.

* Cross-sectional and longitudinal studies.

To find the articles appropriate for this systematic review,
a search was conducted in the following databases: Medline
(from 1966 to week 5 of October 2002); PubMed (from
1966 to week 4 of November 2002); Cochrane Database of
Systematic Reviews (to fourth Quarter 2002); Embase
(from 1980 to Week 47, 2002); Web of Science (from 1975
to week 4 of November 2002); and Lilacs (from 1982 to
November 2002).

Eligibility of the selected studies was determined by
reading the abstracts of articles identified by the search. All
the articles that seem to meet the inclusion criteria of the
systematic review topic were selected and the actual articles
collected. The reference lists of the retrieved articles were
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TABLE 1. PubMed Search Strategy

No. PubMed Search History Results
1 Hand 165,427
2 Wrist 15,712
3 #1 and #2 5184
4 Bone development 23,597
5 Growth 810,278
6 #4 and #5 10,542
7 #3 and #6 133

also hand searched for any applicable studies that may have
been missed in the database searches.

RESULTS

Medline identified 58, PubMed 133, Cochrane Database
for Systematic Reviews O, Embase 3, Web of Science 1,
and Lilacs 9 references. Almost al the references from the
Medline, Embase, and Web of Science search were already
found in the PubMed search (Table 1). None of the Lilacs
references was in the PubMed search.

Sixteen articles, which fulfilled the selection criteria,
were identified. From these, five were rejected because of
methodological issues as stated in Table 2. A summary of
the sample size and origin, study design and method of
skeletal maturity analysis used from each of the 11 selected
studies is presented (Table 3).

Bambha and van Natta?® evaluated S-Gn length as a mea-
sure of overal facia growth. They reported that overall
facial growth was consistently related to skeletal age and
concluded that individuals who tend to mature early with
advanced skeletal maturity have an early adolescent facial
growth spurt, whereas children with retarded skeletal ma-
turity tend to mature later.

Hunterss described that the maximum overall vertical fa-
cial growth (N-M) was coincident with maximum standing
height growth velocity. In 88.3% of males a small amount
of vertical facial growth occurred after skeletal maturation.
A modest correlation (r = 0.76) was found between man-
dibular growth rate (Ar-Po) and standing height growth ve-
locity during the pubertal growth spurt in males and fe-
males. The absolute rate of growth of the mandible was
greater in males, and mandibular growth continued after the
end of the pubertal growth spurt in males. There was no
difference in the rate of growth or in the absolute facia
growth in the pubertal growth period among early, normal,
and late developers.

Tofani*® evaluated the annual growth changes in mandib-
ular length, ramus height, and corpus length related to
standing height growth velocity and skeletal maturity.
There was a significant but modest correlation of onset of
distal phalanges fusion with peak overall growth velocity
in mandible length (r = 0.53), ramus height (r = 0.60),
and body length (r = 0.71).

Bergersen® evaluated change in facial growth velocity in
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TABLE 2. Studies That Fulfilled Selection Criteria But Were Re-
jected

Authors Reason to Reject

Rose*® Hand-wrist radiograph skeletal maturity
analysis not described

Two-year interval between some subjects’
records

Methodology and sample similar to the
study published by Graves*

11 subjects had missing radiographs

Helm et al*° criteria for skeletal maturity in
males was used for a combined male-fe-
male sample

Johnston et al?

Brown et al®?

Lewis and Roche*®
Arat et al®?

males during the two-year period of maximum standing
height growth velocity (pubertal growth spurt). He consid-
ered the increases in maxillary length (SSANS), upper an-
terior face height (N-ANS), lower anterior face height
(ANS-Me), and crania base (S-N) growth increments too
small (<0.75 mm/year) to be distinguished as a growth
spurt. Total anterior face height (N-Me) and overall facial
length (S-Go) did demonstrate growth spurts correlated
with the pubertal growth spurt.

Pileski et a®” evaluated mandibular growth (Co-symphy-
sis point) from 45° oblique lateral skull radiographs. Peak
mandibular growth velocity was preceded by the appear-
ance of the sesamoid by 0.72 yearsin males and 1.09 years
in females. Although statistically significant, the correla-
tions were weak for males (r = 0.43) and females (r =
0.36).

Grave®* reported that the peak overal vertical facial
growth velocity (N-Gn) had moderately high correlations
in males (r = 0.83) and females (r = 0.84) with peak
standing height growth velocity. There were significant cor-
relations (male, r = 0.87; female, r = 0.76) between peak
growth velocities of the anterior cranial base (S-N) and
peak growth velocities in standing height. The timing of
ossification of the sesamoid was moderately weakly corre-
lated to peak growth velocity of the anterior crania basein
males (r = .056) and modestly correlated in females (r =
0.71). Growth velocity in mandibular length (Ar-Pg) was
significantly related to peak growth in standing height with
moderately high correlations (males, r = 0.78; females, r
= 0.79). In males, the only ossification event significantly
related to mandibular growth velocity was the sesamoid
with a moderately weak correlation (r = 0.52). In females,
ossification of the pisiform, hamate-1, hamate-2, and sesa-
moid were al significantly related to mandibular growth
velocity with modestly weakly correlations (r = 0.51-
0.60). Maxillary horizontal growth velocity was signifi-
cantly correlated with peak standing height growth velocity
in females (r = 0.76) but not in males. There was a sig-
nificant but moderate correlation between maxillary hori-
zontal growth velocity and ossification of hamate-1, ha-
mate-2, and sesamoid in females. There was a significant
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TABLE 3. Studies Included for Review That Fulfill Selection Criteria

Sample Method
Randomization Error Skeletal Age
Authors Sample Reported Reported Sample Origin Analysis
Bambha and 22 female and 28 male; No No Caucasians, Denver sample  Greulich and Pyle
van Natta?® 9.9-18.9 years
Hunters® 34 female and 25 male;  Entire avail- Yes Caucasians, Denver sample Greulich and Pyle
7-18 years able popu-
lation
Tofanit® 20 female; 9-18 years No No Caucasians, Case Western  Greulich and Pyle
sample
Bergersens3® 23 male; 0.1-24.4 years No No Caucasians, Denver sample  Greulich and Pyle
Pileski et al3” 91 female and 108 male No No Caucasians, Burlington Custom method (sesamoid
sample bone)
Grave3t 36 female and 52 male; No No Australian aboriginals, Custom method (calcifica-
8-18 years Yuendumu sample tion events)
Fishman?’ 68 female and 60 male; No No Not specified Greulich and Pyle, Tanner
7.5-15 years and Whitehouse 2
Fishman?® 756 female and 746 No No Own practice, Denver, Custom method (SMI stag-
male; 0-25 years Rochester and Connecti- es)
cut samples
Moore et al* 47 female and 39 male; No Yes Case Western sample Tanner and Whitehouse 2
10-16 years
Silveira et al*® 34 female and 36 male; No No Own practice and Roches- Fishman method (SMI stag-
11-22 years ter sample es)
Sato et al*® 22 female; 8-17 years No Yes Japanese, origin not speci-  Tanner and Whitehouse 2

fied and CASMAS

but moderate correlation between maxillary horizontal
growth velocity and ossification of pisiform and hamate-1
in males. This infers some gender difference in timing of
peak maxillary horizontal growth velocity.

Fishman'7® presented 11 SMI from hand-wrist radio-
graphs and noted that the growth curves for standing height
and facial growth related to skeletal maturity were not bell
shaped. There was more rapid growth velocity increase
leading up to peak growth velocity and more gradual de-
cline after peak growth velocity. The asymmetry of the
growth curve was more pronounced in females. There was
close correlation between both maxillary (S-A) and overall
mandibular growth rate (Ar-Gn) with skeletal maturation.
There was an acceleration of maxillary and mandibular
growth between SMI stages 6 and 7. There was a decel-
eration of maxillary and mandibular growth between SMI
stages 7 and 9, where growth velocity leveled off. Males
and females completed similar percentages of total growth
at comparable SMI stages. At level SMI 6, approximately
50% of total adolescent maxillary and mandibular growth
was compl eted.

Moore et a* evaluated growth measures against levels
of skeletal age. The correlations between increase in stand-
ing height and stage of skeletal maturity were significantly
but modestly correlated. There was a significant decelera-
tion of overal anterior face height (N-Me) and mandibular
body length (Go-Gn) in females between TW2 RUS skel-
etal ages 11- to 12-year and 13- to 14-year intervals. There
was a significant acceleration of anterior face height, pos-
terior face height (S-Go), and mandibular body length in

males between 11 to 12-year and 13- to 14-year intervals,
and there was a significant deceleration between 13- to 14-
and 15- to 16-year intervals. These correlations, however,
were weak (r = 0.29-0.49). The velocity of posterior face
height (S-Go) was not significantly different between TW2
RUS skeletal age groups in females. A significant correla-
tion between anterior cranial base growth rate (S-N) and
skeletal maturity for males or females was not identified.

Silveira et a*® reported that the overall facial growth (S
Gn, S-A), horizontal maxillary growth increments (Ar-A),
overall mandibular growth increments (Ar-Gn), and man-
dibular body length (Go-Po) were significantly larger in late
maturers compared with average and early maturers. These
differences were consistent throughout the different stages
of Fishman’s SMI (SMI 8-11, 9-11, and 10-11). Vertica
growth rate of the ramus (Ar-Go) did not differ between
early and late maturers. Finally, he reported that during the
late stages of the pubertal growth spurt in average and late
maturers, mandibular growth increments were significantly
larger than maxillary growth increments. The maxilla
showed a greater percentage of growth completion than the
mandible until the final stage when mandibular growth
tended to catch up.

Sato et al>® compared several methods for the prediction
of the mandibular (total length) growth potential: an ossi-
fication events method (based on third middle phalanx and
radius), a growth potential method (based on TW2 and
CASMAS bone age), a growth percentage method (based
on TW2 and CASMAS bone age), a multiple regression
method (based on chronological age, present length, and
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bone age), and a growth chart method (based on average
fina mandible length for the sample multiplied by the SD
of the present length calculated according to bone age). The
average error between predicted fina mandible length and
actual length varied from 1.15 to 4.22 mm. From all these
methods, the growth potential and the growth percentage
had the best predictive values.

DISCUSSION

Chronological age is not a valid predictor of skeletal
growth velocity or skeletal maturity.>15-17.192060 Sexual di-
morphism is well documented,*? and there is a wide range
of individual variability in timing of periods of increased
growth velocity.*> The validity of skeletal maturity assess-
ment using the hand-wrist radiograph in relation to overall
skeletal growth velocity (standing height) has been well es-
tablished and has been validated for several racial
groups.2021323840445080  Correlation of skeletal age deter-
mined with the Greulich and Pyle*” atlas and the Tanner et
al.» analysis is good. However, interpretation of skeletal
age requires the clinician or researcher to relate the pub-
lished ““norm” back to the population from which the case
or samplein question is drawn, and that is not always avail-
able or possible. Secular trends are evident with successive
generations becoming taller and reaching puberty at earlier
stages.t” Staging of skeletal maturity by describing rela
tionships of specific features with the hand-wrist radio-
graph, such as initial ossification of the sesamoid and cap-
ping events of the phalanges, offer a useful alternative to
skeletal aging.

Caution should be exercised in the application of the re-
sults presented in this review. Publications that presented
methodological deficiencies, which would likely compro-
mise the integrity of reported results, were excluded from
this review. Unfortunately, most of the studies investigating
the use of hand-wrist radiographic analysis of skeletal ma-
turity were published before reporting of randomization,
blinding, and method error were required. There are some
further limitations in the interpretation of skeletal maturity
from hand-wrist radiographs. Polymorphism in the se-
guence is common, and agenesis of some hand and wrist
bones have been reported.* Estimation of the base growth
line could be quite variable®; and even in databases with
semiannual records, measurements of change in growth ve-
locity are dtill gross estimations of onset of periods of
growth acceleration, periods of growth deceleration, and
peak growth velocity.**34 Most of the studies included in
this review were based on annual records with relatively
small sample sizes.15293136374149 Only the Fishmant*® and
Silveira et al%® articles used semiannual records, but these
studies included treated orthodontic cases.

The vaidity of hand-wrist skeletal maturity in the eval-
uation of craniofacial growth has been questioned. Moore*
pointed out that most of the bones of the body are pre-
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formed in cartilage and develop by endochondral ossifica
tion. The bones of the face are formed by intramembranous
ossification without cartilaginous precursors. Growth of the
face may be regulated by factors other than those respon-
sible for growth of the long bones. Furthermore, the cra-
niofacial structures include severa functional regions,
which may have different growth responses to systemic and
local environmental conditions. Overall facial growth has
been assessed by chin position relative to the cranial base
(S-Gn), which includes change in mandible length, and cra-
nial base changes with relocation of the glenoid fossa. Ver-
tical facial growth (N-M) with rotation of the mandible
could aso influence S-Gn length. Despite this limitation,
all the articles included in this review reported that overall
facial growth velocity was well related to standing height
growth velocity and skeletal maturity. There was sexual di-
morphism, and the overall facial growth curve was not bell
shaped.* Fishman® reported that there was a rapid accel-
eration to peak growth velocity and a more progressive de-
cline. This observation was more pronounced in females.
The growth curves included in the Moore et a* article
show similar acceleration and deceleration, but the corre-
lation between skeletal maturity and overall facial growth
was not significant in females and only weakly correlated
in males. It is possible that the Tanner et al. TW2 RUS
analysis used by Moore was less sensitive than the SMI
analysis developed by Fishman.

Fishman'"*® reported close association between horizon-
tal maxillary growth and skeletal maturity with no signifi-
cant gender difference at specific stages of skeletal matu-
rity. Grave® reported moderate but different correlations
between specific hand-wrist ossification events and hori-
zontal maxillary growth in males and females. He suggest-
ed that there might be some gender difference in timing of
peak maxillary growth. The discrepancy between the find-
ings of Fishman'”® and Grave® may be attributed to dif-
ferences in the databases. The Fishman studies used semi-
annual records, whereas the study by Grave was based on
annual records of a smaller sample.

The studies included in this review reported significant
correlations (but variable correlation strength) between
skeletal maturity and mandibular growth velocity. These
findings are consistent with those of most other publica-
tions, which identify correlation of varying strengths be-
tween mandibular growth and standing height growth ve-
locity.5>%661 Growth of mandibular body length was more
closely correlated to skeletal maturity than to growth of
ramus height.15%8

Data from the articles included in this review does not
allow meaningful conclusions regarding the relationship of
crania base growth velocity and skeletal maturity. Growth
increments in the anterior cranial base are small, and mea-
surement error could explain the differences reported by
Grave® and Moore et a.*

The relevance of the data presented in this systematic
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review will depend on intended use of skeletal maturity
assessment from hand-wrist radiographs. The primary clin-
ical application of hand-wrist skeletal maturity assessment
is to predict the timing of the pubertal growth spurt to take
advantage of orthopedic treatment modalities. Although it
is very clear that average growth curves based on chrono-
logical age are so variable that they are irrelevant, caution
should be exercised in the application of hand-wrist skeletal
maturity assessment. If advantage is to be taken of the
growth spurt, it is necessary to be able to predict the onset
several years in advance. The prediction improves as the
age of the growth spurt is approached, which may neces-
sitate repeated radiographic evaluation. The use of individ-
ual ossification events is of limited use in predicting the
pubertal growth spurt,* and analyses that include bone
stages as well as ossification events are recommended.

Hand-wrist radiographic assessment of skeletal maturity
is a vauable tool in orthodontic research. Analysis ap-
proaches, such as the one described by Fishman,84245
which are based on relative growth velocity and percentage
of growth remaining are more useful than anaysis that
yields a skeletal age. Avoidance of a skeletal age minimizes
the influence of environment and racial composition of the
sample. In most cases, use of relative growth rate and per-
centage growth remaining will resolve gender differences.

As recommended by Sato et a,* the accuracy of pre-
dicting growth may be improved if other parameters (mor-
phologic, biological, or genetic indicators), in addition to
hand-wrist radiographic evaluation are used.

In some research situations, it is not possible or feasible
to use skeletal maturity as inclusion criteria. Obtaining
hand-wrist radiographs to determine suitability for a partic-
ular study may create difficulties in recruitment and ethics
approval. In some research endeavors, subject availability
will limit sample size and rigorous application of skeletal
maturity for inclusion may render the study impossible to
complete. In some research conditions, the time interval
between data collection is hot consistent, and the total mag-
nitude of growth will vary between subjects. Use of re-
gression models with relative growth velocity and percent-
age growth remaining will allow the researcher to *‘factor
out” the influence of growth in the overall dimensiona
change of interest.

CONCLUSIONS

1. The overal horizontal and vertical facial growth velocity
is related to SMI determined by analysis of hand-wrist
radiographs.

2. Maxillary and mandibular growth velocities are related
to skeletal maturity, but the correlations are less robust
than those for overall facial growth velocity.

3. The available articles have not adequately defined a re-
lationship between cranial base growth velocity and
skeletal maturity.
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Skeletal maturity analysis of hand-wrist radiographs for
use in predicting facial growth velocity should include

bone staging as well as ossification events.
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