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ABSTRACT

When children are treated orthodontically during a phase of active growth—notably adolescence—there is the opportunity 
to harness growth to achieve some of the correction, especially in the sagittal plane in which differential jaw growth can 
harmonize dental relationships. All correction must be from tooth movement when there is no growth. Three questions were 
addressed in the present study: (1) how much orthodontic correction is achieved by bone growth? (2) do the proportions of 
tooth and bone movement depend on patient age? and (3) do the jaws of boys and girls grow at discernibly different rates 
during treatment? A sample of 139 children aged 9 to 17 years at the start of treatment with Class II division 1 malocclusions 
was studied cephalometrically using Johnston analysis. Maxillary and mandibular growth were highest in the youngest 
children, with rates decreasing to effectively zero in the oldest adolescents. Means adjusted for age were significantly higher 
for boys than for girls for upper and lower jaw growth. Age had little influence on the amount of tooth movement except for a 
marked decline with age in the mesial movement of the maxillary first molar, which was greatest in the youngest patients of 
both sexes. The amount of orthodontic correction was independent of age, but in the youngest quartile of the sample, most of 
the correction (87%) was due to differential jaw growth in the youngest quartile of the sample, and the rest (13%) resulted 
from tooth movement, whereas in the oldest quartile, most of the correction was due to tooth movement (64% tooth 
movement and 36% bone growth). Overall, the influence of age and sex had significant influences on multiple skeletodental 
variables, suggesting that research designs need to account for these demographic sources of variability. Although all cases 
were treated to a Class I occlusion, the nature of the correction was affected measurably by the patient's age and sex.
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INTRODUCTION Return to TOC

Malocclusions can be treated successfully in patients of almost any age, but the nature of the correction—predominately bone growth or 
predominately tooth movement—depends on the amount of growth during treatment. In turn, growth velocities are tied to the patient's age 
and are greatest in adolescence and typically larger in peripubertal boys than girls. It is a common theme that orthodontists wish to treat 
“with growth”  so that one or the other of the supporting bony bases can be constrained or propulsed to improve the patients' profile and not 

simply to change dental relationships.1 
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Facial dimensions exhibit peripubertal growth spurts,2–5 though it appears that the peak velocities are only approximately synchronous6 
and that the spurt is more apparent in peripheral compared with deep facial structures.7 As with stature,8–10 adolescent growth spurts in 
facial dimensions occur roughly 2 years earlier in girls than in boys, and the growth spurt is more obvious in boys, in whom it contributes 
more to adult size.

How does adolescent growth influence the nature of the orthodontic correction? Does the relative role of jaw growth vs tooth movement 
depend on the patient's age or sex? Does the greater growth of boys influence the nature of the correction? The present study analyzed a 
sample of adolescents with Class II division 1 malocclusion to address these questions.

MATERIALS AND METHODS Return to TOC

We studied white American children between the ages of 9 and 17 years at the start of treatment with Class II division 1 malocclusions. 
All were treated with the Begg lightwire technique,11,12 and all had intact dentitions at the start of treatment (ignoring third molars), although 
some combination of four premolars was extracted in all patients to address anterior crowding or bimaxillary protrusion. Cases (N = 139, 
consisting of 64 boys and 75 girls) were recruited from private practitioners and a graduate orthodontic program. We did not select cases 
based on the severity of the Class II malocclusion, but all were treated to an acceptable Class I molar relationship.

The patient's chronologic age was used as the index of maturity rather than some measure of bone or dental age. The controlling 
consideration was that so few practicing orthodontists actually take a hand-wrist radiograph let alone interpret it13 that, although there is 
little question that a measure of physiologic age would account for more of the variance in degree of maturity than calendar age 
would,3,4,14–19 biological age is of little relevance if it is effectively limited to the research setting and is not routinely used in clinical 
practice. It should also be appreciated that the common perception that bong age is strongly associated with growth rates is based 
primarily on studies of linear body dimensions, such as stature and leg length; associations are more modest for facial dimensions.20 
Moreover, using calendar age provides a worst-case scenario because if calendar age is shown to have significant influences on the nature 
of the orthodontic correction, then bone or dental measures of age will almost certainly have much more obvious influences. 

Cephalometry

Skeletodental changes between the pretreatment and posttreatment examinations were assessed using the Johnston analysis.21–24 
This cephalometric method evaluates parasagittal changes in the jaws and first molars relative to the mean functional occlusal plane (Figure 
1 ) to assess the sources of the orthodontic correction.

In brief, tracings of the pretreatment and posttreatment cephalograms are overlaid and registered on trabecular details in the palate that 
are visible in both cephalograms, also ensuring that the lingual cortical outlines are superimposed.25,26 Actual calculations are computer 
generated by digitizing relevant points on the superimposed tracings. The functional occlusal planes are averaged, providing the mean 
functional occlusal plane (MFOP) that is used as the common reference axis.21,22 Tooth and skeletal movements are measured relative to 
the MFOP, which is one reason why the analysis is pointedly focused on mesiodistal changes; the analysis is largely insensitive to cranial-
caudal changes. Other analyses can be used to assess vertical changes. Johnston21 contends,  

Although the face undergoes widespread change during orthodontic treatment, only effects that are felt at the level of the 
occlusion have a direct impact on the molar and incisor relationships. The occlusion, therefore, represents the “bottom line,”  
the site at which change in the upper and lower jaws comes together and is integrated.

Mesiodistal movement of the maxillary first molar (U6 movement) is partitioned into change due to tipping (ie, change in axial inclination 
relative to the MFOP) and change due to translation. The same partitioning is done for movement of the mandibular first molar (L6). 

Growth of the maxillae is measured using the same registration and noting the apparent shift in the radiographic shadows of the greater 
wings of the sphenoid bone (SE) as they cross the cranial floor (planum sphenoidale), which actually quantifies the dorsoventral change of 
the maxillae.

Mandibular change is measured as the change in the centroid of the mandibular symphyseal outline.25,27 A dot is placed on the 
pretreatment tracing denoting the geometric center of the symphysis by visual best fit, then this dot is transferred to the posttreatment 
tracing with registration on the trabecular pattern and inner borders of the cortical outline. Mandibular growth is the change in position of the 
centroid and SE (sphenoethmoidale) relative to the MFOP. This straight-line distance is partitioned into a vertical and horizontal vector vis-à-
vis the MFOP. Johnston21 also quantifies the relative growth of the two jaws, termed apical base change (ABCH), which is the amount of 
mandibular growth minus the amount of maxillary growth.

Throughout the analysis, changes contributing to correction of a Class II malocclusion are given positive signs, whereas negative signs 
denote a worsening of the Class II condition (see Johnston21 and references therein for details). 



A significant conceptual strength of Johnston's “pitchfork”  diagram that encapsulates the results (Figure 1 ) of the analysis is that all 
of the values for skeletal and dental contributions to the sagittal correction of the malocclusion sum to total molar correction (TMC). It is an 
internally thorough-going diagram, with TMC being the outcome and the other values defining the sources of the molar correction. 

It also is possible to assess the treatment changes in the central incisors. The change in their axial inclinations relative to the MFOP 
and how much the incisal edges move mesiodistally vis-à-vis the MFOP can be added to the diagram,22 but the incisor changes do not 
combine with the other variables in the diagram since they have no relation to TMC. We present the incisor changes in the tables, but, for 
clarity, we have not added them to the pitchfork diagrams.

Statistics

Analysis of covariance (ANCOVA) was used to test for sex differences in the amounts of in-treatment change and to determine whether 
growth velocity changed systematically with age within the adolescent period.28,29 Computations were made using SAS algorithms (SAS 
Inc, Cary, NC),30 with the conventional α level of .05. The proportions of total variance due to age and sex were calculated with multiple 
linear regression.31 Age and sex were entered into each test, whether statistically significant or not, to calculate the partial coefficients of 
variation (r2) between age and sex and the dependent variable. 

ANCOVA addresses 2 questions: (1) whether the slopes regressing the dependent variable on age are statistically different between 
boys and girls (ie, heterogeneity of slopes) and, if not, (2) whether age is significantly associated with the dependent variable. A third 
question implied by the analysis (HO: boys = girls for the dependent variable) is of less interest because the two sexes will have at least 

slightly different age distributions and different means in this—and most—research designs. In ANCOVA analysis, the variance due to age 
is removed from the treatment effect (leaving the residual variance the same as if no covariate were in the model), but this does not adjust 
for differences in age distributions.28 It is customary, then, to adjust the means by the method of least squares to the grand mean and then 
to test for differences between the adjusted means.29,32 The stronger the association between age and the dependent variable, the greater 
the effect of adjustment on the treatment means. Tests of significance for the adjusted means have been reported by Sokal and Rohlf29 and 
others.

The mean time between pretreatment and posttreatment records was 2.6 years (SD, 0.9 years), and, intuitively, it was anticipated that 
longer treatment would be positively associated with greater growth and greater orthodontic change. In fact, these suppositions were not 
true for this data set. For those variables with significant age dependence, age at the start of treatment was a stronger predictor of the 
amount of in-treatment change (due to growth and treatment) than was duration of treatment. Moreover, once starting age was accounted 
for in the statistical sense, time in treatment did not account for significant additional variation. It seems, then, that time in treatment is a 
poor indicator of the severity or difficulty of the malocclusion, at least as judged by the skeletodental criteria in this analysis. 

RESULTS Return to TOC

Descriptive statistics and results of ANCOVA tests are combined in Table 1 . Results of 1-sample t-tests also are included in the 
table, testing whether the in-treatment change differed significantly from zero (vs the mean overlapping zero, which would indicate that the 
sample did not preferentially change in either direction during treatment).

Jaw Growth

The Johnston analysis measures parasagittal growth of the maxilla and mandible, and mandibular growth is partitioned into horizontal 
and vertical components (Table 1 ). Growth velocities diminished significantly with age in each of these four variables. That is, forward 
growth of the maxilla and downward and forward growth of the mandible were greatest in the youngest patients and velocities slowed 
progressively into late adolescence (Figure 2 ). Mesial growth of the maxilla was about 2 mm in 10-year-olds and decreased to less than 
1 mm by age 16 to 17 years. The mandible grew forward about 4 mm in 10-year-olds, and the growth slowed to effectively zero by age 16 to 
17 years. A polynomial (curvilinear) model was tested for these growth patterns, but it did not significantly improve the fit to the data. Tests 
of the age-adjusted means for boys and girls (Table 2 ) disclosed that all four of these dimensions of jaw growth were significantly greater 
in boys than in girls. Mandibular growth—the extent of mesial movement of the mandibular symphysis relative to the anterior cranial base—
was 33% greater in boys than in girls. The straight-line change in D point relative to the maxilla grew 46% more in boys than in girls. ABCH, 
the excess of mandibular growth relative to maxillary growth, was 45% greater in boys than in girls. The vertical change in point D, which is 
effectively lower face height, increased 77% more during treatment in boys than in girls, reflecting the common observation that greater 
growth of boys in the vertical plane most distinguishes the sexes during adolescence.20,33,34 Of note, these were the only statistically 
significant sex differences among the 15 variables tested. These tests (Table 2 ) in combination with the ANCOVA results revealed that 
the amounts of growth (adjusted for age) were larger in boys than in girls (roughly half again as large), but that the decline of growth with 
age was equivalent in boys and girls.

The question arises as to whether mesial growth of the two jaws was improved more in younger, actively growing adolescents. This net 
improvement, termed ABCH, is the amount the mandible grows forward in excess of the maxilla. Adjusted means showed that, statistically, 



ABCH was significantly greater in boys than in girls (Table 2 ) (P = .04), which corresponded to a difference between male and female 
means of 45%. These rates diminished significantly with age but equivalently in both sexes (Figure 3 ). The typical patient experienced 
an improvement in the skeletal profile of about 5 mm at 9 to 10 years of age, with ABCH declining to zero in later adolescence (r2 = 7%). 

Tooth Movement

Maxillary molar. U6 “movement”  is composed of tipping and bodily movements (Table 1 ). In the present study, U6 was not tipped in the 
average adolescent (angulation, 0.8°; P = .16), but this tooth was moved forward bodily an average of 2.8 mm. The amount of bodily change 
depended significantly on patient age (r2 = 11%; P < .001): U6 was allowed to slide mesially significantly more in younger adolescents than 
in older adolescents (Figure 4 ). U6 moved mesially about 4 mm in young patients (aged approximately 10 years) but only 1 to 2 mm in 
patients aged 16 to 18 years. It therefore seems that molar anchorage was more carefully preserved in the older patients. Patient age 
accounted for about one-eighth (14%) of the variation in U6 movement (P < .001). On the other hand, patient sex had no discernible 
influence on how much U6 was tipped or displaced. 

Mandibular molar. L6 was tipped (distal crown tipping) about 4.5° in the typical patient, which translated to a distal crown repositioning of 
about 1 mm (P < .001). It is likely that this tipping was caused by the tip-back bends in the archwire.11 Systematic tipping was not seen in 
the upper molar. Removing the effect of tipping, L6 was actually moved forward bodily 5.0 mm on average, but, in contrast to U6, neither 
tipping nor bodily movement of L6 was influenced by patient age or sex in these Begg cases (Figure 4 ). Combining distal crown tipping 
with mesial bodily movement, L6 was moved mesially an average of 3.9 mm regardless of the patient's age or sex (Figure 1 ). 

Molar relationship. Although both U6 and L6 were moved mesially in most patients, L6 moved farther on a case-by-case basis (Figure 1 
); the mean difference was 0.8 mm farther for L6, thus providing some of the Class I molar correction. This mean improvement of 0.8 mm 

was the same in boys and girls and was independent of the age at which treatment was initiated (P = .22). 

DISCUSSION Return to TOC

Somatic growth is faster during adolescence than during any other phase of life after infancy,35,36 so the clinician should be able to work 
“with growth”  in adolescents and to use growth to augment corrections, rather than relying wholly on tooth movement. It has also been 
noted that the treatment of nongrowing adults differs from that of adolescents because it is harder to maintain the occlusal plane in adults 
because they are effectively not growing, and correction at this age depends almost exclusively on tooth movement.23,37,38 It appears that 
peak velocities of facial dimensions occur around 14 years of age in boys and appreciably earlier (around 11 to 12 years of age) in girls, 
with progressively declining rates thereafter.2,4,6,36 

Skeletodental Correction

Because the supporting bones of the dental arches are actively growing in adolescence, it was anticipated that correcting the Class II 
malocclusion would involve some combination of skeletal and dental changes.21 This was evident for the whole sample (Figure 1 ) in 
which three-fourths of the total molar correction was due to skeletal changes. The maxilla grew forward 2.1 mm on average, but this was 
exceeded by a mandibular growth of 4.7 mm, producing a net sagittal improvement of 2.6 mm, which was 77% of TMC. On average, then, 
tooth movement accounted for just 23% of the correction. Specifically, U6 slipped forward 3.1 mm, but this movement was exceeded by a 
forward movement of L6 of 3.9 mm, for a net gain of 0.8 mm, which was one-fourth of the mean TMC in this sample. 

These overall averages disclose the importance of skeletal growth, but they obscure the effects of age at treatment since facial growth 
slowed significantly across the age span of 9 to 17 years studied here, and the rate of maxillary growth was slower than the rate of 
mandibular growth at all ages (Figure 2 ). Additionally, the degree of U6 slippage was less in older adolescents (Table 1 ), so the 
contributions of skeletal and dental changes are multidimensional and hard to visualize. Figure 5  provides a simple evaluation of the 
effect of patient age on the nature of the correction. We sequenced the total sample (N = 139) by age at the start of treatment (sexes 
pooled) and compared the youngest and oldest quartiles. The younger group had an age range of 9.1 to 11.6 years, and the older group had 
an age range of 14.0 to 16.9 years. Comparison of these extremes helps clarify the effects of growth in the younger group, which is 
probably close to peak velocity, and that in the older, predominately postpubertal group.4 

There was significantly more maxillary and mandibular growth in the younger group than the older group, notably so in the mandible (6.2 
vs 2.5 mm), and, as a result, the ABCH was about 3 times greater in the younger group (3.5 vs 1.2 mm). L6 movements were about the 
same in the two groups, but there was only half as much mesial slippage of U6 in the older group (1.7 vs 3.6 mm). The key issue in this 
comparison was that skeletal changes, specifically mandibular growth in excess of maxillary growth, produced 87% of TMC in the younger 
group. Mesial movement of L6 in excess of U6 movement (0.5 mm) produced the other 13% of the correction. Growth, then, accounted for 
over four-fifths of the correction in children between 9 and 12 years of age. 

In the older quartile, although the adolescents were just a few years older (approximately 14 to 17 years of age), the relative 
skeletodental contributions were quite different (Figure 5 ). Skeletal growth, although still substantive, dropped to 36% of TMC, and 
dental changes then made up the bulk of the correction at 64%. Prior work has shown that this rapid drop in skeletal “assistance”  in 
correcting the malocclusion projects asymptotically to effectively zero, at least by a patient's mid-20s.23 Without growth, all of the 



correction must occur through tooth movement, which has obvious ramifications for the high and increasing proportion of adults in many 
orthodontic practices.13,39 

Sexual Dimorphism

Adult faces are significantly larger in men than in women, and much of this difference is attained during adolescence.33,40,41 But, as 
gauged with the Johnston analysis, these absolute size differences have only a localized influence on the orthodontic correction of Class II 
division 1 malocclusions in adolescents. Influential sex differences were localized to mandibular growth (Table 2 ); the mandible grew 
forward and downward significantly more in boys than in girls. In contrast, forward growth of the maxilla was the same in both sexes, so 
that there was a marginally significant difference in ABCH (P = .04). That is, the mandible grew forward relative to the maxilla more in boys 
than in girls (3.2 vs 2.2 mm), which yielded a greater skeletal correction in boys. The 4 variables reflecting mandibular growth were the only 
variables suggesting a sex difference in how the Class II malocclusion was corrected in these adolescents (Tables 1 and 2 ).

Molar Correction

All of the cases studied were treated with 4-premolar extractions. Extractions are a quantum event,42,43 and one obtains either about 7 
mm of arch space with a premolar extraction or none at all without it. Thus, it should be anticipated that the maxillary molars will slide 
mesially somewhat to close excess extraction space, even though this movement detracts from the Class I molar relationship. What was 
seen, though, was that U6 moved forward about 3 mm in the average patient—and substantially more in younger patients (Figure 4 ). A 
patient's age accounted for 14% of the variation in the amount of U6 movement. In contrast, the amount of mesial movement of L6 did not 
depend on age, and, at a mean of 3.9 mm, orthodontic movement of L6 exceeded that of the upper molars except in the youngest patients 
in whom the correction was obtained instead by disproportionate mandibular growth.

Unexplained Variation

This report focuses on the effects of age and sex on the nature of the Class II correction, but it also highlights potential problems in 
research design within and among studies. Many of the coefficients of determination for the variables studied are near zero (Table 1 ), 
but others, notably those in the mandible, exceed 10% (R2 for age plus sex for change in D point was 31%.). If a researcher matches 
samples for orthodontic criteria but ignores age (which is an indicator of the patient's status relative to the somatic growth pattern) and sex, 
this unrecognized, potentially substantial variation, is hidden in the residual (unexplained) variance in the statistical design. This decreases 
the ratio of among-to-within group variances and reduces the chance of finding statistical differences if they exist. Conversely, differences 
among results of assumedly comparable studies may be due to demographic differences in sample composition—which are rarely fully 
described. Johnston21 also addresses these issues. 

The present results are strongly confirmatory of prior work in this area. Researchers have often reported that growth—which aids 
treatment—is greater in younger patients than in slower-growing, more mature older patients.14,17,18,44–49 The perspective is that 
correction via bone growth is preferable because it is probably more stable over the long term and because it improves the facial profile, not 
just the occlusion.

Johnston21 compared the nature of the orthodontic correction in several treated and untreated samples. Generally, the age ranges of the 
samples were sharply constrained, and age differences among the samples were adjusted through the use of expected growth units based 
on the work of Schulhof and Bagha50 using the Ricketts short-range growth forecasting method. Johnston's summary finding was that the 
orthodontic correction in young patients was due primarily to ABCH (“in conjunction with the elimination of dentoalveolar compensation”). In 
older adolescent patients, correction was primarily due to tooth movement.

Harris et al23,37 contrasted 2 groups of patients, one consisting of young adolescents at the start of treatment (mean age, 12 years) and 
the other of young adults (mean age, 28 years). The studies included only female cases because it was not practical to obtain an adequate 
sample of male cases. The adults exhibited almost no in-treatment growth; parasagittal correction was almost wholly due to tooth 
movement, and it was difficult to maintain vertical control in this group. Long-term stability appeared to be the same in these two age 
groups, however.51 

The present study deals with the age range of 9 to 17 years as a continuum and contrasts male and female growth rates by way of 
statistical design. None of the variables disclosed a growth spurt suggestive of the peripubertal growth spurt so well documented for stature 
as well as for the maxilla52 and the mandible.27 Given that the mean treatment time was 2.5 years in this study, one would expect the 
“spurt”  to be attenuated compared with per annum growth rates; however, in each case, a linear model fit the data better than did a 
curvilinear model.

Overview

We return now to the 3 questions raised at the beginning of this paper. Peripubertal growth is characterized by sequential phases of 
acceleration, deceleration, and cessation. The present study shows that orthodontic treatment early in the second decade of life involves 
significantly greater components of skeletal than dental movement. In the age span of 9 to 17 years assessed here, there were linear 



declines with age in the contribution of skeletal growth to the parasagittal orthodontic correction and, as an accommodation, the amount of 
tooth movement increased with age. The greater adolescent growth seen in boys did little to affect the orthodontic correction relative to that 
in girls because much of the growth was proportional and did not alter relative size. The important exception was mandibular growth, which 
was much greater in boys than in girls, and mesial mandibular growth in these cases tended to exceed maxillary growth in boys (but not in 
girls), thereby improving sagittal relationships.

Brodie and coworkers53 suggested long ago, “There seems to be a definite correlation between success of treatment and growth.”54 
They observed that “the best esthetic results were obtained in those [cases] where growth was more active,”55 and that growth and 
development account “for a considerable part of the changes which take place during orthodontic treatment.”55 The present research is a 
contribution toward quantifying these sources of variation.

REFERENCES Return to TOC

1. Ricketts RM. A statement regarding early treatment. Am J Orthod Dentofac Orthop. 2000; 117:556–558.  

2. Nanda RS. The rates of growth of several facial components measured from serial cephalometric roentgenograms. Am J Orthod. 1955; 
41:658–671.  

3. Fishman LS. Chronological versus skeletal age: an evaluation of craniofacial growth. Angle Orthod. 1979; 49:181–189. [PubMed Citation] 

4. Fishman LS. Radiographic evaluation of skeletal maturation: a clinically oriented study based on hand-wrist films. Angle Orthod. 1982; 
52:88–112. [PubMed Citation]  

5. Franchi L, Baccetti T, McNamara JA Jr. Mandibular growth as related to cervical vertebral maturation. Am J Orthod Dentofac Orthop. 
2000; 118:335–340.  

6. Houston WJB, Miller JC, Tanner JM. Prediction of the timing of the adolescent growth spurt from ossification events in hand-wrist films. 
Br J Orthod. 1979; 6:145–152. [PubMed Citation]  

7. Scott JH. The growth of the human face. Proc R Soc Med. 1954; 47:91–100.  

8. Largo RH, Gasser T, Prader A, Stutzle W, Huber PJ. Analysis of the adolescent growth spurt using smoothing spline functions. Ann 
Hum Biol. 1978; 5:421–434. [PubMed Citation]  

9. Preece MA, Baines MJ. A new family of mathematical models describing the human growth curve. Ann Hum Biol. 1978; 5:1–24. 
[PubMed Citation] 

10. Abbassi V. Growth and normal puberty. Pediatrics. 1998; 102:507–511. [PubMed Citation]  

11. Begg PR, Kesling PC. Begg Orthodontic Theory and Technique. 3rd ed. Philadelphia, Pa: WB Saunders Company; 1977. 

12. Huckaba GW. The Begg technique. In: Hardin JF, ed. Clark's Clinical Dentistry. Vol 2. Philadelphia, Pa: JB Lippincott; 1988:1–20.  

13. Gottlieb El, Nelson AH, Vogels DS. JCO study of orthodontic diagnosis and treatment procedures: Part I. Results and trends. J Clin 
Orthod. 1996; 30:615–629. [PubMed Citation]  

14. Hunter CJ. The correlation of facial growth with body height and skeletal maturation at adolescence. Angle Orthod. 1966; 36:44–54. 
[PubMed Citation] 

15. Bergerson EO. The male adolescent facial growth spurt: its prediction and relation to skeletal maturation. Angle Orthod. 1972; 42:319–
338. [PubMed Citation] 

16. Grave KC, Brown T. Skeletal ossification and the adolescent growth spurt. Am J Orthod. 1976; 69:611–619. [PubMed Citation]  

17. Singer J. Physiologic timing of orthodontic treatment. Angle Orthod. 1980; 50:322–333. [PubMed Citation]  

18. Hägg U, Taranger J. Maturity indicators and the pubertal growth spurt. Am J Orthod. 1982; 82:299–309. [PubMed Citation]  

19. Hägg, U. Pancherz, Taranger J. Pubertal growth and orthodontic treatment. In: Carlson DS, Ribbens KA, eds. Craniofacial Growth 
During Adolescence. Ann Arbor, Mich: Center for Human Growth and Development, University of Michigan; 1987:87–116. No. 20, 
Craniofacial Growth Series. 

20. Bishara SE. Facial and dental changes in adolescents and their clinical implications. Angle Orthod. 2000; 70:471–483. [PubMed 



Citation] 

21. Johnston LE Jr. A comparative analysis of Class II treatments. In: Carlson DS, ed. Science and Clinical Judgment in Orthodontics. Ann 
Arbor, Mich: Center for Human Growth and Development. University of Michigan; 1986:103–148. No. 19, Craniofacial Growth Series.  

22. Johnston LE Jr. Balancing the books on orthodontic treatment: an integrated analysis of change. Br J Orthod. 1996; 23:93–102. 
[PubMed Citation] 

23. Harris EF, Dyer GS, Vaden JL. Age effects on orthodontics treatment: assessments from the Johnston analysis. Am J Orthod 
Dentofac Orthop. 1991; 100:531–536.  

24. Keeling SD, Dolce C, Van Sickels JE, Bays RA, Clark GM, Rugh JD. A comparative study of skeletal and dental stability between rigid 
and wire fixation for mandibular advancement. Am J Orthod Dentofac Orthop. 2000; 117:638–649.  

25. Björk A. Prediction of mandibular growth rotation. Am J Orthod. 1969; 55:585–599. [PubMed Citation]  

26. Björk A, Skieller V. Growth of the maxilla in three dimensions as revealed radiographically by the implant method. Br J Orthod. 1977; 
4:53–64. [PubMed Citation]  

27. Björk A. Variations in the growth pattern of the human mandible: longitudinal radiographic study by the implant method. J Dent Res. 
1963; 42:400–411.  

28. Winer BJ. Statistical Principles in Experimental Design. 2nd ed. New York, NY: McGraw-Hill Book Company; 1971.  

29. Sokal RR, Rohlf FJ. Biometry: The Principles and Practice of Statistics in Biological Research. 3rd ed. New York, NY: WH Freeman 
and Company; 1995. 

30. SAS Institute Inc. SAS Users Guide: Statistics. 5th ed. Cary, NC: SAS Institute Inc; 1985. 

31. Freund RJ, Little RC. SAS System for Regression. 2nd ed. Cary, NC: SAS Institute Inc; 1991. 

32. Kleinbaum DG, Kupper LL. Applied Regression Analysis and Other Multivariable Methods. North Scituate, Mass: Duxbury Press; 1978. 

33. Broadbent BH Sr,, Broadbent BH Jr,, Golden WH. Bolton Standards of Dentofacial Developmental Growth. St Louis, Mo: CV Mosby 
Company; 1975. 

34. Farkas LG. ed. Anthropometry of the Head and Face. 2nd ed. New York, NY: Raven Press; 1994. 

35. Tanner JM. Growth at Adolescence. 2nd ed. Oxford, England: Blackwell Scientific Publications; 1962. 

36. Taranger J, Hägg U. The timing and duration of adolescent growth. Acta Odontol Scand. 1980; 38:57–67. [PubMed Citation]  

37. Dyer GS, Vaden JL, Harris EF. Age effects on orthodontics treatment: adolescents contrasted with adults. Am J Orthod Dentofac 
Orthop. 1991; 100:523–530.  

38. Ahn JG, Schneider BJ. Cephalometric appraisal of posttreatment vertical changes in adult orthodontic patients. Am J Orthod Dentofac 
Orthop. 2000; 118:378–384.  

39. Manski RJ, Davidson WM, Moeller JF. Orthodontic dental visits during 1987 and 1996. Am J Orthod Dentofac Orthop. 2000; 118:10–13. 

40. Riolo ML, Moyers RE, McNamara JA Jr,, Hunter WS. An Atlas of Craniofacial Growth: Cephalometric Standards from the University 
School Growth Study, the University of Michigan. Ann Arbor, Mich: Center for Human Growth and Development, University of Michigan; 
1974. No. 2, Craniofacial Growth Series. 

41. Richardson ER. Atlas of Craniofacial Growth in Americans of African Descent. Ann Arbor, Mich: Center for Human Growth and 
Development; 1991. No. 26, Craniofacial Growth Series. 

42. Reid PV. A different approach to extraction. Am J Orthod. 1957; 43:334–365.  

43. Haas A. Let's take a rational look at permanent second molar extraction. Am J Orthod Dentofac Orthop. 1986; 90:361–363.  

44. Korkhaus G. Present orthodontic thought in Germany. Am J Orthod. 1960; 46:187–206.  



45. Graber TM, Chung DDB, Aoba JT. Dentofacial orthopedics versus orthodontics. J Am Dent Assoc. 1967; 75:1145–1166. [PubMed 
Citation] 

46. Sakamoto T. Effective timing for the application of orthopedic force in the skeletal Class III malocclusion. Am J Orthod. 1981; 80:411–
416. [PubMed Citation] 

47. Bell RA. A review of maxillary expansion in relation to rate of expansion and patient's age. Am J Orthod. 1982; 81:32–37. [PubMed 
Citation] 

48. Pancherz H, Hägg U. Dentofacial orthopedics in relation to somatic maturation. Am J Orthod. 1985; 88:273–287. [PubMed Citation]  

49. Kopecky GR, Fishman LS. Timing of cervical headgear treatment based on skeletal maturation. Am J Orthod Dentofac Orthop. 1993; 
104:162–169.  

50. Schulhof R, Bagha R. A statistical evaluation of the Ricketts and Johnston growth forecast methods. Am J Orthod. 1975; 67:258–270. 
[PubMed Citation] 

51. Harris EF, Vaden JL, Dunn KL, Behrents RG. Effects of patient age on post-orthodontic stability in Class II, division 1 malocclusions. 
Am J Orthod Dentofac Orthop. 1994; 105:25–34.  

52. Björk A. Sutural growth of the upper face studied by the implant method. Acta Odontol Scand. 1966; 24:109–127. [PubMed Citation]  

53. Brodie AG, Downs WB, Goldstein A, Myer E. Cephalometric appraisal of orthodontic results: a preliminary report. Angle Orthod. 1938; 
8:261–265.  

54. Brodie AG. Analysis of changes during and subsequent to orthodontic management of Class III malocclusion. Angle Orthod. 1938; 
8:330–351.  

55. Downs WB. Cephalometric appraisal of orthodontic management of Class I malocclusions. Angle Orthod. 1938; 8:266–289.  

TABLES Return to TOC

TABLE 1. Descriptive Statistics, Results of Analysis of Covariance, and Components of Variationa  



TABLE 2. Least-Squares Descriptive Statisticsa  

FIGURES Return to TOC



Click on thumbnail for full-sized image. 

FIGURE 1. The “pitchfork”  diagram in the Johnston analysis partitions the skeletodental sources of the orthodontic correction. All 
measurements are made parallel to the mean functional occlusal plane (MFOP), which is the average of the pretreatment and 
posttreatment FOPs with superimposition of the cephalometric tracings on the lingual cortical plate of the palate and registration on the fine 
structure internal to the maxilla common to the pretreatment and posttreatment films. Results of the present study (with sexes and ages 
pooled) are shown in the diagram. By convention, positive values denote changes that aid correction of a Class II to a Class I molar 
relationship, such as mesial growth of the mandible. Maxillary and mandibular growth are the amounts of forward growth of the 2 jaws 
during treatment relative to the anterior cranial base (note that maxillary growth is negative because it detracts from the Class I correction). 
Total crown movement of the maxillary first molar (U6) is partitioned into the contributions from tipping vs bodily movement, and the same 
partitioning is done for the mandibular molar (L6). Apical base change (ABCH) is the difference between the forward growth of the 2 jaws; a 
positive value indicates that mandibular growth exceeded maxillary growth, thus assisting in the Class II correction. The average patient in 
the present study experienced more mandibular growth than maxillary growth (ABCH, +2.65 mm). There was forward crown tipping of U6 
(−0.33 mm), but most of the U6 movement was forward translation (−2.75 mm). Mandibular forward translation was twice that of U6 (L6 
bodily movement, 5.00 mm). Growth of the 2 jaws (−2.07 plus +4.72 = 2.65 mm) plus dental movement (−3.09 plus +3.88 mm) sum to the 
total molar correction of 3.44 mm. In our patient sample, skeletal growth produced 77% of the total molar correction, whereas molar 
movement was responsible for 23% 
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FIGURE 2. Scatterplots of mesiodistal growth of the maxilla (left) and mesiodistal growth of the mandible (right). Both are measured 
relative to the anterior cranial base. The sign of the changes was based on whether the change aided a Class I correction; mesial growth of 
the maxilla is reflected by negative values, whereas mesial growth of the mandible is reflected by positive values. Maxillary growth slowed 
significantly across the age span of 9 to 17 years; the few positive values appeared to be due to orthopedic effects of Class II elastics. 
Forward growth of the mandible was also significantly slower in older adolescents; negative values were probably due to downward-
backward autorotation in some cases. Mandibular growth was significantly faster in boys (closed symbols) than in girls (open symbols)—as 
shown by the difference in intercepts—although the slopes were the same  
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FIGURE 3. Apical base change (ABCH) was calculated as the mesial growth of the mandible minus the mesial growth of the maxilla. 
Therefore, positive values reflect improvements in the bony denture bases that aided in achieving a Class I sagittal molar relationship. ABCH 
was greatest in the youngest patients and decreased significantly as the age at the start of treatment increased. The rate of growth was 
significantly greater in boys (closed symbols) than in girls (open symbols) as indicated by the larger Y-intercept, although the slopes were 
the same in the 2 sexes 
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FIGURE 4. Bivariate plots showing the significant association between patient age at the start of treatment and the amount of slippage of 
U6 during treatment (left) (F = 22.9, P < .001) and the statistical independence of age with L6 movement (right) (F = 1.4, P = .24). Negative 
values represent mesial movement for U6 and distal movement for L6, since these directions of change detract from attaining a Class I 



molar relationship 
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FIGURE 5. Pitchfork diagrams illustrating the different mix of skeletal and dental contributions to the correction of a Class II to a Class I 
molar relationship between the youngest and oldest quartiles from the total sample of patients treated with Begg lightwire technique. 
Differences (right) were highly significant (** indicates P < .001) for skeletal growth and amount of mesial bodily movement of U6. Skeletal 
changes accounted for 87% of the total molar correction in the youngest quartile but only 36% in the oldest quartile. Conversely, most of 
the correction in these older adolescents (64%) had to be achieved by tooth movement per se 
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