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I N T R O D U C T I O N
The scientific rationale behind
orthodontic movement of teeth
began more than100 years ago with
a book by Sandstedt that was subse-
quently published as a three-part
article in 1904 and 1905.1-2

Sandstedt constructed a unique
experimental model in which the six
maxillary incisors of a dog were
attached to an appliance and moved
3 mm into the lingual direction
within a three-week period. His
histological analysis revealed that
bone had formed on the alveolar
wall of the tension side of the tooth,
where the newly formed bone
spicules were in the same alignment
as the periodontal ligament fibers.
These findings were consistent with
the application of both light and
heavy orthodontic forces. On the
pressure side, however, he found
that bone was resorbed by osteo-
clastic activity (as evidenced by the
presence of Howship lacunae) with
light orthodontic forces, and found
certain cell-free areas (as a result of
capillary thrombosis and cell death)
which he referred to as hyaliniza-
tion zones under heavy orthodontic
forces (Figures 1-2). It was hypothe-
sized that some form of molecular
signaling mechanism was respon-
sible for the mechanotransduction
which stimulates osteoblasts to
generate newly formed bone and
osteoclasts to resorb bone. The
necessity of mechanical stimuli for
the proper maintenance of bone in
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A B ST R AC T
Purpose: The aim of this study was to ascertain the biostimulatory effects of a
superpulsed, high-intensity laser on the bone remodeling cycle under load of
orthodontic forces. Furthermore, this study tested whether the bone remodeling
process can be accelerated enough in order to show a clinically significant reduc-
tion of the timing between aligner changes of the Invisalign® system (Align
Technology, Inc., Santa Clara, Calif.), referred to below as ‘the orthodontic system.’

Background: It is common knowledge that bone, as an organ, will respond to
pressure above a certain threshold with remodeling. In orthodontic applica-
tions, the type of remodeling response will depend on whether bone is under
compression (direction of tooth movement) or under tension (the side oppo-
site the direction of movement). On the compression side, the periodontal
ligament (PDL) fibers are compressed, which initiates a signaling cascade
leading to osteoclastic resorption of bone. On the tension side, the stretching of
the periodontal ligament fibers appears to promote osteoblast-mediated bone
proliferation. Research has also shown that biostimulation light energy from a
low-average power laser can have a stimulating and acceleratory effect on
tissue regeneration by promoting an increase in cell populations and signaling
molecules responsible for the tissue regeneration and repair cycle. With this
information, it stands to reason that laser-induced accelerated bone remodeling
will also effectively accelerate the orthodontic movement of teeth without an
increase of the orthodontic force applied.

Methods: Forty patients undergoing orthodontic system treatment were
selected for this study. These patients were randomly divided into two groups
of 20 patients: GL, which received laser treatment, and GC, which served as a
control. Each patient was instructed to wear the aligners for a minimum of 20
hours per day. Each patient in GL presented for phototherapy twice a week
with at least two days between each of the phototherapy sessions. GC
presented for progress checks once a week. Phototherapy was conducted with
a superpulsed, high pulse power, and low-average power 910-nm GaAs laser.
Tracking progress of all moving teeth for both groups was evaluated at every
appointment, during which the computerized progression model was
compared to the actual in vivo alignment. Once the in vivo alignments of the
teeth matched the computer model for a particular aligner, the aligner was
switched to the next in sequence.

Results: At the termination of the study GL had statistically significant fewer
days between aligner exchanges (mean = 9.6 days) than GC (mean = 14.6
days).

 



the skeletal system had already
been recognized since the middle of
the 19th century.3-4 Moreover, Frost
reported that the bone tissue within
the human skeleton is continuously
being remodeled by the tightly
orchestrated interaction of osteo-
clasts resorbing old bone and
osteoblasts forming new bone.5

More than 100 years after
Sandstedt’s publication, more
detailed knowledge has been gained
of the signaling cascades which lead
from the mechanical deformation of
the periodontium to either osteoge-
nesis or bone resorption. An
examination of the basic molecular
architecture of cell attachments will
help illuminate this pathway. Cells
such as osteoblasts or fibroblasts
have integral membrane proteins
which interact with the extracel-
lular matrix (ECM) and mediate a
variety of intracellular signals or
attach to other cells. These integral
membrane proteins are thus classi-

fied as cell surface receptors and
collectively referred to as integrins.

It has been shown that numerous
signaling pathways can be activated
by integrins, which “sense” a
mechanical distortion between the
cytoskeletal elements they are
attached to the inside of a cell and
the ECM attachment outside the
cell. Basdra et al. showed that
concentration levels of integrin-medi-
ated signaling proteins (rab and rho
guanosine triphosphatases) were
altered in mechanically stretched
PDL fibroblasts,6 and Peverali et al.
have shown similar results for the
mitogen-activated protein kinase
family in osteoblasts.7 Harell et al.
suggested in 1977 that a specific
sequence of molecular events is initi-
ated in osteoblast-like cells
undergoing mechanical deformation
in an in vitro environment.8 During
this sequence of events adelynate
cyclase is activated, leading to a
transient increase of cyclic adenosine
monophosphate (cAMP), an increase
intracellular [Ca++], and the initia-

tion of DNA synthesis and mitosis,9

thereby initiating a repair process,
as Ngan et al. reported in their in
vitro study involving human gingival
fibroblasts.

In summary, DNA synthesis,
mitosis, and cell differentiation of
fibroblasts and osteoblasts are a
direct result of a shift in mechanical
pressures within the PDL space.

Furthermore, recent in vitro
studies have shown that low-
average power laser light can
stimulate and enhance the prolifera-
tion and differentiation of bone
marrow stem cells (BMSCs) as well
as increase the secretion of growth
factors.10-16 The biostimulatory effects
of certain nonablative lasers have
been reported in the literature of the
late 1960s and early 1970s.17-18 Since
then, numerous publications have
elevated phototherapeutic laser
applications into mainstream medi-
cine and dentistry.19-25 Laser energy
interacts with tissues through chro-
mophores. Chromophores are parts
of the molecule responsible for its
color. In biological molecules that
serve to absorb or detect light
energy, the chromophore is the
moiety that causes a conformational
change of the molecule when hit by
light. Water is one of the most
predominant chromophores in
human tissue, capable of absorbing
light in various amounts throughout
the infrared spectrum where dental
lasers operate.26 However, between
approximately 600 and 1000 nm,
there is a narrow bandwidth in
which the absorptive power of water
is greatly reduced, and infrared light
can penetrate deeply into tissues.27-28

Virtually all phototherapeutic
lasers today have emissions within
the 600-to-1000 nm spectral range.
The basis of the biostimulatory
effects of phototherapeutic lasers is
actually a synergistic amalgama-
tion of two separate effects:
• The photochemical effect, in which

the photon energy of the laser is
absorbed by cytochrome-c oxidase,
a large transmembrane protein
found in the mitochondrial cell
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Figure 1: Sandstedt’s histological section
showing the pressure side after mild
force application in the canine model.
Ab, active bone; Rb, resorptive bone; Pl,
periodontal ligament; Rs, root surface.
One can clearly recognize numerous
osteoclasts in multiple Howship lacunae.
(From Sandstedt CE. Några bidrag till
tandregleringens teori [Some contribu-
tions to the dental association rules
theory]. Stockholm: Kungle
Boktrycheriet/Nordstedt & Söner, 1901)

Figure 2: Sandstedt’s histological section
of the tension side. De, dentin; Ce,
cementum; Pl, periodontal ligament; Nb,
new bone; Bj, old bone junction; Cb,
compact bone. One can clearly see how
the newly formed osteoblasts are
oriented along the stretched fibers of the
ligament. (From Sandstedt CE. Några
bidrag till tandregleringens teori [Some
contributions to the dental association
rules theory]. Stockholm: Kungle
Boktrycheriet/Nordstedt & Söner, 1901)
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wall. This will cause a short-term
activation of the respiratory chain
in which the resulting changes of
redox states of the mitochondrial
plasma and membrane help estab-
lish a chemiosmotic potential that
the adenosine triphosphate (ATP)-
synthase enzyme then uses to
synthesize ATP.29 This sudden
increase in ATP within cells will
lead to the ability to not only
initiate but also accelerate the
physiology of irradiated tissues.

• The photomechanical effect, in
which the photons from a high-
intensity, low-average power,
pulsed laser interact with the
target tissues to promote gene
expression.16, 30 Gene expression is
an important step during the
transformatory phase of mesen-
chymal stem cells into
osteoprogenitor cells such as
osteoblasts.
When these biochemical effects of

laser therapy are considered, it
stands to reason that, with the
correct laser dosage and wavelength,
bone remodeling is one of the
cellular processes that can be accel-
erated in an in vivo environment.
Bone remodeling is the cornerstone
of the translation of teeth in the
orthodontic process. Consequently,
our hypothesis was that properly
dosed laser therapy can accelerate
the bone remodeling, initiated
through mechanical force changes
around teeth, and thus accelerate
the orthodontic movement of teeth,
given a constantly applied pressure.

S E L EC T I O N  C R I T E R I A
This investigation was character-
ized as a Phase I study with less
than 50 subjects. Selection criteria
included men and women between
the ages of 20 and 40 who were
candidates for the orthodontic
movement of teeth utilizing the
specific orthodontic system identi-
fied above. Participation was
strictly voluntary. The Institutional
Review Board from Texas Applied
Biomedical Services (Houston,
Texas) approved the study protocol.

Patients who qualified for this
research project were properly
informed of the system’s procedure,
biostimulatory laser therapy, as
well as the associated risks and
benefits. In addition, alternative
treatment modalities and their
associated risks and benefits were
discussed. A brief synopsis of the
research project – its goals, expec-
tations, and possible benefits – was
also given to each patient.

Exclusion criteria were as follows:
• Patients under the age of 20 and

over the age of 40 were not consid-
ered in order to obtain a more
homogeneous population sample.

• Patients with potential neoplasms
in the head-and-neck region were
excluded, since a possibility exists
that laser application might accel-
erate carcinogenesis in patients
suffering from such pathologies,
although there is currently no
research demonstrating such clin-
ical effects.

• Patients who were smokers were
excluded because nicotine has a
very strong vasoconstricting
effect on microvasculature and
may interfere with the normal
regeneration process of bone.

• Patients who were undergoing
bisphosphonate therapy were
excluded since studies are
emerging that indicate cancer
patients being treated with
bisphosphonates may be at risk
for osteonecrosis of the jaw.31

M AT E R I A LS  A N D
M ET H O D S
Each potential research subject
was screened and categorized as
“eligible” or “not eligible” based on
the inclusion and exclusion criteria
identified above.

The orthodontic system takes
advantage of the dramatic develop-
ments in CAD/CAM technology in
recent years.32-35 A patient’s impres-
sion is scanned to produce a
computerized three-dimensional
image of the initial alignment of
teeth. The desired final alignment is
done virtually with computer soft-

ware and then translated into a
sequence of aligner trays which are
necessary to achieve that goal. The
number of aligners necessary for a
case will vary from patient to patient
and can be as few as 10 and as many
as 40. The Invisalign protocol calls
for aligner change every 14 days, if
the alignment of the teeth in vivo
matches the alignment of the teeth
on the computer model (ClinCheck®

2.6 software, Align Technology, Inc.,
Santa Clara, Calif.).

Those subjects who were selected
were randomly assigned to one of
two groups of 20 individuals each:
• Group L (GL): Patients received

the orthodontic system and also
presented twice a week for laser
treatments and progress checks,
with at least two days between
laser treatments.

• Group C (GC): Patients received
the orthodontic system only, and
presented weekly for progress
checks only.
Each patient was instructed to

wear the aligners for a minimum of
20 hours per day.

Progress checks were performed
with ClinCheck, which displays a
three-dimensional image of the denti-
tion within each aligner sequence.
Individual tooth positions were meas-
ured in relation to adjacent teeth
with the help of a millimeter grid
overlay in the software (Figure 3).

Marquina and Stalley

Figure 3: A typical example of an
Invisalign case analysis. The overlay grid
is used to measure distances and angula-
tions of individual teeth to each other,
which is then compared to the intraoral
environment
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These measurements were synchro-
nized in vivo with a periodontal
probe (Hu-Friedy, Chicago, Ill.) for
each tooth that was being moved
orthodontically. The computer model
measurements were then compared
to the intraoral measurements. If the
intraoral alignments of the teeth
matched the computer model, the
patient was given the next aligner in
the sequence. These progress checks
were conducted for both groups.

Laser treatments were performed
with a free-running, pulsed 910-nm
GaAs laser (Lumix 2, USA Laser
Biotech Inc., Richmond, Va.). The
laser was used at 45 Watts peak
power at 30 KHz for this study. The
diameter of the emitter tip is 8 mm
and has a divergence angle of 12
degrees. Each arch was divided into
six “illumination spots,” three on each
side of the arch, so that there was
slight overlap between the illumi-
nated areas to cover the whole arch
(Figure 4). Each of the six spots was
illuminated for 90 seconds, for a total
duration of 9 minutes per arch. This
translates into 27 joules of energy per
spot and 162 joules per arch. The
emitter tip was held at approximately
5 mm from the buccal surfaces, just
apical to the cementoenamel junction
(CEJ) (Figure 5). Once the patients
completed their aligner sequence, the
following data were collected:
• Total number of aligners used
• Average number of days between

aligner switches
• Number of midcourse corrections

(additional trays used to correct
abnormal tracking of teeth in
midcourse).
Statistical analysis was done

with the SPSS statistical software
(PASW Statistics 18.0, SPSS Inc.,
Chicago, Ill.).

R ES U LTS
Both, the laser group (GL) and the
control group (GC) samples
consisted of 20 patients each. The
longest and shortest treatment
course for GL was 240 days and 99
days, respectively. The longest and
shortest treatment course for GS

was 425 days and 143 days, respec-
tively. The average number of
aligners needed to complete the case
was 18.1 for GL and 19.85 for GC,
which was not statistically different
at a significance level alpha of 0.05.
The average number of days
between aligner exchanges was 9.57
for GL and 14.63 for GC, which
produced statistically highly signifi-
cant results using a one-tailed t-test
P value of 0.000 at an alpha level of
0.01. Therefore, the laser group had
a 34.6% faster aligner sequencing.
Furthermore, of the 20 subjects in
the control group, 5 needed
midcourse corrections, whereas only
3 subjects needed midcourse correc-
tions in the laser group (Table 1). On
a subjective side note, patients in
the laser treatment group reported
fewer complaints of moderate-to-
severe soreness the first two days
after a new aligner had been fitted
than the patients in the no laser
treatment (control) group.

D I SC U SS I O N
Teeth move in a certain direction by
applying pressure on the teeth in
the direction of translation. This will
cause a deformity of the PDL on the
pressure side as well as the tension
side of the individual teeth. The
deformation of certain cells in the
PDL environment (fibroblasts and

osteoblasts) is “sensed” by the inte-
grins in their cell wall, which then
release specific signaling molecules
to activate the remodeling process.
This process is called “mechano-
transduction.” Some of these
integrin-mediated signaling proteins
(rab and rho guanosine triphos-
phatases, and mitogen-activated
protein kinase) cause the prolifera-
tion of osteoclasts on the pressure
side of the teeth and proliferation of
osteoblasts on the tension side of the
teeth. Furthermore, other signaling
molecules will initiate an inflamma-
tory reaction and mesenchymal stem
cell division and transformation as
part of the healing response.

All of these cellular processes are
energy-intensive activities for cells,
especially DNA synthesis, mitosis,
and transformation of stem cells
into new fibroblasts or osteoblasts.
The basic energy molecule for all
cells is adenosine triphosphate
(ATP).36 Cells use this molecule to
power their various activities. If a
particular cell lacks sufficient quan-
tities of ATP, certain cellular
activities cannot take place. A suffi-
cient quantity of ATP is therefore
the prerogative for various cellular
activities, especially in the repair
and remodeling process of bone.

Phototherapy laser energy has
been shown to increase the rate of
cell division, cell transformation
(mesenchymal stem cells), production
of signaling molecules, and develop-
ment of osteoblasts, fibroblasts, and
osteoclasts.37 All of these cellular

Marquina and Stalley

Figure 4: Six areas of laser illumination
were used to cover the entire maxillary
arch, and six areas were also used for the
mandibular arch. Each of these areas
received 90 seconds worth of exposure.
This image shows the illumination
pattern for the maxillary arch

Figure 5: The emitter portion of the laser
is directed toward the buccal surfaces of
the roots just apical to the cemento-
enamel junction
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events are involved in the bone
remodeling processes of orthodontic
movement of teeth. It is therefore a
reasonable assumption that a low-
average power laser can also
accelerate the rate of tooth move-
ment in the orthodontic process.

As previously mentioned, of the
two groups that were studied, the
laser group showed a faster aligner
sequencing. One can speculate,
based on the information given
above, that the chromophores of the
cells in question were able to absorb
the photon energy of the laser and
convert this energy into their own
usable energy in the form of ATP.
This process is governed by very
specific pathways; in particular, the
main chromophore in the mitochon-
dria is the protein molecule
cytochrome-c oxidase, which is a

component of the respiratory chain.
It is the terminal enzyme that medi-
ates the transfer of electrons from
cytochrome-c to molecular oxygen.
Additionally, ferrocytochrome-c is
oxidized, dioxygen is reduced, and
protons are pumped from the mito-
chondria to the cytosol.36 The
electrochemical potential generated
across the inner membrane of the
mitochondrion by this redox drives
the oxidative photophosphorylation
of ADP into ATP.36 Once the concen-
tration of ATP had increased inside
the cells, they were able to initiate
and execute the remodeling cascade
with more efficiency and speed. It is
our hypothesis that these were the
most predominant precipitating
factors in the accelerated tray
sequencing we observed in the laser
group. Indeed, there are studies

using rats38-39 as well as one using a
group of 15 patients40 that demon-
strate how a low average power
laser can contribute to a more rapid
movement of teeth.

CO N C LU S I O N
Within the confines of this study we
have shown that low-average power,
high-pulse intensity laser
phototherapy can potentially accel-
erate orthodontic movements of
teeth for the Invisalign platform.
Future studies should compare
these results with variations in
wavelength, energy deliverance, and
exposure durations. The limitation of
this study was the small sample
size. Larger-scale studies need to be
done, perhaps on a multicenter level,
in order to confirm and expand
these results. It is our opinion that

Marquina and Stalley

Orthodontic System Data with Biostimulatory Laser
Application

Orthodontic System Data without Biostimulatory
Application

Subject Total Number
of Aligners

Average Days
Between
Aligners

Number of
Midcourse
Corrections

Subject Total Number
of Aligners

Average Days
Between
Aligners

Number of
Midcourse
Corrections

S1 15 11.5 S1 28 15.2

S2 22 8.7 S2 19 13.6

S3 25 9.6 S3 10 14.3

S4 20 10.2 1 S4 16 12.8 1

S5 15 8.9 S5 17 15.9

S6 19 11.6 S6 20 19.5

S7 16 9.2 S7 22 13.1

S8 10 9.9 S8 32 12

S9 22 8 1 S9 16 17.4 1

S10 17 8.8 S10 18 16.2

S11 14 10.2 S11 14 14.6

S12 10 8.3 S12 25 16.2

S13 13 9.5 S13 18 11.5 2

S14 17 7.9 S14 26 14.2

S15 22 12.2 S15 13 15.1

S16 14 9 S16 18 14.9

S17 26 8.7 S17 20 14 1

S18 18 9.4 S18 11 13.7

S19 23 9.7 1 S19 31 12.6 1

S20 24 10.1 S20 23 15.8

Mean 9.57 Days Mean 14.63 Days

Table 1: This table shows the data distribution of all 40 subjects in both groups. Group GL is the table on the left side and group GC is
on the right side. The results show a statistically significant difference between GL and GC with respect to the actual days between
aligner exchanges and the recommended 14 days.
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this study is synergistic to the ever-
growing body of evidence showing
that low-power laser phototherapy
may have a positive effect on overall
healing, since the molecular healing
cascade is similar for various tissue
types in the human body.
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