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Deformation of the zygomaticomaxillary
and nasofrontal sutures during
bone-anchored maxillary protraction
and reverse-pull headgear treatments:
An ex-vivo study
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Introduction: Bone-anchored maxillary protraction (BAMP) is an emerging treatment that involves applying a
protraction load to the maxillary bone. Although it is believed that such an approach results in better sutural sep-
aration, this has not been investigated. This study aimed to assess and compare the deformation of 1 circum-
axillary suture (zygomaticomaxillary suture [ZMS]) and 1 facial suture (nasofrontal suture [NFS]) during
BAMP and reverse-pull headgear (RPHG) treatment. Methods: The study was performed ex vivo on 15 pig
heads. Miniplates were placed in the maxillary bone and the body of the mandible. A molar tube was bonded
to the maxillary first molars. Six single-element strain gauges and 3 differential variable reluctance
transducers were installed across the ZMS and NFS bilaterally. Each head underwent BAMP and RPHG
unilaterally and bilaterally. Results: In unilateral experiments, both BAMP and RPHG resulted in tension on
the ipsilateral ZMS and NFS and compression on the contralateral side, with higher magnitude in the BAMP
group. In bilateral experiments, both modalities resulted in tension at the ZMS, with higher magnitude in
the BAMP group. Deformation of the NFS was different between the 2 groups: tension in majority of the
BAMP and compression in most of the RPHG heads. Conclusions:Our study shows a higher magnitude of su-
tural separation in BAMP than in RPHG. The pattern of sutural deformation is consistent with a forward displace-
ment of the midface in BAMP compared with an upward and backward rotation in the RPHG. Rotation of the
maxilla was also present in some of the subjects who underwent BAMP. (Am J Orthod Dentofacial Orthop
2019;156:745-57)
Class III is certainly not a rare malocclusion with an
average global prevalence of approximatelty 7%.1

Most patients with Class III malocclusion are
characterized by various combinations of maxillary defi-
ciency and mandibular excess.2 Generally, 3 treatment
options exist for such patients, including orthopedic
intervention in growing patients, dental camouflage,
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and orthognathic surgery. The orthopedic intervention
is the treatment of choice because it corrects the under-
lying skeletal discrepancy without the esthetic compro-
mises associated with dental camouflage, and the
morbidity and expenses associated with orthognathic
surgeries.

Reverse-pull head gear (RPHG) had been the tradi-
tional orthopedic treatment of choice for patients with
Class III malocclusion exhibiting maxillary deficiency.3

With this approach, the protraction force is applied to
the maxilla using maxillary teeth as a point of the force
application. RPHG results in separation of circummaxil-
lary sutures and stimulation of bone formation along the
sutural edges.4,5 However, as RPHG load is applied
through the dentition, most of the loading force is
dissipated across the teeth, which results in unwanted
dental side effects such as excessive proclination of
maxillary teeth and downward and backward rotation
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of the mandible.6,7 It is believed that \50% of the
correction achieved in RPHG is because of true skeletal
changes. An additional limitation associated with the
use of RPHG is that its potential for orthopedic
correction greatly diminishes with age, probably
because of increased sutural digitation.8 It is recommen-
ded to start RPHG treatment in the mixed dentition.9

Several authors have recommended applying the pro-
traction force directly to the maxillary bone to achieve
better sutural loading. In a pioneering study, Kokich
et al10 reported the successful application of protraction
directly to the maxilla in a patient with Class III maloc-
clusion, using ankylosed primary canines. Smalley
et al11 reported that applying RPHG to titanium implants
placed in the maxilla and the zygomatic bone in mon-
keys resulted in a greater separation of the zygomatico-
maxillary (ZMS) and zygomaticotemporal (ZTS) sutures.
With the advent of temporary skeletal anchorage de-
vices, several studies have reported on applying RPHG
load to temporary skeletal anchorage devices in the nasal
area and the malar bone.12-16 Most of these studies
suggested that applying the protraction load directly
to the maxilla resulted in a better outcome compared
with the outcome observed in traditional tooth-
supported RPHG. This improved outcome is generally
attributed to increased loading of the sutures.

Another limitation associated with RPHG is the unes-
thetic appearance of the extraoral portion of the device,
resulting in poor patient compliance and a compromised
outcome. To address this, De Clerck17 introduced the
concept of the intraoral bone-anchoredmaxillary protrac-
tion (BAMP). It consists of surgical placement of mini-
plates in the maxillary bone anterior to the ZMS and the
body of the mandible in the canine area. Patients then
apply intermaxillary elastics between the 2 plates.
Applying a protraction load directly to themaxilla resulted
in more protraction.18 The intraoral protraction system is
believed to result in better patient compliance. In a series
of studies, it was reported that BAMP resulted in more
protraction of the maxilla and zygoma, more significant
improvement in the anteroposterior position of the
maxilla, and favorable rotation of the mandible.17-23

Although several studies have examined the clinical
effects of BAMP, its effects on sutural loading and
bone formation are still poorly understood. Ito et al24

were the first to report the BAMP effects on sutures. Us-
ing 3-month-old dogs, they reported that BAMP re-
sulted in a 7-fold increase in bone apposition at the
ZMS compared with untreated controls. In a pilot
study,25 BAMP resulted in nearly a 2-fold increase in
bone apposition and an increase in osteocalcin expres-
sion at the ZMS compared with controls. However,
both studies did not compare BAMP with RPHG, which
December 2019 � Vol 156 � Issue 6 American
is the current treatment of choice for patients with
maxillary hypoplasia. BAMP is associated with higher
treatment cost and 2 additional minor surgeries. Thus,
improving the predictability and optimizing the treat-
ment outcome is essential.

Sutural loading is known to stimulate bone forma-
tion at the sutural edges.26 The relationship between
magnitude, pattern, and duration of the load to subse-
quent bone formation is still an ongoing controversy.
Although some authors reported that higher constant
tension resulted in more bone formation,27,28 others
have reported that an oscillatory load is more
efficient.29,30 Understanding the effects of such
variables in the context of BAMP and RPHG will help
clarify whether the improved outcome in BAMP is
because of improved sutural loading. In addition, such
understanding will lead to a BAMP loading protocol
that is less anecdotal than the current protocol.17

The observed difference in mandibular rotation be-
tween RPHG and BAMP is clear. One of the side effects
of RPHG is a downward and backward rotation of the
mandible, resulting in increased vertical dimension and
poor profile appearance, especially in patients with hy-
perdivergent facial phenotype.3,7,18,31 Preliminary
clinical findings from BAMP studies suggest a more
anterior bodily movement of the maxilla and posterior
movement of the condyle while controlling mandibular
rotation.20,32

To date, scarce information exists on the deformation
of the circumaxillary sutures during BAMP. In addition,
the difference in sutural loading between BAMP and
RPHG has never been investigated. Determining how
BAMP loads facial sutures will help clinicians understand
and optimize the treatment. Comparing sutural defor-
mation during RPHG and BAMP may help to explain
some of the differences in the clinical outcomes between
the 2 groups. This study aimed to measure the deforma-
tion of the ZMS and nasofrontal sutures (NFS) during
BAMP and RPHG, focusing on the difference in magni-
tude and direction of sutural loading between the 2
groups. Two types of sensors were used to assess sutural
deformation, including strain gauges and linear
displacement sensors. The high sensitivity and resolution
of those sensors allow measuring aspects of sutural
deformation that cannot be detected using standard
clinical tools such as cone-beam computed tomography
scans. The ZMS is 1 of the circummaxillary sutural sys-
tems and was chosen because it is considered the prin-
cipal target of maxillary protraction therapy.4,33

Deformation of the NFS was assessed because its
dorsal location, relative to the ZMS, will help
determine the overall pattern of midfacial deformation
during protraction. In addition, because the NFS is not
Journal of Orthodontics and Dentofacial Orthopedics



Fig 1. Lateral drawing of a pig skull illustrating the location of the miniplates and sensors. Top, Picture
of a DVRT illustrating different parts of the sensor.Bottom, Strain gauge. F, frontal bone;N, nasal bone;
PM, premaxillary bone; Mx, maxillary bone; Mn, mandible; T, temporal bone.
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directly attached to the maxilla, measuring its
deformation will help understand how protraction
loads affect sutures that are not directly attached to
the maxilla. The null hypothesis is that there is no
difference in the magnitude of ZMS separation
between BAMP and RPHG.

MATERIALS AND METHODS

The study was performed ex vivo on pig heads.
Fifteen pig heads were obtained from a local abattoir.
Age and breed were unknown, but all animals were in
the late mixed or early permanent dentition. After
killing these animals, their heads were stored at approx-
imately 2�C by the abattoir. Heads were acquired 1-
4 days postmortem and were stored frozen at –20�C
until the day of the experiment. Heads were left to
thaw at room temperature for 12 hours before each
experiment. Both BAMP and RPHG were performed
on the same heads. BAMP was performed first, followed
by RPHG on the first 8 consecutive heads, while RPHG
was performed first on the remaining 7 consecutive
heads. The following procedure was performed on all
heads (Fig 1). The zygomatic process of the maxillary
bone and the body of the mandible were exposed.
Two miniplates were fixed to the right and left maxil-
lary bone approximately 5 mm anterior to the ZMS us-
ing 2 3 12-mm miniscrews. Two miniplates were fixed
to the body of the mandible anterior to the first premolar
using 2-3 3 10-mm miniscrews. The distance between
the miniplates was adjusted, so the intermaxillary elastics
American Journal of Orthodontics and Dentofacial Orthoped
yielded a 200 gram-force (gf), verified by a force gauge.
The direction of the protraction force was 25� 6 4�

to the occlusal plane. The load was applied from a
molar tube to a miniplate placed in the mandible to
mimic the RPHG. The buccal surfaces of the maxillary
first molars were etched and primed using Transbond
Self-Etching Primer (3M Unitek, Monrovia, Calif) fol-
lowed by AssurePlus (Reliance Inc, Itasca, Ill). A molar
tube was bonded using transbond adhesive (3M Uni-
tek). A second mandibular miniplate was fixed as
before. The location of the second mandibular mini-
plate was adjusted, so the generated RPHG protraction
force was 200 gf per elastic with a similar angle to the
occlusal plane as with BAMP.

The surfaces of the ZMS and NFS were exposed,
cauterized, and dehydrated. Two single element strain
gauges (Vishay Micro-Measurements, Raleigh, NC)
were bonded across the superior and inferior parts of
the ZMS using cyanoacrylate. A third gauge was bonded
across the NFS. The procedure was repeated on the
contralateral side. Teflon tape was placed on the suture
before gluing to maintain the sutural patency. Three dif-
ferential variable reluctance transducers (DVRTs; LORD
Microstrain Inc, Williston, Vt) were installed across the
right and left ZMS and the NFS. DVRT wires were con-
nected to a signal demodulator (DEMOD-DC2, LORD
Microstrain Inc) and together with the strain gauges
(SGs) were connected to a wireless transmitter (V-link,
LORD Microstrain Inc). SGs and DVRT signals were
streamed to a nearby computer with a Universal Serial
ics December 2019 � Vol 156 � Issue 6
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Bus base station, operating NodeCommander software
(LORD Microstrain Inc). These 2 types of sensors re-
corded 2 aspects of sutural deformation, including strain
(strain gauge; values in mε) and linear separation (DVRT;
values in mm).

Each head was loaded using both BAMP and RPHG.
For each of the 2 treatment modalities, heads were
loaded unilaterally and bilaterally, and the deformation
of the sutures was measured by the SGs and DVRTs. Uni-
lateral loading consisted of adding 5 consecutive elas-
tics, 200 gf each. Forces were then removed. The
procedure was then repeated on the contralateral side.
Bilateral loading was performed by progressively adding
200 gf on the right followed by 200 gf on the left side
until 1000 gf per side was reached. Although the 1000
gf was still in place, the mandible was then moved to
the right and left to verify the functionality of the sen-
sors, followed by holding the snout bilaterally and
applying forward force to the mandible for
approximately10 seconds. Throughout the experiment,
the attachment of the mandible to the maxilla was main-
tained. Because of the increased stiffness of the muscles
of mastication postmortem, the extent of mandibular
movements was limited.

Forces were then removed from the right side, fol-
lowed by the left side. Sensors were removed and in-
spected for damage. The streamed files were recorded
as Comma Separated Value format (*.csv) by Node-
Commander. Files were then converted to a text file
(*.txt) and opened and analyzed in AcqKnowledge soft-
ware (Biopac, Calif). Data were summarized using Excel
(Microsoft, Redmond, Wash). For the strain gauges, su-
tural deformation was calculated per 200 gf in the uni-
lateral experiments and after each pair of the 200 gf were
applied on the right and left side in the bilateral experi-
ments. For the DVRTs, sutural elongation was measured
after the entire 1000 gf (5 elastics were applied).

Statistical analysis

Because of the small sample size and variability, data
were analyzed using the nonparametric Wilcoxon signed
rank test with SPSS software (v. 25, IBM, Armonk, NY).
RESULTS

Themagnitude of sutural deformation increased with
increased force magnitude in both the BAMP and RPHG
groups. However, this increase was not always equal or
linear. As a result, the strain gauge data were reported
as an average of the deformations recorded after each
of the 200 gf elastics were applied in the unilateral pro-
traction; and as an average of the deformations after
December 2019 � Vol 156 � Issue 6 American
each pair of the 200 gf elastics was applied in the bilat-
eral protraction. There was a great overlap between the
DVRT and SG data. Consequently, a descriptive summary
of the DVRT data is reported only for the bilateral part of
the study to avoid the introduction of redundant and
possibly confusing information.

Figure 2 illustrates a typical Acqknowledge recording
of the unilateral BAMP experiments. No significant dif-
ference was found between the right and left ipsilateral
deformations or between the right and left contralateral
deformations in both the BAMP and RPHG groups
(P .0.1). As a result, the right and left side values
were averaged for the ipsilateral and contralateral loca-
tions (Table I; Fig 3).

In the unilateral BAMP group, no difference was
found between the deformation at the superior and infe-
rior ZMS within the ipsilateral and contralateral sites.
Deformation at the NFS in the contralateral group was
significantly lower (more compression) than deforma-
tion at the ZMS in the same group (P5 0.03). Deforma-
tion at the NFS in the ipsilateral group was lower (less
tension) than deformation at the ZMS; however, it did
not reach statistical significance (P 5 0.06).

In the unilateral RPHG group, no difference was
found between the deformation at the superior and infe-
rior ZMS within the ipsilateral and contralateral groups.
Deformation at the NFS was significantly lower than
deformation at the corresponding ipsilateral (less ten-
sion) and contralateral (more compression) ZMS
(P\0.02).

Although the magnitude of strain was generally
higher in the BAMP group (more tension in the ipsilateral
and more compression in the contralateral) than in the
RPHG group, it did not reach statistical significance at
any of the sites (P .0.08).

Figure 4 illustrates a typical Acqknowledge recording
of bilateral BAMP experiments. The wave pattern in the
bilateral experiments was characterized by an alter-
nating higher tension (when ipsilateral force was
installed) and low compression (when contralateral force
was placed); the net result was tension. Values from the
bilateral protraction are reported in Tables II-IV and
Figures 5 and 6.

Overall, all the ZMS sites in the BAMP group dis-
played tension with great individual variability. The
deformation at the NFS was not uniform: although
most animals displayed tension at the NFS, compres-
sion was noticed in some animals. Higher deformation
(more tension) was found at the inferior compared
with superior ZMS on the right and left sides
(P \0.04). Although the tension at the superior ZMS
was higher than tension at the NFS, this difference
Journal of Orthodontics and Dentofacial Orthopedics



Fig 2. Recording of the deformation of the inferior and superior LZMS during ipsilateral protraction as
recorded by the strain gauges and DVRT. Flags correspond to new elastic (200 gf) placement.
Numbers correspond to the deformation reading for each sensor. An incremental increase in force
application resulted in increased tension at the suture.

Table I. Deformation of the ipsilateral and contralateral ZMS and NFS during unilateral protraction recorded by the
SGs

Pig number

Ipsilateral side (side of force application) Contralateral side

Inferior ZMS Superior ZMS NFS Inferior ZMS Superior ZMS NFS

BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG
53 25 6 20 5 6 2 12 6 8 8 6 7 13 6 2 3 6 0 –4 6 3 –3 6 2 –5 6 1 –3 6 1 –8 6 0 –16 6 7
54 27 6 19 26 6 20 33 6 21 34 6 1 20 6 1 12 6 1 –3 6 6 –29 6 24 –6 6 13 –19 6 18 –8 6 1 –29 6 3
55 79 6 25 52 6 18 79 6 4 67 6 14 35 6 26 34 6 8 –31 6 0 –9 6 2 –45 6 9 –30 6 12 –76 6 25 –34 6 8
56 29 6 26 23 6 17 24 6 20 17 6 6 0 6 25 3 6 11 –19 6 11 –15 6 2 –11 6 9 –10 6 1 –35 6 10 –51 6 30
57 37 6 3 9 6 3 29 6 17 9 6 8 17 6 4 0 6 3 –13 6 16 –6 6 4 –19 6 3 –6 6 5 1 6 1 –5 6 3
58 22 6 2 32 6 14 31 6 22 37 6 21 22 6 8 19 6 15 –11 6 7 –9 6 7 –12 6 13 –12 6 7 1 6 3 –33 6 7
59 28 6 19 20 6 1 28 6 31 19 6 4 0 6 41 11 6 3 –11 6 1 –10 6 11 –10 6 10 –11 6 2 –24 6 22 –21 6 2
60* NA NA NA NA NA NA NA NA NA NA NA NA
61 18 6 49 68 6 34 29 6 47 54 6 15 –4 6 4 6 6 8 –28 6 42 –9 6 2 –1 6 54 –14 6 17 –2 6 13 –6 6 15
62 42 6 14 24 6 17 36 6 8 25 6 17 38 6 22 19 6 10 –21 6 10 –17 6 4 –17 6 11 –15 6 10 –33 6 16 –30 6 10
63 54 6 22 38 6 20 39 6 6 49 6 29 19 6 13 14 6 28 –13 6 34 –22 6 28 –31 6 28 –14 6 12 –51 6 10 –28 6 11
64 12 6 8 7 6 8 29 6 11 17 6 10 4 6 13 17 6 2 –6 6 9 –7 6 6 –4 6 2 –5 6 2 –28 6 7 –6 6 9
65 6 6 1 8 6 3 24 6 3 5 6 3 44 6 18 10 6 1 –2 6 1 –6 6 4 –8 6 1 –6 6 3 7 6 4 –3 6 1
66 21 6 5 21 6 5 45 6 23 28 6 26 39 6 57 44 6 4 –23 6 6 –16 6 14 –6 6 1 –7 6 15 –56 6 17 –76 6 8
67 22 6 28 5 6 4 5 6 3 2 6 2 23 6 3 –1 6 3 –6 6 3 –3 6 1 –6 6 3 –2 6 1 –17 6 13 –14 6 2
Mean 6 SD 30 6 19 24 6 19 32 6 17 27 6 20 19 6 16 14 6 13 –14 6 9 –12 6 7 –13 6 12 –11 6 7 –24 6 25 –25 6 20
Median 26 22 29 22 20 12 –12 –9 –9 –11 –21 –25

The values are the average of the right and left sides and are reported per 200 gf. Values are in m 3. Negative numbers indicate compression.
NA, Not available; SD, standard deviation.
*No unilateral data recorded in pig number 60 because of error in file saving.
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reached statistical significance only on the left side
(P 5 0.05; Table II; Fig 5). Higher linear deformation
was recorded by the ZMS compared with the NFS
DVRTs (Fig 6).
American Journal of Orthodontics and Dentofacial Orthoped
The RPHG displayed a different pattern of deforma-
tion compared with the BAMP. Although tension was
noticed at the ZMS, the NFS were under compression
in most of the examined sites (.90%). In the remaining
ics December 2019 � Vol 156 � Issue 6



Fig 3. Box plot of the strain (per 200 gf) at the ipsilateral and contralateral ZMS and NFS recorded by
the strain gauges during the unilateral protraction experiments. The medians are represented as the
solid black horizontal lines. The box boundaries correspond to the 25th and 75th percentile. Whiskers
cover the 5th and the 95th percentile. Black dots correspond to the outliers. IZMS, inferior zygomatico-
maxillary suture; SZMS, superior zygomatico-maxillary suture. Signifcant differences: *P\0.03 (within
BAMP group); **P\0.02 (within RPHG group).

Fig 4. Deformation of the inferior and superior LZMS during bilateral protraction as recorded by the
strain gauges and DVRT. Flags correspond to new added elastic (200 gf). In bilateral protraction,
placing a force on the contralateral side resulted in compression, whereas placing the ipsilateral force
resulted in tension. The net result of the 2 forces was mostly tension at the ZMS. Numbers correspond
to the deformation reading for each sensor. Additional bilateral force placement resulted in a net in-
crease in tension at the suture.

750 Al Dayeh et al
10 % (4 sites), 3 showed very minimal deformation, and
1 displayed tension. The tension seemed to decrease
(moved dorsally) as evidenced by higher tension at the
inferior ZMS followed by the superior ZMS and NFS
(P \0.002; Table II; Fig 5). Similarly, higher linear
December 2019 � Vol 156 � Issue 6 American
deformation (tension) was present on the ZMS compared
with the NFS DVRTs (Fig 6).

A comparison of the BAMP with RPHG showed
consistently higher tension in the inferior and the supe-
rior ZMS in the BAMP group (P\0.01). Deformation at
Journal of Orthodontics and Dentofacial Orthopedics



Table II. Deformation of the RZMS, LZMS, RNFS, and LNFS recorded by the SGs

Pig number

Inferior RZMS Inferior LZMS Superior RZMS Superior LZMS Right NFS Left NFS

BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG
53 44 6 4 3 6 1 12 6 4 8 6 7 4 6 4 1 6 1 4 6 3 –1 6 4 2 6 3 –16 6 9 1 6 2 –17 6 5
54* NA NA NA NA NA NA NA NA NA NA NA NA
55 62 6 25 49 6 12 38 6 14 19 6 19 29 6 10 15 6 17 47 6 28 32 6 14 –32 6 26 –67 6 52 –14 6 18 –44 6 6
56 47 6 19 38 6 16 23 6 4 19 6 10 10 6 6 –1 6 11 8 6 3 12 6 15 –8 6 26 –118 6 92 –32 6 42 –126 6 76
57 32 6 11 19 6 7 NA NA 32 6 5 16 6 4 8 6 7 –11 6 6 21 6 9 0 6 2 23 6 4 –6 6 3
58 47 6 26 10 6 11 41 6 12 43 6 19 22 6 16 8 6 10 18 6 23 12 6 11 –20 6 20 –46 6 28 7 6 24 –24 6 20
59 31 6 15 19 6 20 29 6 2 19 6 9 10 6 1 8 6 6 5 6 5 6 6 13 14 6 20 –27 6 18 8 6 10 –28 6 21
60 NA NA 31 6 6 33 6 21 63 6 11 –37 6 40 41 6 6 33 6 8 40 6 5 –49 6 55 21 6 6 34 6 31
61 41 6 26 9 6 9 64 6 12 37 6 20 73 6 16 25 6 8 65 6 26 59 6 25 –4 6 4 –60 6 24 3 6 4 –39 6 32
62 26 6 20 20 6 32 41 6 8 26 6 28 27 6 14 3 6 10 31 6 5 23 6 5 14 6 10 –41 6 52 –18 6 30 0 6 21
63 39 6 11 51 6 25 37 6 14 39 6 15 33 6 8 –14 6 30 22 6 19 33 6 33 10 6 8 –39 6 19 –39 6 21 –70 6 28
64 12 6 9 1 6 2 27 6 20 17 6 19 6 6 5 4 6 15 18 6 12 16 6 29 39 6 34 –7 6 15 41 6 14 –4 6 10
65 NA NA 13 6 3 12 6 10 25 6 5 7 6 7 13 6 3 –5 6 2 41 6 7 –1 6 5 NA NA
66 29 6 25 30 6 22 35 6 16 26 6 19 32 6 22 1 6 9 11 6 8 10 6 16 4 6 108 –37 6 69 –35 6 54 –91 6 46
67 39 6 14 4 6 2 7 6 4 2 6 1 3 6 1 1 6 1 –2 6 3 –3 6 27 44 6 56 –16 6 6 12 6 5 –18 6 3
Mean 6 SD 37 6 13y 21 6 18y 31 6 15y 23 6 12y 26 6 21y 3 6 15y 21 6 19 15 6 19 9 6 22 –37 6 31 –2 6 25 –33 6 42
Median 39 19 31 19 26 4 14 12 7 –38 3 –24

The values are the average of the right and left sides and are reported per 200 gf. Values are in m 3. Negative numbers indicate compression.
NA, Not available; SD, standard deviation.
*No bilateral data from pig number 54 because of error in file saving; yValues were significantly higher in the BAMP than in RPHG.

Table III. Change in sutural deformation after the mandible was moved forward

Pig number

Inferior RZMS Inferior LZMS Superior RZMS Superior LZMS Right NFS Left NFS

BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG
53 5 4 17 10 –6 –4 25 25 –65 37 –79 24
54* NA NA NA NA NA NA NA NA NA NA NA NA
56 6 –3 6 4 1 –2 4 –4 49 –83 55 –40
57 6 9 14 10 7 3 1 12 6 –6 16 29
58 10 15 25 3 23 9 –6 –3 79 36 80 32
59 6 8 11 15 17 8 5 –5 –18 0 44 0
61 14 115 20 72 50 –117 38 –177 –84 –14 –26 –105
62 9 12 10 11 3 7 –6 –6 11 –12 –10 –34
63 18 6 20 11 53 21 60 33 36 21 –113 –74
64 16 10 –15 –37 –41 26 –43 –31 –31 –256 –58 51
65 NA NA 29 8 6 –20 65 –66 65 20 NA NA
66 39 39 18 1 32 35 –47 40 74 160 –218 169
67 32 –4 30 0 12 0 47 2 211 81 –129 18
Mean 6 SD 15 6 11 19 6 33 15 6 12 9 6 24 13 6 25 –3 6 39 12 6 36 –15 6 58 28 6 78 –1 6 99 –40 6 90 6 6 73
Median 10 9 18 9 10 5 5 –4 23 10 –26 18

Only strain gauges data are reported. Values are in m 3. Negative numbers indicate compression. Only animals with paired data from both BAMP and
RPHG are reported.
NA, Not available; SD, standard deviation.
*No data from pig number 54 because of error in file saving.
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the NFS was tensile in BAMP and compressive in RPHG
(P\0.001; Table II; Fig 5). Higher sutural separation (re-
corded by the DVRTs) was present in the BAMP group at
the NFS and left zygomatico-maxillary suture (LZMS)
sites (Fig 6).

Moving the mandible forward resulted in increased
tension at the sites examined (Table III). Because
American Journal of Orthodontics and Dentofacial Orthoped
of the high variability between various animals,
values were reported, but no statistical analysis was per-
formed.

Removing the protraction force resulted in compres-
sion at the sites that were under tension during protrac-
tion (Table IV), suggesting recovery of the suture.
However, this recovery was partial and was
ics December 2019 � Vol 156 � Issue 6



Table IV. Changes in sutural deformation after the protraction forces were removed

Pig number

Inferior RZMS Inferior LZMS Superior RZMS Superior LZMS Right NFS Left NFS

BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG BAMP RPHG
53 –34 –1 –14 –15 –2 –4 –6 –9 9 35 6 10
54* NA NA NA NA NA NA NA NA NA NA NA NA
56 –43 –33 –15 –8 –3 –17 6 14 24 37 34 91
57 –26 –5 –3 –5 –29 –13 –6 1 –16 3 –18 7
58 –9 –18 –52 –35 –7 –14 –9 –5 –5 10 –5 17
59 –39 –25 –37 –27 –5 –9 –12 –4 9 19 5 14
61 –16 –32 –51 –21 –18 29 –78 –23 17 23 2 37
62 –18 –6 –46 –35 –14 –9 –33 –3 0 –2 6 19
63 –24 –30 –50 –41 –43 –40 –1 –15 –11 5 33 34
64 –8 –2 –3 –21 –3 –5 –12 –24 99 –83 –73 –86
65 0 0 –13 2 –20 –8 0 –27 –29 –14 NA NA
66 –14 –13 –36 –12 –31 –20 –15 –36 –6 35 –10 16
67 –41 –5 –8 –1 –3 –5 –2 –1 –13 16 –4 10
Mean 6 SD –23 6 14 –14 6 13 –27 6 20 –18 6 14 –15 6 14 –9 6 16 –14 6 22 –11 6 14 7 6 33 7 6 32 –2 6 28 15 6 41
Median –21 –10 –25 –18 –10 –9 –8 –7 –2 13 2 16

Values are standardized by 200 gf. Negative values indicate compression. Only animals with paired data from both BAMP and RPHG are reported.
NA, Not available; SD, standard deviation.
*No data from pig 54 because of error in file saving.

Fig 5. Box plot of the strain (per 200 gf) recorded by the strain gauges during the bilateral protraction
experiments. The medians are represented as the solid black horizontal lines. The box boundaries
correspond to the 25th and 75th percentile. Whiskers cover the 5th and the 95th percentile. Black
dots correspond to the outliers. Significant differences: *P \0.05 (within BAMP group); **P\0.002
(within RPHG group); zP\0.01 (BAMP vs RPHG).
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approximately 55%-80% of the initial deformation
caused by the protraction force.

DISCUSSION

In this study, we report on the deformation of the
ZMS and NMS during 2 forms of maxillary protraction,
including the tooth-supported RPHG and the bone-
supported BAMP. Our study had several limitations,
mainly because of the types of sensors used and the
ex-vivo nature of the experiments. Two types of sensors
December 2019 � Vol 156 � Issue 6 American
were used, SG and DVRT. Although both have high res-
olution (approximately 1 mε for the strain gages and
approximately 1.5 mm for the DVRT), each is associated
with some limitation. The DVRT sensing mechanism
consists of 2 sliding elements, a core (rod) and cylinder
(Fig 1). The sliding of the rod inside the cylinder
measured the amount of separation of the suture.
Because the DVRT is fixed to the bone using screws,
the sensing mechanism is higher than the surface of
the bone. As a result, the DVRT tends to underestimate
Journal of Orthodontics and Dentofacial Orthopedics



Fig 6. Descriptive summary of the linear separation of the ZMS and NFS recorded by the DVRTs dur-
ing bilateral protraction. The medians are represented as the solid black horizontal lines. The box
boundaries correspond to the 25th and 75th percentile.Whiskers cover the 5th and the 95th percentile.
Black dots correspond to the outliers.
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the movement that is not along the long axis of the
sensor as the rod sliding is inhibited. In addition, some
minor movement of the screw attachment cannot be
ruled out. These factors might have contributed to the
more significant variability in the DVRT results. Howev-
er, the main advantage of the DVRTs is that they provide
an absolute measurement of the deformation of the su-
ture (in mm) rather than the ratio measurement
(strain 5 change in length [6L]/original length [L]) re-
ported by the SG. Thus, providing a more fixed reference
number to sutural deformation during protraction. The
SGs are in direct contact with the bone surface and
thus provide a more accurate recording of the deforma-
tion of the suture. However, they cannot differentiate
between anteroposterior (midface moving forward) and
lateral (midface moving sideways) tension. Such limita-
tion was addressed by conducting unilateral and bilat-
eral protraction on each of the heads used. By
observing the wave pattern during unilateral protrac-
tion, differentiating between anteroposterior and lateral
tension was feasible. Sensors were placed in a standard-
ized location in all the animals. In addition, because of
the paired nature of the study (BAMP and RPHG on
the same animals), any bias introduced by the discrep-
ancy in the sensors' location would have been
controlled.

Several limitations to this study were introduced by
the ex-vivo nature of the experiment. The heads were
obtained from a local abattoir; the age, gender, and
breed were unknown. Obtaining the sample this way
was a better alternative than using live animals for the
sole purpose of collecting mechanical data. The lack of
standardization in animals' age could have contributed
American Journal of Orthodontics and Dentofacial Orthoped
to some of the variability in the results. This factor was
controlled by selecting animals of comparable dental
age. Another factor that could have added to the vari-
ability is the time lapse between animal killing and
head freezing. Heads were stored at approximately 2�C
after killing, obtained by our laboratory within 1-
4 days and were immediately frozen at –20�C. Variation
in time before freezing could have contributed to some
of the variability. However, because both BAMP and
RPHG were performed on the same heads, and the com-
parisons are paired, variability introduced by the above
factors were controlled. Another limitation associated
with the use of ex-vivo samples is the inability to study
the biological impact of the mechanical loading of the
sutures in the 2 groups. Although the effects of mechan-
ical loading on bone formation at the sutures have long
been known,33,34 controversy still exists on the details of
the relation between magnitude, pattern, and polarity of
deformation and bone formation at the sutures. Our
study reports only on the difference in mechanical
loading of the sutures between RPHG and BAMP
without assessing the biological impact of such
difference. Although increased sutural separation
observed in BAMP suggests an increase in bone
formation, in-vivo studies are needed to support such
claim.

The incremental addition of the 5 3 200 gf was in-
tended to assess the relation between increased force
magnitude and sutural deformation. Although sutural
strain increased with the increased force magnitude,
high variability was noticed. Some sites in some animals
showed an equal increase in strain between each of the
200 gf increments, whereas others showed significant
ics December 2019 � Vol 156 � Issue 6
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variation with no apparent pattern. Variability was pre-
sent among the same sites in different animals and
different sites in the same animal. Thus, the relationship
between increased force magnitude and sutural separa-
tion remains mostly unknown. As a result, the strain
gauge data were reported as an average of the deforma-
tions recorded after each of the 200 gf elastics were
applied in the unilateral protraction; and as an average
of the deformations after each pair of the 200 gf elastics
were applied in the bilateral protraction. Averaging
strain values this way assumes comparable strain for
each of the force intervals. Although this assumption
carries some limitations, we believe it is the best way
to present the data. It provides clinically relevant values
while limiting the impact of extreme measures.

Bilateral protraction illustrated 2 significant differ-
ences between BAMP and RPHG, including the magni-
tude of sutural deformation and overall direction of
maxillary protraction. The magnitude of sutural separa-
tion was higher in the BAMP group in most of the ani-
mals studied, which supports the notion that
bypassing teeth and applying protraction force directly
to the maxillary bone resulted in better force delivery
and sutural separation.35 Increased sutural separation
is believed to result in more bone formation along the
sutural edges.28 This effect might explain some of the
clinical findings of increased maxillary protraction in
the BAMP group when compared with a combination
of RPHG and rapid palatal expansion;18,20 and could
also explain the increase in mineral apposition in
sutures undergoing BAMP compared with untreated
controls.24,25

Another difference between the BAMP and RPHG is
the overall pattern of protraction, which was clearly
illustrated by the direction of deformation at the NFS.
Most animals in the BAMP group recorded tension,
whereas most of the animals in the RPHG displayed
compression at the NFS. This finding together with the
higher magnitude of tension at the inferior ZMS
compared with the superior ZMS, suggest that BAMP re-
sulted in a more horizontal (anteroposterior) protraction,
although the direction of protraction in the RPHG is a
combination of protraction and upward and backward
rotation of the anterior maxilla. The effects of the direc-
tion of protraction force on the rotation of the maxilla in
the RPHG have long been studied.36 In an ex-vivo study
on a human skull, Hata et al37 reported drastic changes
in the direction of the maxillary protraction when the
protraction force was applied parallel, 5 mm and
10 mm above the occlusal plane. They further suggested
that a protraction force that is 5 mm above the occlusal
plane resulted in an almost pure anteroposterior move-
ment of the maxilla. In contrast, a more recent clinical
December 2019 � Vol 156 � Issue 6 American
study Keles et al38 suggested that a protraction force
of 20mm above the occlusal plane is needed for pure an-
teroposterior movement. Although the differences be-
tween these 2 studies can be explained by the
difference in experimental methodology and design, it
highlights the importance of understanding the protrac-
tion force vector on the overall movement of the maxilla.
The force vector should pass through the center of rota-
tion of the maxilla, estimated to be in the premolar root
vicinity,39 or in the critical ridge area below the zygo-
matic process of the maxilla to achieve a complete ante-
roposterior protraction.40 Because the BAMP protraction
vector is closer to the center of rotation of the maxilla
suggested by Billiet,40 a more horizontal protraction is
feasible, which coincides with the clinical finding of Ce-
vidanes20 and Hino18 that showed less rotation of the
maxilla in the BAMP patients compared with RPHG pa-
tients.

Although anteroposterior protraction was the pre-
dominant pattern in BAMP, some animals showed a
rotation pattern similar to that seen in the RPHG. A
similar form of rotation was seen in some clinical
studies.18,20 This further highlights the importance of
force direction on the overall protraction of the
maxilla, especially in BAMP. The extraoral traction unit
in the RPHG allows some adjustments in the angle of
protraction. Such adjustment is minimal in case of
BAMP because of the anatomical restrictions
necessitated by the intraoral traction system. Thus, a
thorough understanding of the relation between force
direction and maxillary rotation in BAMP is needed.

Another factor that could have contributed to the ro-
tations seen in BAMP is the variability in the ZMS itself.
Studies in humans have shown significant variability in
the shape of the facial surface of the suture.41,42

Although some authors believe the variations in the
ZMS are suggestive of the racial background of the
subjects,43-45 others showed that such variation exists
regardless of the race.42 Unfortunately, we did not inves-
tigate the shape of the ZMS in our sample. However,
such variation, if present, can explain some of the incon-
sistency in protraction outcome. Additional research is
needed to identify the prevalence of such variation and
its effect on maxillary protraction, thus allowing treat-
ments that are customizable to patients' anatomical dif-
ferences.

Our results showed great variability in the magnitude
of sutural deformation between individual animals.
Some of this variability could have been introduced by
variation in animals' age and by the level of ZMS matu-
rity. Unfortunately, because of the way the heads were
obtained, the age of the animals was unknown. Howev-
er, animals were of comparable dental ages. Thus, some
Journal of Orthodontics and Dentofacial Orthopedics
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of this variability might have been because of the differ-
ences in ZMS maturity. Human studies46,47 proved that
age alone is not an accurate predictor of the degree of
ZMS maturation and the outcome of the maxillary
protraction. Future studies should aim at observing the
amount of sutural separation concerning the degree of
sutural maturation, which will help provide an
individualized treatment based on the patient's sutural
age.

The magnitude of deformation of the ZMS was sur-
prisingly small, especially in comparison with the
amount of the maxillary protraction reported in clinical
studies. For example, Hino et al18 reported 3.7 mm of
maxillary protraction in BAMP over approximately
1 year of treatment using a protraction force of 250
gf, which translates to approximately 10 mm of protrac-
tion per day and is more than double the 5.5 mm
measured in this study using 1000 gf. Although such
comparison is rudimentary and is further limited by
lack of knowledge of the relation between sutural sepa-
ration and bone formation at the suture, it suggests that
the overall maxillary protraction seen during BAMP
cannot be explained by ZMS separation alone. This
finding suggests that the circummaxillary sutures, along
with separation, transmit some of the protraction load to
more distant sutures. Our finding of tension at the NFS
in most of the BAMP heads supports such an assumption
and suggests that the ZMS is not the sole target of
BAMP. Histologically, the ZMS is the longest of the cir-
cummaxillary sutures and is heavily interdigitated.33,48

Previous studies showed that applying protraction
force to the maxilla resulted in the separation of
several facial sutures.33 Applying load to metal implants
placed in the maxilla resulted in disarticulation of the
ZMS and ZTS.11 Similarly, Jackson et al35 showed that
protraction of the maxilla resulted in a comparable
amount of separation of the ZMS and ZTS. This finding
coincides well with ex-vivo literature that suggests com-
parable or greater separation at the ZTS compared with
the ZMS.37,49 In a clinical study, Nguyen et al21 reported
that the zygoma was protracted approximately 2 mm in
BAMP patients. Determining how the facial sutures are
loaded during BAMP is important because such loading
might result in changes in facial morphology. Our study
was focused on the vertical progression of the protrac-
tion load, and more posterior sutures such as the ZTS
were not investigated. Future studies are needed to
assess how BAMP loads various sutures of the head.

Results of the unilateral experiment clearly display
that unilateral force application resulted in lateral move-
ment of the midface toward the side opposite to force
application. This finding coincides with a recent finite
element analysis study that showed that asymmetrical
American Journal of Orthodontics and Dentofacial Orthoped
force application results in asymmetrical protraction of
the maxilla.50 It also highlights the importance of sym-
metrical force application in case of bilateral protraction
to avoid creating maxillary asymmetry. No clinical
studies exist on unilateral protraction, which can be
attributed to the fact that applying unilateral protraction
force with the RPHG is limited because it will result in
instability of the extraoral component. Such interference
does not exist in BAMP. This suggests that BAMP can be
used in a growing patient to address midfacial asymme-
try. Further studies on this potential possibility are
needed.

The effects of BAMP on the mandible are still poorly
understood. Because of BAMP reliance on the mandible
for anchorage, it is expected that BAMP will result in a
posterior force on the mandible. In addition, movements
of the mandible will have significant effects on BAMP
force and the subsequent sutural deformation. The dy-
namic environment of mastication and muscle contrac-
tion is long known to contribute to sutural loading.51

Recent studies suggest that BAMP has a chincup effect
and might induce favorable rotation of the
mandible.22,32 We attempted to assess the relation
between BAMP and mandibular movements by
manually moving the mandible forward after all the
protraction forces are applied. This method is
rudimentary, lacked standardization, and does not
replicate the dynamic environment of mastication. In
addition, it was limited to a few millimeters because of
the increased stiffness of the muscles of mastication
postmortem. Thus, care should be exercised in
interpreting our results and extending these findings
to the dynamic environment in a living animal.
Moving the mandible forward resulted in
approximately 30% increase in strain at the ZMS and
suggests that BAMP places posterior pressure of the
mandible and that mandibular movements affect the
sutural loading during protraction. The effects of such
forces on the temporomandibular joint and bone
formation at the sutures are still poorly understood
and warrant further investigation.

Animals were monitored for 26 (SD 12) seconds after
the protraction force was removed. Even with this rela-
tively extended period of observation, some residual
strain was present at the sutures. Although more strain
was dissipated by the time the subsequent experiment
was performed, some of this strain could have been car-
ried to the following experiment affecting results.
Comparing sutural deformation at each of the sites in
the animals where BAMP was performed first (pigs 53-
60) to those in which RPHG was performed first (pigs
61-67) showed relatively comparable results. This
finding suggests that any error introduced by residual
ics December 2019 � Vol 156 � Issue 6
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strain was probably minimal and affected both groups
equally. Nonetheless, this interesting finding suggests
that sutures dissipate loads gradually. However, we did
not measure the rate of load dissipation by the sutures
as it was outside the scope of the current study. Future
studies are needed to improve our understanding of
this topic and its potential implications on skull loading
during orthopedic treatment.

CONCLUSIONS

In this study, we report on the deformation of the
ZMS and NFS during BAMP and RPHG treatment in
ex-vivo pig heads. Within the limitations of this study,
our results suggest the following:

1. Both BAMP and RPHG produce tension at the ZMS,
with higher magnitude in BAMP.

2. There is a major difference between BAMP and
RPHG at the NFS, with BAMP resulting in tension
and RPHG compression of the suture.

3. BAMP produce a more anterior translation of the
midface, whereas RPHG results in upward and back-
ward rotation of the midface (counterclockwise in
right-facing orientation).

4. More research is needed to explain why some BAMP
subjects displayed a pattern of midface protraction
similar to RPHG.

5. Unilateral application of BAMP may be useful in
treatment of patients with maxillary asymmetry.
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