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Changes in 3D Midfacial Parameters after Biomimetic  
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ABSTRACT

Background/objectives/aims: Controversy exists regarding 
maxillary bone changes in nongrowing adults. However, previous 
studies have relied on two-dimensional (2D) cephalometric 
analyses, which may be unable to capture three-dimensional (3D) 
phenomena. In this study, we investigated 2D and 3D parameters 
to test the null hypothesis that maxillary bone volume cannot be 
changed in nongrowing adults that had been diagnosed with 
midfacial underdevelopment.

Methods: After obtaining informed consent, we undertook 3D 
cone beam computed tomography scans of 11 consecutive, adult 
patients prior to and after biomimetic, oral appliance therapy. 
The mean treatment time was 18.4 months ± 2.5 using the DNA 
appliance® system. The intramolar width and 3D volume of the 
midface was calculated prior to and after the midfacial redevelop
ment protocol. The findings were subjected to statistical analysis.

Results: The mean intramolar increased from 33.5 mm ± 3.4 
prior to treatment to 35.8 mm ± 2.9 after appliance therapy  
(p = 0.0003). Similarly, the mean midfacial bone volume was 
17.4 cm3 ± 3.9 prior to treatment and increased to 19.1 cm3 ± 
2.6 after appliance therapy (p = 0.0091).

Conclusion: These data support the notion that maxillary bone 
width and volume can be changed in nongrowing adults. Further-
more, midfacial redevelopment may provide a potentially-useful 
method of managing adults diagnosed with obstructive sleep 
apnea, using biomimetic, oral appliances.
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Introduction

Recent advances in imaging techniques permit the visuali­
zation of clinical craniofacial structures in three-dimensional 
(3D) using advanced imaging and data acquisition tech­
niques.1 Some of these 3D techniques can be used for 
modeling clinical data, unlike previous two-dimensional 
(2D) cephalometric analyses. Singh et al2 reviewed various 
3D imaging and modeling techniques that may provide 
new insights into both surgical and nonsurgical clinical 
interventions. Generic methods are commonly used for 
modeling purposes with computed tomography (CT) image 
(DICOM) format, mesh format (STL), and so on; these data 
can be superimposed over time or used to derive 3D mean 
configurations that can be interrogated statistically.3

Regarding the maxilla, Gracco et al4 evaluated volu­
metric variations in the palate following rapid maxillary 
expansion in children, noting that the volume of the palate 
increased. But, controversy exists in literature regarding the 
extent to which maxillary bone parameters can be changed 
in nongrowing adults. However, previous studies in adults 
have relied on 2D cephalometric analysis, which may be 
unable to capture 3D phenomena.5 Nevertheless, using 
computer-assisted, pre- and postoperative evaluations of 
surgically-assisted, rapid maxillary expansion in adults, 
Kober et al6 reported that while the maxilla was found to 
widen, the results indicated a decrease in bone quality in 
those adults. Therefore, the aim of this study is to investigate 
2D and 3D changes in maxillary bone parameters following 
a nonsurgical, midfacial development protocol, and to test 
the null hypothesis that maxillary bone volume cannot be 
changed in nongrowing adults diagnosed with midfacial 
underdevelopment.

mATERIALS and Methods

After obtaining informed consent, 13 consecutive patients 
were recruited for this study. The rights of the subjects 
were protected by following the Declaration of Helsinki. 
Inclusion criteria were adults over age 21 years diagnosed 
with clinical, midfacial underdevelopment (such as a narrow 
palate or posterior crossbite); good compliance; no history 
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of hospitalization for craniofacial trauma or surgery; no 
congenital, craniofacial anomalies, and a fully-dentate upper 
arch. The exclusion criteria included: age <21 years; lack of 
compliance; active periodontal disease; tooth loss during 
treatment; poor oral hygiene, and systemic bisphosphonate 
therapy. After careful history-taking and craniofacial 
examination, we undertook 3D cone-beam computerized 
axial tomographic (3D CBCT) scans using an iCAT CBCT 
machine (Imaging Sciences International, Hatfield, PA). 
Strict positioning protocols were used and a 20 seconds scan 
was performed using a wide (13 cm) field of view. 

A neuromuscular bite registration was obtained in 
the upright-sitting position with corrected jaw posture 
in the vertical axis specific for each subject. Upper and 
lower polyvinylsiloxane impressions were also obtained. 
The upper model was then mounted using the hammular 
notch-incisive papilla plane method on a Stratos articulator 
(Ivoclar-Vivadent, Amherst, New York, USA), and the lower 
model was mounted relative to the upper model, using the 
bite registration captured in the physiologic rest position.

Following diagnostics, a biomimetic, upper DNA app­
liance7-13 (Fig. 1) was prescribed for each subject. The DNA 
appliance system is designed to correct maxillomandibular 
underdevelopment in both children and adults. The wireframe 
DNA appliance used in this study had six (patented) anterior 
3D axial springsTM, midline anterior and posterior omega 
loops, posterior occlusal stop, retentive clasps, and a labial 
bow (see Fig. 1). All subjects were instructed to wear the 
DNA appliance during the late afternoon, early evening 
and at night time (for approx. 10-12 hrs in total), but not 
during the day time and not while eating, partly in line with 
the circadian rhythm of tooth eruption,14 although this only 

Fig. 1: The wireframe DNA appliance design used in this case, 
which incorporates midline anterior and posterior omega loops, 
three-dimensional axial springs™, Adam’s clasps, occlusal stops 
and a labial bow

Fig. 2: For volumetric reconstruction of the craniomaxillary region, 
appropriate software was implemented and midfacial reconstruction 
was undertaken prior to further processing for measurement 
purposes

Fig. 3: Axial two-dimensional image from a three-dimensional cone beam computed tomography scan showing the minimum intramolar 
width measurement at the cervical margin of the mesiopalatal cusp of the first molar. This bone width was measured prior to and after 
the midfacial redevelopment protocol
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Fig. 4: A midfacial reconstruction that has been segmented between 
the anterior and posterior nasal spines, the dentoalveolar margin 
and the hard palate, including the palatine bone, but excluding 
the frontal process of the maxilla and the crowns of the teeth for 
volumetric measurement. This bone volume was measured prior 
to and after the midfacial redevelopment protocol

occurs in children. The appliance was adjusted every 4 weeks 
approximately. The subjects were also instructed on how to 
perform an orofacial myofunctional exercise (the ‘zygoma 
lift’)15 and had to demonstrate successful implementation of 
the exercise routine prior to discharge. Written and verbal 
instructions were given to all subjects. 

All subjects reported for review each month. At each 
monthly follow-up, examination for the progress of midfacial 
development was recorded. Adjustments to the devices were 
performed to optimize their efficacy. Only gentle pressures 
were transmitted to the teeth and the functionality of the 
device was checked with the subject activating a mild force 
on biting. The subjects were encouraged to maintain their 
treatment regimen as outlined at the outset. Development of 
the lower arch was implemented using a lower appliance to 
permit arch recoordination. A lower appliance was imple­
mented between 6 and 12 months depending on the patient’s 
progress.

For volumetric reconstruction of the midface (Fig. 2), 
appropriate software was implemented (Anatomage, inVivo 
Dental, San Jose, CA, USA). The minimum intramolar 
width at the cervical margin of the mesiopalatal cusp of the 
first molar was measured prior to and after the midfacial 
redevelopment protocol (Fig. 3). The 2D measurement pro­
tocol was repeated three times to determine the percentage 
measurement error. Next, midface segmentation was under­
taken between the anterior and posterior nasal spines, the 
dentoalveolar margin and the hard palate, including the 
palatine bone, but excluding the frontal process of the maxilla 
and the crowns of the teeth (Fig. 4). In addition, the bony 3D 
volume of the midface, excluding the frontal process of the 
maxilla, was computed in all cases. The 3D measurement 
protocol was also repeated three times to determine the 

percentage measurement error. At 18 months, these data 
measurements were repeated and the findings were subjected 
to statistical analysis, using t-tests. 

Results

Two subjects were excluded from the study; one subject 
did not meet the age criteria for inclusion and one subject 

Figs 5A to C: An example of midfacial development in one of 
the subjects that participated in this study: (A) Pretreatment pre
sentation, (B) the progress of midfacial development, (C) The 
outcome in this particular example, in which the palatal bone width 
appears to have increased
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had maxillary third molars removed during the active 
phase of treatment. Figures 5A to C show an example of 
midfacial development in one of the remaining 11 subjects 
that participated in this study. Figure 5A is the pretreatment 
presentation. Figure 5B shows the progress of midfacial 
development. Figure 5C shows the outcome in this particular 
example, in which the palatal bone width appears to have 
increased. Indeed, for the entire sample, the mean, minimum 
intramolar width (see Fig. 3) was found to be 33.5 mm ± 3.4 
prior to treatment. This bone width increased to 35.8 mm ± 2.9 
after appliance therapy (p = 0.0003). For 2D measurements, 
the error was found to be 0.79%. Therefore, further analyses 
were warranted. For the entire sample, the mean, midfacial 
bone volume was 17.4 cm3 ± 3.9 prior to treatment. The 
midfacial bone volume increased to 19.1cm3 ± 2.6 after 
appliance therapy (p = 0.0091). The 3D measurement error 
was found to be 0.92%. In addition, no instances of palatal or 
buccal dehiscence or fenestration were found in association 
with any of the tooth roots in any of the subjects (see 
Fig. 4). These results are summarized in Tables 1 and 2 and  
Figures 3 to 5A to C. 

Discussion

Volumetric measurements from 3D CBCT scan data must 
be done with due diligence employing a good technique, 
as the measurement values may change according to the 
image threshold value chosen. In order to prevent this type 
of error, the same image threshold value was used for each 
specific patient. In addition, the amount of imaging artifacts 
and digital ‘noise’ varies with each CBCT machine used and 
for each patient, which may also affect the volume measure­
ments. Therefore, in order to prevent this type of error, the 
same CBCT machine was used for all subjects in this study. 
Indeed, following these guidelines, the percentage error for 
replicate 2D and 3D measurements was found to be 0.79 and 
0.92%, respectively. Therefore, the results of the measure­
ment protocol used in this investigation were deemed to be 
acceptable. Fuyamada et al16 compared the reproducibility 
of landmark identification in 3D CBCT images. Significant 
differences were not found as long as strict definitions were 
employed, as in this present study. Thus, using 3D CBCT 
data Gracco et al4 undertook volumetric reconstruction of 
the palate following rapid maxillary expansion in children 
in the mixed dentition. As expected, the volume of the 
palate increased. For the management of obstructive sleep 
apnea (OSA) in children, Marino et al17 evaluated the effects 
of rapid maxillary expansion (RME). They surmised that 
young children with bimaxillary retrognathia could ben­
efit from RME. However, doubt exists whether midfacial 
development can be performed in adults for the correction 
of OSA. Therefore, the aim of this study was to test the null 
hypothesis that maxillary bone volume cannot be changed 
in nongrowing adults that had been diagnosed with midfa­
cial underdevelopment, as midfacial underdevelopment is  
associated with OSA in adults.18

For adults, Nair et al19 undertook quantitative analysis 
of the maxilla in skeletal Class II cases. No significant 
differences were found between the volumes of the maxilla 
(although differences were reported in the ratio of maxillo-
mandibular volume). Thus, one objective of this present study 
was to determine whether a biomimetic appliance protocol 
has the ability to invoke new bone formation in nongrowing 
adults. Biomimetics is a science that uses natural designs or 
mechanisms to solve human problems. In this case, the intention 
is to accommodate 16 teeth in the maxilla to correct features of 
malocclusion, such as crowding, posterior crossbite, and so on. 
It is postulated that adults retain the capacity to regenerate and 
remodel bone at the craniofacial sutures.20 Indeed, Ferguson 
et al21 state that the genetic mechanisms that invoke bone 
formation de novo in fetuses are the same as those that permit 
new bone formation in adult skeletal fractures. Thus, it is 
feasible that new (woven) bone might be laid down to maintain 

Table 1: List of minimum intramolar widths pre- and post-treatment. 
The mean, minimum intramolar width increased from 33.5 to 35.8 
mm after biomimetic oral appliance therapy
Subject Pretreatment  

width (mm)
Posttreatment 
width (mm)

ASE 28.71 34.7
FE 31.12 33.29
HF 33.44 35.75
CH 32.95 36.64
KH 35.44 37.03
NN 30.12 31.88
KR 32.57 32.95
JD 39.91 42.16
AT 33.89 35.11
TR 38.47 39.19
EA 31.66 34.93
Mean 33.48 35.78

Table 2: List of midfacial bone volume pre- and post-treatment. 
The mean midfacial bone volume increased from 17.4 to 19.1 
cm3 after biomimetic oral appliance therapy
Subject Pre-treatment 

volume mm3
Post-treatment 
volume mm3

ASE 14143 15121
FE 15218 19823
HF 19374 21289
CH 20036 20609
KH 18884 19572
NN 16689 16869
KR 12389 17287
JD 21536 21858
EA 22146 22085
TR 20971 21044
AT 10402 15264
Mean 17435.3 19165.5
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sutural homeostasis. Preliminary evidence for this notion is 
provided by Singh and Krumholtz15 that illustrates a bone 
biopsy taken from an adult dentition subjected to ultra-light 
dentoalveolar tensile stresses. Indeed, Mao and Nah22 show 
that tensile stresses upregulate BMP4 gene expression in 
mouse cranial sutures. Therefore, it is plausible that, because 
of homology, mammalian developmental mechanism(s) 
responsible for new bone formation might be amenable 
to reactivation in adults undergoing biomimetic appliance 
therapy. In fact, our initial data appear to support the notion 
that maxillary bone width and volume can be changed in 
nongrowing adults. Furthermore, in other studies, Singh  
et al;7 Singh and Cress,10 and Singh and Callister23 showed 
that increased maxillary bone parameters are associated 
with increased upper airway volume concomitant with a 
decreased apnea-hypopnea index (AHI) in nongrowing 
adults. Therefore, midfacial redevelopment may provide a 
potentially useful method of addressing an elevated AHI, by 
using biomimetic oral appliances in adults diagnosed with 
OSA. Despite these contentions, further large-scale studies 
and randomized clinical trials are needed. In addition, the 
results of this present study need to be viewed with caution 
as the long-term stability of volumetric increases in adult 
bone volume require further determination.
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