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Received: Oct 18, 2009 Background/purpose: Periodontally compromised abutments complicate the treat-
Accepted: Jan 21, 2010 ment plan of distal extension removable partial dentures. The objectives of this

study were: (1) to determine if splinting a tooth with reduced bone height to a
KEY WORDS: healthy one is beneficial to the weak one; (2) to investigate fixed splinting of two

teeth (the first and second premolars) with various alveolar support levels on bone
stress around the periodontal construction according to different crown to root
ratios of the periodontally compromised abutment; and (3) to assess the efficiency
of splinting in the presence of non-axial loads.

Materials and methods: Thirteen three-dimensional finite element models were
designed that included the mandibular first and second premolars and the surround-
removable partial denture ing bone. Ten models were similar except for the alveolar bone height around the
second premolar that had different amounts of bone resorption of 0—9 mm with splinted
teeth. The last three were the same except for the teeth which were not splinted.
Avertical force of 25N was applied to each occlusal surface of the premolars. Finally,
von Mises stress was evaluated at three points for all models. In the first stage, the
efficiency of splinting was assessed. In the last stage, the effects of non-axial loads
were evaluated in the splinted teeth models.

Results: In stage 1, it was shown that splinting could redirect the stresses to apical
areas and prevented crestal bone from increased stress. In stage 2, the findings of von
Mises stress in the apical area of the first premolar were almost the same in all models.
In the apical area of the second premolar and the alveolar crest area, the bone stress
increased when the height of the alveolar bone of the second premolar decreased.
Stage 3 revealed that splinted teeth are efficient in carrying non-axial loads.
Conclusion: Splinting a very weak abutment to an adjacent healthy tooth might not
be beneficial. The acceptable crown to root ratio for fixed splinting a weak abutment
to an adjacent normal tooth was around 1.65-2.
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Introduction

The usual treatment choices for patients with pos-
terior edentulous ridges are cantilever fixed partial
dentures (FPDs), removable partial dentures (RPDs),
and implant-supported prostheses. However, anato-
mic considerations or financial constraints may re-
sult in considering the FPD or RPD options. Although
both of these treatment modalities can provide the
patient with chewing function, patients often pre-
fer a fixed prosthesis because of perceived comfort
and ease of maintenance. However, an FPD might not
provide a suitable biomechanical solution because
of its limited capacity to transfer occlusal forces to
distant portions of the arch. This limitation is espe-
cially prominent in situations of teeth with reduced
periodontal support.'

The mobility of natural teeth may increase when
the supporting periodontium is lost. It is, therefore,
important to reduce the deteriorating effects of the
poor supporting tissues under physiologic loads in
rehabilitating periodontally compromised dentition.®
Tooth mobility in natural dentition may be eliminated
or controlled by proper diagnosis and management,
such as occlusal adjustments and tooth splinting in
an inflammation-free environment.®’ For conven-
tional FPDs, joining teeth together in a splint system
is an important method used to decrease mobility
in cases of reduced periodontal support.® Several
biomechanical studies investigated the influence
of bone levels and splinting on teeth with reduced
periodontal support height.®~'2 The reduced bone
support and unfavorable crown to root (C/R) ratio of
an abutment not only reduce the area of the peri-
odontal ligament (PDL), but also increase the lever-
age when a non-axial load is applied. Biomechanical
factors, such as overload, leverage, torque and flex-
ing, induce abnormal stress concentrations in the
prosthesis and periodontium. Those studies dem-
onstrated that teeth splinting can decrease both
the displacement and stress concentrations.

Berg and Caputo'? studied some aspects of stress
distributions of RPDs in bilateral maxillary distal
extension situations with progressive diminution of
periodontal support. Itoh et al.? investigated the
effects of periodontal support and fixed splinting
on load transfer by RPDs in mandibular bilateral dis-
tal extension situations. They concluded that fixed
splinting of simulated periodontally compromised
abutments effectively redistributes forces to sup-
porting structures.

Considering Ante’s law ' for FPDs, which was
questioned in several studies'>'®, specific clinical
guidelines for splinting are lacking. In all of those
studies, the definition of a weak abutment varied
among clinicians. Yang et al."! considered a C/R ratio
of 1:0.7 for periodontally compromised abutments.

In other studies,?? distal abutments had mesial and
distal osseous craters that were 4mm deep. In a
study by Wang et al.,'? severely compromised peri-
odontal involvement of the terminal abutment was
defined as only one-third of the normal bone height
remaining. Finally, Aydin and Tekkaya'’ assumed a
C/R ratio of 1 for periodontally weak abutments.
Therefore, it seems that the literature lacks criteria
for periodontal involvement.

The finite element method (FEM), which was in-
troduced to solve structural mechanical problems,
has long been applied in dentistry to determine
stresses and strains in dental structures caused by
occlusal forces.' Three-dimensional (3D) FEM is a
powerful tool for examining complex mechanical
behaviors of prostheses and surrounding structures.
Their usefulness in designing and analyzing dental
restorations is well established. %24

The objectives of this study were: (1) to assess the
usefulness of splinting a tooth with reduced alveolar
bone height to a healthy one from a stress point of
view; (2) to evaluate the effects of gradual alveolar
bone loss of one tooth (the second premolar) in a
splinted segment of two teeth (premolars); (3) to find
the greatest C/R ratio to splint a weakened tooth to
a healthy one beyond which the splinting is useless;
and (4) to evaluate splinted teeth when non-axial
loads are applied from a stress point of view.

Material and methods

Thirteen 3D FEM models were created with a poste-
rior mandibular segment, first and second premolars
based on the average dimensions,?> spongy, cortical
bone, and PDL (Fig. 1). The normal alveolar bone
model was the control, and bone loss was measured
vertically from the crest of the second premolar
bone level in millimeters. Each model consisted of
a cancellous core surrounded by a 0.75-mm thick
cortical layer. A0.25-mm thick simplified PDL layer
was modeled based on the root-form geometry of
the premolar. Ten models were similar except for
the alveolar bone height of the second premolar.
In the first model, the alveolar bone height was nor-
mal around the second premolar (C/R ratio, 0.55).
Gradual loss of alveolar bone in the second premo-
lar increased to 9mm in the last model (C/R ratio,
3.09). In all models, the alveolar bone height around
the first premolar was kept normal. Two teeth were
splinted in the crown so that they could be consid-
ered as one part with no deformation in the splint
area. In the last three models, the splint was deleted
from the model with 1mm, 4mm, and 8 mm of alve-
olar bone loss.

SolidWorks 2006 (Solidworks Corp., Concord, MA,
USA) was selected to create the solid models. The
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Fig. 1 Finite element models: (A) with 1mm of bone loss in the second premolar; (B) with 3mm of bone loss in the
second premolar; (C) with 7mm of bone loss in the second premolar; and (D) with 9mm of bone loss in the second

premolar.

models were designed in a top-to-bottom manner
starting with a definition of volumes. The next step
was to import the solid models into ANSYS Workbench
version 11.0 (ANSYS Inc., Canonsburg, PA, USA) to
construct the FEMs. All vital tissues were presumed
to be elastic, homogeneous, and isotropic. The cor-
responding elastic properties such as Young’s mod-
ulus and Poisson’s ratio were determined according to
recent research (Table 1).'°24 Models were meshed
with between 21,407 and 29,568 nodes, between
11,206 and 15,658 10-node-quadratic tetrahedron
body elements, and between 5129 and 7371 contact
elements in the model with the highest and the
lowest amounts of bone loss, respectively (Fig. 2).
As to boundary conditions, all nodes at the bottom
of the model were restrained so that rigid body
motion was prevented.

The study was divided into three parts. In part 1,
three models without splinted crowns (with normal,
and 4mm and 8 mm of bone loss) were loaded with
a 25-N force vector on each premolar to assess the
stress situation of the alveolar crest compared to
apical stress to show that the crestal stress was
greater than apical ones in loading separate (non-
splint) crowns.

In part 2, 10 models with splinted crowns and
gradual bone loss were loaded with a vertical force

Table 1. Material properties used in the finite element
models

Material Young’s modulus  Poisson’s
(kg/cm?) ratio
Enamel 8.26x10° 0.33
Dentin 2.14x10° 0.31
Periodontal ligament 70.3 0.49
Spongy bone 2.15x103 0.38
Cortical bone 1.45%x10° 0.26

Fig. 2 Meshed model with 1 mm of alveolar bone loss in
the second premolar.
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Fig. 3 von Mises stress distributions in splinted models: (A) with 1 mm of alveolar bone loss, (B) with 3mm of alveolar
bone loss, (C) with 7mm of alveolar bone loss, and (D) with 9 mm of alveolar bone loss.

vector of 25N onto each premolar crown. This stage
was intended to determine the desired C/R ratio
beyond which splinting was of little use.

In part 3, three splinted crown models with 1 mm,
4mm, and 8mm of bone loss were loaded with a non-
axial load of 25N directed 15° towards the mesial
to evaluate the effects of non-axial loads.

Application of a vertical force of 25N at each
occlusal surface of the premolars was based on pre-
vious studies.'®'! von Mises stresses were evalu-
ated in three locations in the bone for all models:
the apical area of the first premolar, the apical area
of the second premolar, and the alveolar crest be-
tween premolars midway buccolingually reached
trough slicing the models.

Results

Results are divided according to the stages of this
study. Loading non-splinted crowns revealed a higher
stress in the alveolar crest area than in the apical
area of the premolar (Table 2). In the apical area
of the first premolar, the von Mises stresses in this
area were in a range of 1.4-2.2MPa in different
alveolar bone loss models with no predictable pat-
tern in gradual bone loss. In the apical area of the

Table 2. von Mises stress findings in non-splint models

Stress (MPa)

AP5 Crest AP4

Normal 1.477 0.141 1.990
With 4mm of bone loss 1.559 2.129 1.405
With 8 mm of bone loss 2.099 3.405 2.253

AP5=apical area of the second premolar; Crest=intercrestal
area between the premolars; AP4=apical area of the first
premolar.

second premolar, the findings in this area were
1.477 MPa for the healthy model, which increased
to 2.099 MPa in the model with 8mm of bone loss. In
the alveolar crest area, the findings began at
0.141MPa for the healthy model and increased to
3.405MPa in the model with 8mm of bone loss.
These findings showed a predictable increase with
the progression of bone loss.

In the loaded splinted crown models with gradual
bone loss, some stress modifications at the three
points of assessment were revealed (Fig. 3), and
numeric data of von Mises stresses in the different
models are given in Table 3. In the apical area of
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Table 3. von Mises stress in each model assessed in
the bone socket of the teeth in three different loca-
tions midway mediolaterally

Stress (MPa)

C/R ratio

AP5 Crest AP4
0.67 1.495 0.144 2.063
0.80 1.296 0.271 1.955
0.95 1.607 0.443 2.008
1.14 1.531 0.854 2.059
1.37 1.789 0.861 1.685
1.65 1.832 1.602 2.049
2.00 1.830 1.583 2.163
2.46 1.974 2.010 1.775
3.09 3.170 2.083 1.883

C/R=crown to root; AP5=apical area of the second premolar;
Crest=intercrestal area between the premolars; AP4= apical
area of the first premolar.

Table 4. Stress findings in non-axial loading (15° shift
in the vertical)

Stress (MPa)

AP5 Crest AP4

With 1 mm of bone loss 1.364 0.297 2.888
With 4mm of bone loss 1.848 0.922 2.813
With 8 mm of bone loss 2.865 0.613 2.907

AP5=apical area of the second premolar; Crest=intercrestal
area between the premolars; AP4=apical area of the first
premolar.

the first premolar, the findings of the von Mises
stresses in this area were around 2 MPa in all phases
of alveolar bone loss. These findings did not show
a clear pattern of changes in different bone loss
models. It could be considered to be the same in
the various models. In the apical area of the second
premolar, the findings were 1.495MPa for the model
with 1 mm of bone loss, which increased to 3.170 MPa
in the model with a C/R ratio of 3.09. The pattern
clearly showed an increase in stress with a gradual
loss of alveolar bone. The increase in stress reached
twofold. In the alveolar crest area, the findings began
at 0.144MPa for the 1-mm bone loss model and in-
creased to 2.083 MPa in the last phase of the study
in the model with a C/R ratio of 3.09, which was
about a 14.5-fold increase.

With application of non-axial loads in the three
splinted crown models with 1 mm, 4mm, and 8 mm
of bone loss, the efficiency of splinting with non-
axial loads was revealed (Table 4). In the apical area
of the first premolar, the von Mises stresses were
2.81-2.90MPa in all phases of alveolar bone loss

without showing a clear pattern of changes in the
different bone loss models. In the apical area of the
second premolar, the findings were 1.364MPa for
the model with 1 mm of bone loss, which increased
to 2.865MPa in the model with 8 mm of bone loss.
The pattern was clearly an increase in this stress
with gradual loss of alveolar bone. In the alveolar
crest area, findings began at 0.297 MPa for the 1-mm
bone loss model and increased to 0.922 MPa in the
last phase of the study in the model with 4mm of
bone loss.

Discussion

Favorable masticatory forces within a healthy peri-
odontium, which thereby avoid occlusal trauma, are
a primary concern in partially edentulous restora-
tions. Ante’s law, " Ewing’s requirements,’ and cross-
arch stabilization?®?” are all clinical guidelines used
to address this fundamental problem. Teeth may
have a less-than-ideal prognosis as abutments for an
RPD when there is slight mobility or an unfavorable
C/R ratio, perhaps combined with a conical root."

The present study, as well as previous investi-
gation,” demonstrated the preferential develop-
ment of stresses within osseous defects and their
variations with the amount of periodontal support.
These stress concentrations suggest that occlusal
forces can exacerbate the situation in the defect
region and possibly cause further bone resorption,
depending on their magnitude and frequency. Loss
of bone support increases the maximum stresses
generated in the supporting structures, especially in
the alveolar bone crest. After horizontal bone loss
from periodontal disease, the PDL-supported root
surface area can be dramatically reduced. In addi-
tion, bending moments affecting the supporting bone
may be magnified because of the greater leverage
associated with a lengthened clinical crown. That
may explain the increased deflection and stress gen-
erated in models with low bone support.28

Asplint, according to the Glossary of Periodontic
Terms is “an appliance designed to stabilize mobile
teeth”.3 There is general agreement to splint bilat-
eral distal extension cases to their healthy adjacent
teeth when the terminal abutments have reduced
support or unfavorable root forms.

The improvement in stress distribution to the sup-
porting structures with fixed splinting was demon-
strated for both mandibular and maxillary RPDs with
various attachment retainers.3'>2° The results of
our study with respect to the effect of fixed splinting
are in agreement with previous articles®'32° How-
ever, there were some differences in the maximum
stresses and their distributions observed within the
periodontal structures after fixed splinting.
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The findings of the present investigation indicated
that fixed splinting of periodontally compromised
teeth can reduce the stress in the interdental crest
area compared to the loading of non-splinted crown
models, which can protect this weak area against
destructive stresses. Indeed, fixed splinting improves
the stress distribution in the surrounding bone and
transfers stress from the interdental crest to the
apical area of teeth where there is better resistance.
Another point worth mentioning in this part of the
study was the von Mises stress findings of the cre-
stal bone in the healthy tooth structure model. This
stress was lower than the apical stress of both premo-
lars. This prevents us from splinting healthy teeth
for retention after orthodontic treatment.

The efficiency of splinting in non-axial loading
was also shown in this study (Table 4). Although
fixed splinting is a time-honored method of improv-
ing the status of weak abutments, there are certain
precautions that should not be overlooked. It is sel-
dom beneficial to splint an extremely weak abutting
tooth to a strong one. The result is generally to
weaken the strong abutment rather than strength-
ening the weak abutment.?%30 Phoenix et al.” be-
lieved that sometimes it is advantageous to sacrifice
a periodontally compromised tooth if an adjacent
tooth can serve as a better abutment.

Previous studies reported that the lifespan of RPD
abutments greatly depends on the quality of peri-
odontal support rather than its quantity.3"32 It was
demonstrated that teeth with bone loss may success-
fully be used as RPD abutments if splinted properly,
and their long-term maintenance is ensured.3334

Kratochvil and Caputo?® showed that physiologic
adjustment has a great influence on the direction
of force exerted on the abutments, PDL, and bone
supporting a distal-extension RPD. An unadjusted
casting exerts a tipping and torque action on the
teeth and periodontium. Previous photoelastic and
finite element stress analyses showed that an ad-
justed RPD has a favorably altered stress distribution
in the periodontium with severe supporting bone
loss. 2:5:36-39

Nyman and Lindhe'® showed that under normal
circumstances, a C/R ratio of 1:1 is considered the
minimum ratio that is acceptable for a FPD abut-
ment. Itoh et al.? believed that positive effects
of fixed splinting of RPD abutments are more pro-
nounced as the severity of the periodontal defect
increases. A review of RPD therapy by Phoenix et al."
pointed out that a tooth that has lost more than
50% of its bone support is a poor candidate for fixed
splinting. In contrast, the findings of our study sug-
gest that by fixed splinting of a weak abutment even
with a C/R ratio of 1.65-2 to its adjacent tooth, the
stress distribution is improved to produce a lower
stress in the crestal bone compared to the apical

O AP5S
M Crest
W AP4

A H > DA O S
Crown to root ratio

Fig. 4 von Mises stresses in apical areas and crestal bone.
AP5=apical area of the second premolar; Crest=intercre-
stal area between the premolars; AP4=apical area of the
first premolar.

regions (Fig. 4). But with higher C/R ratios, stresses
in the supporting structures significantly increase,
and this periodontally questionable tooth should
be condemned in favor of using an adjacent healthy
tooth as the abutment, even though the span is
increased by one tooth by doing so.

To construct a finite element model, it is usually
necessary to simplify the system by making some
assumptions. The final model represents an average
clinical situation, and generalization of its results
should be done with care.%4! Therefore, because
the finite element models used in this study do not
identically reproduce all clinical situations, the appli-
cation of the results should be tempered with sound
clinical judgment. However, this study suggests that
when an abutment displays decreased periodontal
support, fixed splinting may provide adequate sup-
port and stabilization for an RPD, but it is not a me-
thod of salvaging a tooth with an otherwise hopeless
prognosis.

Within the limitations of this 3D finite element
stress analysis study, the following conclusions were
drawn: (1) splinting a tooth with reduced bone height
to an adjacent healthy tooth redirects stress from
the bone crest to the apical areas of both teeth; (2)
even after fixed splinting of two abutments, grad-
ual loss of bone support increases the stress in the
alveolar crest area; (3) fixed splinting of a very weak
abutment to an adjacent healthy tooth might not
be beneficial (the maximum acceptable C/R ratio
for fixed splinting of a weak abutment to adjacent
normal tooth was shown to be 1.65-2); and (4)
splinted teeth can tolerate non-axial loads.
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Introduction

Background/purpose: The purpose of this in vitro study was to evaluate the effect
of 1% chlorhexidine (CHX) gel on dentin bond strengths of posterior composite resin
applied with two different adhesive systems.

Material and methods: In total, 75 extracted, caries-free human molars were used.
The occlusal surface of each tooth was ground to create a flat dentin surface. Then,
each tooth was mounted in acrylic. The dentin specimens were randomly assigned
to five groups of 15 specimens each. In Group 1, Prime & Bond NT (PBNT) was
applied; in Group 2, a 1% CHX gel+etching for 15s+PBNT were applied; in Group 3,
etching+1% CHX gel+PBNT were applied; in Group 4, Clearfil S* Bond was applied;
and in Group 5, 1% CHX gel+Clearfil S* Bond were applied. A dentine bonding sys-
tem was applied to dentin surfaces, and composite cylinders were built up using a
special device and then light-polymerized. Specimens were mounted and sheared
using an Instron universal testing machine at a cross-head speed of 0.5mm/min.
Results: The results were recorded in megapascals. The sheared specimens were
examined under a light microscope, and the type of failure (adhesive, cohesive or
mixed) was recorded. Data were compared by one-way analysis of variance and
Tukey’s honestly significant difference tests. Means were 16.4+4.1 MPa in Group 1,
16.2+3.9 MPa in Group 2, 13.0+4.5 MPa in Group 3, 11.9+2.7 MPa in Group 4, and
11.5+2.7 MPa in Group 5. The use of 1% CHX gel before acid etching was signifi-
cantly higher than after etching on the shear bond strength of PBNT (P<0.05), but
did not differ significantly from PBNT alone (P>0.05).

Conclusion: Within the limitations of the present in vitro study, it was concluded
that 1% CHX gel application did not adversely affect the shear bond strengths of
dentin-bonding agents.

is due primarily to demands for improved esthetics.
However, it is generally accepted that resin compos-

In response to increasing esthetic demands of pa- ites are not yet able to guarantee excellent results
tients, the use of composite resin materials for pos- when used for posterior tooth restorations. This is
terior tooth restorations is increasing." This increase due to postoperative sensitivity and penetration of
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microorganisms and/or their toxic products that,
in turn, can cause pulpal lesions and secondary
caries.?

Bacterially contaminated cavity walls associated
with caries are a potential problem in restorative
dentistry.? Bacteria can remain in the smear layer
or in dentinal tubules, and can potentially multiply.*
Studies indicate that residual bacteria might pro-
liferate from the smear layer beneath restorations,
allowing toxins to diffuse to the pulp, resulting in
irritation and inflammation.>* It was argued that
microorganisms that are present in the cavity walls
cannot be removed by the use of water spray or by
the effect of restorative materials containing dis-
infecting agents.’ Therefore, the adjunctive use of
antibacterial solutions after cavity preparation may
be considered a method to reduce the incidence
of postoperative sensitivity by eliminating viable
bacteria and their toxins from the restorative in-
terface.® The use of a cavity disinfectant before
applying a dentin adhesive agent can reduce or
eliminate postoperative sensitivity in composite
restorations.3

Researchers have applied various alternative
approaches to eliminate residual bacteria left in
cavity preparations. Treatments with a disinfec-
tant wash and different antibacterial agents have
been tested.*> Commercially available disinfectants
containing compounds such as chlorhexidine (CHX)
digluconate, disodium ethylenediaminetetraacetic
acid (EDTA) dihydrate, sodium hypochlorite, hydro-
gen peroxide, and iodine are used to remove bac-
terial contaminants.”-® Of these, CHX is commonly
used to remove bacterial contaminants. CHX is an
effective agent for disinfecting dentin. Silva et al.’
reported a significant decrease in the number of
bacteria in dentinal tubules after application of
0.2% CHX for 5 minutes. It is also effective in re-
ducing the levels of Streptococcus mutans found
on exposed carious root surfaces.°

CHX has a strong suppressive effect on S. mutans
and S. sobrinus.>'" These microorganisms are of
major importance in the development of initial
caries.* The use of a CHX cavity cleanser after tooth
preparation can reduce residual caries and postop-
erative sensitivity.3 %13

CHX is widely used as an antimicrobial agent and
for disinfection before placement of restorations.”
A CHX solution is active against a wide range of
microorganisms, because it is bacteriostatic at low
concentrations and bactericidal at higher concen-
trations.'3 CHX may also inhibit bacterial adherence
to surfaces and to each other by competing with
calcium for retention sites and, thus, may prevent
the formation of calcium bridges between bacteria
and oral surfaces or between bacteria.'2 Therefore,
the use of solutions such as CHX, which have an

antibacterial or bactericidal effect, provides an ad-
junct treatment that contributes to the suppres-
sion of residual infection, thereby increasing survival
of restored teeth.'! Thus, this study evaluated the
effects of CHX gel (before and after acid etching)
on the shear bond strength of composites with two
bonding systems.

Materials and methods

Seventy-five extracted, intact human molars were
chosen for this study. All teeth were hand-scaled; all
soft tissue was removed, and the teeth were stored
in room-temperature tap water for 1 week prior to
bonding. Teeth were sectioned with a low-speed dia-
mond disk saw (IsoMet; Buehler, Lake Bluff, IL, USA)
under water coolant to expose the mid-coronal den-
tin. Sections of the teeth, including the roots, were
mounted inside a cylindrical-shaped plastic mate-
rial, 2.5cm in diameter and with a height of 5cm,
using autopolymerizing acrylic resin. Dentin surfaces
were flattened using 600-, 800-, and 1200-grit wa-
terproof polishing papers to create a standardized
dentin surface, and the teeth were randomly di-
vided into five groups of 15 teeth each.

In Group 1, the dentin surface was etched with
349% phosphoric acid gel (Dentsply Caulk, Milford, DE,
USA) for 15 seconds, rinsed with water for 20 sec-
onds, and dried with absorbent paper. Then, Prime &
Bond NT (PBNT) (Dentsply Caulk, Milford, DE, USA)
was applied and left undisturbed for 30 seconds,
lightly air-dried for 2 seconds, and light-cured for
20 seconds with a light-emitting diode (LED) (Elipar
FreeLight; 3M ESPE AG, Seefeld, Germany). After
application of an adhesive, specimens were clamped
in an Ultradent bonding jig (Ultradent Products,
Inc., South Jordan, UT, USA). A posterior composite
(Quixfil; Dentsply DeTrey, Konstanz, Germany) was
carefully inserted into the surface by packing the
material into cylindrical-shaped plastic matrices with
an internal diameter of 2.34mm and a height of 3mm.
Excess composite was carefully removed from the
periphery of the matrix with an explorer. The com-
posite was cured with an LED for 20 seconds.

In Group 2, CHX gel (at 1%; Drogsan Pharmaceu-
ticals, Ankara, Turkey) was applied using a dispos-
able brush tip and left undisturbed for 20 seconds.
Next, the dentin surface was etched with 37% phos-
phoric acid for 15 seconds, rinsed with water for
20 seconds, and dried with absorbent paper. The
bonding procedure was the same as that in Group 1.

In Group 3, the dentin surface was etched with
37% phosphoric acid for 15 seconds, rinsed with water
for 20 seconds, and dried with absorbent paper.
Next, 1% CHX gel was applied using a disposable
brush tip, and left undisturbed for 20 seconds. The
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application of PBNT and the posterior composite
resin was the same as in Group 1.

In Group 4, Clearfil S® Bond (Kuraray Medical,
Okayama, Japan) was applied and left in place for
20 seconds, dried by blowing high-pressure air over
it for 5 seconds, and light-cured for 10 seconds with
an LED. After applying the adhesive, specimens were
clamped in the Ultradent bonding jig. Posterior com-
posite resin (Clearfil Majesty Posterior Shade A3;
Kuraray Medical) was carefully inserted and cured
with an LED for 20s.

In Group 5, 1% CHX gel was applied using a dis-
posable brush tip, and left undisturbed for 20 sec-
onds. Then, Clearfil S* Bond was applied and left in
place for 20 seconds, dried by blowing high-pressure
air over it for 5 seconds, and light-cured for 10 sec-
onds with an LED. Clearfil Majesty Posterior was
applied in the same way as in Group 4.

Specimens were stored in distilled water at
37°C for 24 hours. They were then mounted with
the treated surfaces parallel to the shearing rod of
an Instron universal testing machine (Instron Corp.,
Canton, MA, USA) and sheared to failure at a cross-
head speed of 0.5mm/min. The results were re-
corded in megapascals (MPa). The testing was carried
out at room temperature (23°C) and a relative hu-
midity of 50%.

A one-way analysis of variance was used to de-
tect any significant differences (P<0.05) in bond
strengths among the groups. Post hoc comparisons
were made using Tukey’s honestly significant dif-
ference test. After the test procedure, fractured
surfaces were observed with a dissecting microscope
(SZ-TP; Olympus, Tokyo, Japan) at a magnification
of 20 to determine the failure modes, classified as
adhesive failure, cohesive failure within the com-
posite, and cohesive failure within the tooth.

One specimen from each group was randomly
selected and sputter-coated with gold after frac-
ture and prepared for scanning electron microscopy
(SEM). Coated specimens were then observed under
an SEM (JSM-5600; JEOL, Tokyo, Japan) at different
magnifications.

Results

Mean shear bond strengths to dentin for the five
groups are shown in Table 1. Mean shear bond
strength values ranged 11.5-16.4 MPa. In particu-
lar, Group 1 (PBNT) showed the highest mean shear
bond strength value at 16.4 MPa. No significant dif-
ferences were found between Groups 1 and 2. The
statistical analysis showed that the bond strengths
of Group 1 (no CHX gel treatment) were signifi-
cantly higher than those of Group 3 (CHX gel treat-
ment after etching). In contrast, Group 3 (PBNT)

demonstrated a significant decrease in bond strength
when 1% CHX gel was applied after acid etching
(the statistical differences are given in Table 1).

Groups 1 and 2 demonstrated statistically sig-
nificant differences with Groups 4 and 5 (P<0.01).
When the 1% CHX gel was applied to the dentin
surface before Clearfil S Bond (Group 5), the shear
bond strength was not affected in this study. No
significant differences were found between Groups
4 and 5.

The examination of the debonded samples with
a stereomicroscope at 20xmagnification showed
that the fractures were predominantly adhesive
for the agents, as shown in Table 2.

SEM analysis revealed that the dentin surface
was covered by a hybrid layer. In all SEM samples,
composite resin remnants were found. Fig. 1 shows
the dentinal surfaces after applying the shear bond
strength test.

Discussion

Recent advances in resin-based adhesives and re-
storative materials, as well as increased patient de-
mands for esthetic restorations, have increased the
use of resin-based composites in posterior teeth.
However, secondary caries were found to be the

Table 1. Mean bond strengths (in megapascals) and
standard deviations (SDs) of the test groups

Group n Mean (MPa) SD
Group 1 15 16.4* 4.1
Group 2 15 16.2* 3.9
Group 3 15 13.07 4.5
Group 4 15 11.9™ 2.7
Group 5 15 11.5T* 2.7

Groups identified with different symbols significantly differ
(P<0.05).

Table 2. Failure modes of the test groups*

Failure mode

Group

Adhesive Cohesive Mixed
Group 1 8 5 2
Group 2 7 5 3
Group 3 7 4 3
Group 4 11 2 2
Group 5 9 5 3

*Although the results of the y? analysis were highly signifi-
cant (P<0.01), inferences could not be made because of the
small sample size and the fact that 75% of cells had an
expected count of fewer than 5.
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Fig. 1 Scanning electron microscopy photographs of dentin surfaces. (A) Prime & Bond NT was applied; (B) 1% chlor-
hexidine (CHX) gel was applied before acid etching; (C) 1% CHX gel was applied after acid etching; (D) Clearfil S* Bond
was applied; (E) Clearfil S* Bond was applied after the 1% CHX gel. All images are at the same magnification.

most common reason for replacing resin composite
restorations.' This may be a result of polymeriza-
tion shrinkage, which causes a gap between the
material and the tooth structure, allowing bacterial
penetration.” Another source of secondary caries
is the presence of bacteria in the smear layer after
cavity preparation, which can remain viable for long
periods of time.' A disinfectant solution, which
eliminates these residual bacteria, could be useful
after cavity finishing.

One study reported the efficacy of disinfectant
solutions.® Meiers and Kresin® showed that use of

CHX products as a cavity cleaner after tooth prep-
aration could reduce the potential for residual car-
ies and postoperative sensitivity. The application
of CHX did not negatively affect shear bonding.®
The present in vitro study showed that CHX gel
did not affect the shear bond strength of PBNT be-
fore etching the dentin. This result is consistent
with recent studies which found that CHX appli-
cation before and after acid etching did not sig-
nificantly affect the dentin bonding system.®'7 In
addition, similar studies demonstrated that CHX
application prior to acid etching had no adverse
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effects on immediate composite adhesive bonds in
dentin."” '8 However, CHX gel adversely affects the
shear bond strength of PBNT after etching the den-
tin. These results correspond to those of Vieira Rde
and da Silva,' who showed that a cavity disinfec-
tant containing 2% CHX had an adverse effect and
produced significantly lower shear bond strengths.
In contrast, Giirgan, et al.? indicated that appli-
cation of the CHX before and after acid etching
significantly decreased the shear bond strength to
dentin. In contrast, those results are inconsistent
with the results of Meiers and Shook* who found that
CHX had no influence on the shear bond strength
to dentin.

In vivo and in vitro studies by Carrilho et al.”
and Hebling et al.?' showed that CHX preserved
the hybrid layers with CHX treatment after acid
etching.”2' The hybrid layer might have decreased
the shear bond strength to dentin. The bonding
mechanism of the material to the dental structure
is another relevant factor. When the smear layer is
removed before the restorative material is put in
place, the surface’s wetting ability is enhanced,
leading to the formation of a material tag. Phos-
phoric acid removes the smear layer, exposes col-
lagen, and reveals the open tubules. The absence of
a smear layer after acid treatment produces rela-
tively smooth intertubular dentin without peritu-
bular dentin. Open tubules facilitate the formation
of a hybrid or resin-infiltrated layer, creating large
surface areas for bonding and allowing the devel-
opment of resin tags.??

Breschi et al.2? found that the use of CHX as a
primer on acid-etched dentin could prevent colla-
gen degradation even after 12 months at a very
low concentration (0.2%). In addition, the concen-
tration of CHX did not affect the bond strength.
CHX was shown to inhibit the activity of matrix
metalloproteinases-2, -8 and -9 through a chelat-
ing mechanism, and it also had antibacterial ac-
tivity.Z* However, it may show a higher antibacterial
effect when applied at higher concentrations.? In
the present study, we applied a 1% gel form of
CHX. This form contains a higher concentration of
CHX, and it may show longer-lasting adhesion to
dentin surfaces than the liquid form of CHX. Fur-
ther research is needed on adhesion of different
CHX forms, between gel and liquid, to dentin sur-
faces when used to prevent degradation and cavity
disinfection.

In the present study, we found that self-etching
bonding systems showed lower bond strengths than
did etch-and-rinse systems. However, CHX gel ap-
plication did not affect the shear bond strength.
This finding is in agreement with a previous study
by Ercan et al.2® who showed that CHX solution ap-
plication as a cavity disinfectant decreased the bond

strength in self-etching bonding systems. However,
the shear bond strength was not adversely affected
by CHX solution application when the etch-and-rinse
system was used. In addition, CHX gel application
had no adverse effect on the shear bond strength
of the composite resin. This may have been due to
a limited penetration depth of the material in the
dentin structure.?®

In our study, Clearfil S*> bond did not present any
statistically significant difference after CHX gel
treatment. This result is in accordance with the
study by Soares et al.'” in which application of a
concentration of 0.12% and 2% CHX produced simi-
lar behaviors, with no adverse effects on the bond
strength. Our results for the shear test showed that
bonding with a composite on the dentin was better
for teeth treated with PBNT than with Clearfil S3
Bond. Clearfil S® Bond showed the lowest bonding
strength on dentin. The differences were statisti-
cally significant (P<0.05).

Modes of use vary before etching, after etching,
rinsing off, or not rinsing. Use of a CHX cleanser
before etching was shown not to affect bonding to
enamel or dentin.?” Another study, however, re-
ported reduced dentin bond strengths when a CHX
cleanser was used before or after etching, but rins-
ing the cleanser off before bonding produced bond
strengths that were similar to no-cleanser controls.?®
Rinsing away cleansers prior to bonding will most
likely prevent undesired material interactions.

The simultaneous etching of enamel and den-
tin, or total etching techniques, and developments
made in chemical adhesives have improved bond
strengths.?’ Current developments are focused on
simplifying the application of bonding agents by
decreasing the time and steps required for place-
ment. As a result, manufacturers have combined the
primer and adhesive into a single component but still
maintain separate etching and rinsing steps. This
method is called two-step bonding.3°

All dentin surfaces were coated with a hybrid
layer; high ratios of composite resin remnants were
found on the SEM examination. This may have been
due to cohesive or mixed failures of the samples
that were selected for SEM examination.

The results from this study indicated that: (1) the
shear bond strength was not significantly affected
when CHX was applied before etching the dentin
surface; (2) there was a significant decrease in bond
strength when the 1% CHX gel was applied after
acid etching; and (3) when the 1% CHX gel was ap-
plied to the dentin surface before Clearfil S* Bond,
the shear bond strength was not affected.

Within the limitations of this in vitro study, the
following conclusions were drawn: (1) CHX gel ap-
plication before phosphoric acid did not influence
the shear bond strength of PBNT on dentin, but
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CHX gel applied after acid etching had an adverse
affect on the shear bonding of PBNT; and (2) the
1% CHX gel had no adverse effect on the bond
strength of Clearfil S°.
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Introduction

Background/purpose: Detailed information of the dentin microstructure is essential
in order to interpret data from investigations on dentin adhesive materials. Most
studies of dentin microstructure focused on the crown dentin, and few compared
microstructures of the crown and root dentin. The purpose was to compare the den-
sity and diameter of dentinal tubules and the thickness of peritubular dentin at the
crown, and coronal and middle root.

Materials and methods: Ten caries-free human lower first molars were sectioned
into four parts as the chamber roof, chamber wall, coronal root, and middle root.
After being immersed in 5.25% NaOCl solution for 30 minutes, sectioned surfaces were
examined under a scanning electron microscope. Data of tubule density, diameter,
and peritubular dentin thickness in the inner, middle and outer portions were collected.
Friedman’s nonparametric related sample test and Wilcoxon nonparametric sighed
rank post hoc test were used for data analyses.

Results: Tubule densities of the inner and middle dentin of the root were signifi-
cantly lower than that of the crown. Peritubular dentin width in the chamber roof
was significantly higher than those in other areas of the tooth.

Conclusion: Our findings show that the proportion of the tubular area is lower, and
there is less peritubular dentin in the root dentin than in crown dentin. To achieve
good bonding of resin to root dentin, it is potentially beneficial to focus on improving
the quality of the hybrid layer rather than that of resin tags.

ectomesenchymal dental papilla and form the first
dentin. Cells in the inner dental epithelium then

Differentiation of odontoblasts during dentinogen- differentiate into ameloblasts and initiate amelo-
esis is the result of an interaction between ectomes- genesis. As a result, a fairly distinct border exists
enchymal components of the tooth germ." In the between the enamel and dentin. A similar course
crown portion, odontoblasts differentiate from the occurs in the root. As soon as dentinogenesis begins,
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Hertwig root sheath disintegrates. Cementoblasts
then differentiate from the dental sac to form ce-
mentum, but the border between the dentin and
cementum is indistinct. Despite marked differences
in their relations to neighboring tissues, the crown
and root dentin are generally considered to be simi-
lar or identical.

Studies of dentin structure date back to the early
history of light microscopy.? A wide range of tech-
niques have been used to reveal its detailed struc-
ture, including histochemistry, immunofluorescence
microscopy,“ various types of light microscopy such
as polarized,® phase-contrast and interference mi-
croscopy,® microradiography,” and transmission® and
scanning electron microscopy (SEM).° But most stud-
ies focused on the crown dentin, and relatively few
examined structural differences between the crown
and root dentin.°

Understanding the microstructure of the dentin
can provide a basis for improved understanding of
the correlation between its structure and proper-
ties. Dentin bonding in root canals has become a
recent trend in endodontics.'” However, detailed
knowledge about the microstructure of root dentin
is still inadequate. Therefore, the purpose of this
study was to compare the density and diameter of
dentinal tubules and peritubular dentin thickness
of the crown and root dentin by SEM as a basis for
a dentin adhesion study.

Materials and methods

Ten caries-free human lower first molars, extracted
in the dental department of National Taiwan Uni-
versity Hospital due to periodontal reasons from pa-
tients at the ages of 34-56 years, were preserved in

Chamber roof

Crown part

normal saline at 4°C. Each tooth was split into four
specimens with a chisel and hammer, including the
chamber roof, the distal aspect of the chamber wall,
the distal aspect of the distal root coronal portion,
and the distal aspect of the distal root middle por-
tion (Fig. 1). Specimens were thoroughly rinsed with
distilled water, and immediately immersed in 5.25%
NaOCl for 30 minutes. After several thorough washes
with distilled water, they were sequentially dehy-
drated in an alcoholic series and dried in a desicca-
tor for 24 hours. Specimens were mounted on stubs
with the split surface face up, using carbon conduc-
tive tapes. Specimens were sputter-coated with gold
by vacuum-coating equipment (Bio-Rad SC502; Fisons
plc, UK), and examined under a SEM (Topcon ABT-60;
Topcon, Tokyo, Japan). Each specimen was divided
into inner dentin (within 200 um from the pulpal sur-
face), middle dentin (between the inner and outer
dentin), and outer dentin (within 200pum of the
dentine—cementum junction). The dentin tubule den-
sity was calculated under 500x magnification (15kV;
working distance, 15mm) by counting tubule num-
bers crossing an imaginary 200-um line perpendic-
ular to the long axis of the dentinal tubules (Fig. 2).
The diameter of the tubules and thickness of the
peritubular dentin were observed under 3000x mag-
nification (15kV; working distance, 15mm) (Fig. 2).
Probability values were computed using Friedman’s
nonparametric related sample test, and Wilcoxon
nonparametric signed rank test with the Bonferroni
procedure was used for post hoc comparisons.

Results

Fig. 3 shows unprepared pulpal surfaces in four dif-
ferent dentin areas. Treatment with 5.25% NaOCl

Chamber wall

Coronal root
Root part |:
Middle root

Fig. 1 Diagram of a tooth showing the selected areas to be examined. C=cementum; E=enamel; I=inner dentin; M=mid-

dle dentin; O=outer dentin; P=dental pulp.
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removed the unmineralized predentin layer reveal-
ing the underlying dentinal tubules which were or-
ganized into calcospherites. The appearance of the
calcospherites in the chamber roof (Fig. 3A) was less
apparent compared with other areas.

Fig. 4 demonstrates the split surface of the den-
tin. Dentinal tubules had heterogeneous densities
in different parts. In the inner dentin (Fig. 4A, C, E
and G), tubules were highly concentrated in both
the crown and root parts, whereas they became

Fig. 2 Scanning electron micrograph illustrating the way to calculate the dentinal tubule density and structures to be
examined. (A) Counting tubule number crossing an imaginary 200-um line (white line) as N, then tubule density of this area
is [(N/200)x10%]2/mm?Z. (B) Structures to be examined. |=intertubular dentin; P=peritubular dentin; T=dentinal tubule.

Fig. 3 Unprepared pulpal surfaces of dentin under 3000x scanning electron microscopy examination. (A) Chamber
roof; (B) chamber wall; (C) coronal root; (D) middle root. After NaOCl treatment, the predentin was removed to show
the underlying mineralized spherical dentin matrix (calcospherites).
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Fig. 4 Split dentin surfaces under 3000x scanning electron microscopy examination. (A) Inner portion of chamber roof;
(B) outer portion of chamber roof; (C) inner portion of chamber wall; (D) outer portion of chamber wall; (E) inner portion
of coronal root; (F) outer portion of coronal root; (G) inner portion of middle root; (H) outer portion of middle root.
The tubular density was significantly higher in the inner dentin (A, C, E and G) than in the outer dentin (B, D, F and H).
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much sparser in the outer dentin (Fig. 4B, D, F and H).
Compared with the apparent peritubular dentin with
its smooth tubule lumen in the crown parts (Fig.
4A-D), the peritubular dentin was indistinct in the
root parts (Fig. 4E-H), permitting the reticular fi-
bril nature of the dentin matrix to be seen.

The average diameter and density of the denti-
nal tubules and the peritubular dentin thickness

Table 1. Density of dentinal tubules (n=10)*

are shown in Tables 1, 2 and 3. The difference in
the density of tubules from the outside inward was
more marked in crown parts than in the root. It was
significantly greater in the crown part than in the
root for the middle and inner dentin (Tables 1 and 4).
Tubule diameters of the inner, middle and outer
dentin did not show significant differences (Table 2).
The peritubular dentin thickness was significantly

Chamber roof Chamber wall

Coronal root Middle root

"
(/mm?) (/mm?) (/mm?) (/mm?) i
Inner dentin 52,900 66,313 39,013 42,050 <0.001
(49,019-57,600)  (61,275-70,300) (34,731-44,631)  (36,100-46,769)
Middle dentin 34,250 30,625 11,563 12,663 <0.001
(24,456-39,025)  (26,575-38,519) (8575-15,944) (8794-15,944)
Outer dentin 7663 7250 7250 6400 0.30

(5625-9525) (5444-12,675)

(6206-9269) (5625-7225)

*Data are presented as median (25th-75th percentiles); Tprobability values were computed by Friedman’s nonparametric test for

multiple related samples.

Table 2. Average diameter of dentinal tubules (n=10)*

Chamber roof (um)

Chamber wall (um)

Coronal root (um) Middle root (/mm?) Pt

Inner dentin
Middle dentin
Outer dentin

1.90 (1.80-2.23)
1.40 (1.20-1.53)
0.70 (0.60-1.03)

1.90 (1.75-2.20)
1.45 (1.20-1.53)
1.10 (0.80-1.20)

1.80 (1.65-2.10) 1.80 (1.58-2.23)  0.52
1.55 (1.38-1.73) 1.55 (1.28-1.80)  0.42
1.00 (0.70-1.28) 1.35(0.95-1.53)  0.08

*Data are presented as the median (25th-75th percentiles); Tprobability values were computed by Friedman’s nonparametric

test for multiple related samples.

Table 3. Average width of peritubular dentin (n=10)*

Chamber roof (um)

Chamber wall (um)

Coronal root (um)  Middle root (/mm?) Pt

Inner dentin
Middle dentin
Outer dentin

0.45 (0.08-0.60)
0.60 (0.28-1.00)
1.20 (0.95-1.45)

0.00 (0.00-0.25)
0.50 (0.15-0.65)
0.70 (0.40-1.00)

0.00 (0.00-0.33) 0.00 (0.00-0.23)  0.01
0.20 (0.00-0.50) 0.20 (0.00-0.45)  0.01
0.70 (0.55-1.05) 0.40 (0.00-0.85)  0.004

*Data are presented as the median (25th-75th percentiles); Tprobability values were computed by Friedman’s nonparametric

test for multiple related samples.

Table 4. Density of dentinal tubules (post hoc comparisons)*

Inner dentin

Middle dentin

Chamber roof  Chamber wall

Coronal root

Chamber roof = Chamber wall  Coronal root

Chamber wall
Coronal root T T
Middle root T T

NS

NS
T T
T T NS

*Post hoc multiple comparisons were performed using Wilcoxon nonparametric signed-rank test with the Bonferroni procedure;
TP<0.008 indicating a significant difference in the post hoc multiple comparisons. NS=not significant.
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Table 5. Average width of peritubular dentin (post hoc comparisons)*
Inner dentin Middle dentin Outer dentin
Chamber Chamber Coronal Chamber Chamber Coronal Chamber Chamber Coronal

roof wall root roof wall root roof wall root
Chamber wall T NS *
Coronal root NS NS T NS NS
Middle root T NS NS NS NS NS * NS NS

*Post hoc multiple comparisons were performed using Wilcoxon nonparametric signed rank test with the Bonferroni procedure;
TP<0.05 indicating a significant difference in post hoc multiple comparisons without adjusting for the type | error rate; *P<0.008
indicating a significant difference in the post hoc multiple comparisons. NS=not significant.

higher in the chamber roof than in other areas of
the tooth (Tables 3 and 5).

Discussion

Estimates of the diameter of tubules, the thickness
of the peritubular dentin, and the tubule density
were made in a number of studies.'>"3 In our study,
the tubule density, diameter, and peritubular den-
tin thickness of the crown dentin grossly agreed with
values reported by previous studies. The tubule den-
sities were about 54,000/mm? in the inner dentin,
30,000/mm? in the middle dentin, and 8000/ mm?
in the outer dentin. Tubule diameters were about
1.9 um in the inner dentin, 1.4um in the middle den-
tin, and 1.2 um in the outer dentin. Bonding to the
apical one-third of the root canal is problematic, "4
and because of greater variations in this portion,
the apical one-third of the root was not included in
this study.

The convergence of dentinal tubules from the
outer to inner dentin in the root dentin was similar
to that in the crown dentin. But differences between
the inner and outer dentin were more marked in the
crown than in the root. Since both the tubule den-
sity and peritubular dentin thickness were greater
in the crown than in the root, the proportion of the
tubular area in the root dentin was lower, and there
was less peritubular dentin lining the root dentin
than the crown dentin.

With the rigidity of a root weakened by endodon-
tic and restorative instrumentation,''6 the sealing
quality and tooth strengthening potential are im-
portant issues. To reinforce the roots, the modulus of
elasticity of a canal restoration material would need
toapproximate that of dentin (i.e., 18,000 MPa)."”>18
Restoration of root canal-treated teeth with adhe-
sive restorations offers many advantages over the use
of traditional, non-adhesive materials. For instance,
bonded resins (with an approximate modulus of elas-
ticity of 16,000-25,000MPa) permit transmission of
functional stresses across the bonded interface to

the tooth,'® with the potential to reinforce a weak-
ened tooth structure.'®'® When properly using adhe-
sive materials, there is usually no gap between these
materials and the tooth structure, greatly reducing
microleakage. Application of adhesives to acid-etched
dentin creates an acid-resistant, resin-infiltrated
collagen layer, the so-called hybrid layer that not
only retains composites to dentin, but also can seal
dentin from fluids."®

Different studies showed marked variations in
the reported dentin bond strengths when compar-
ing the crown dentin and root dentin. Some au-
thors reported higher bond strengths to dentin in
the root,2%2" while others reported lower bond
strengths.'422 These variations might be associated
with differences in the size of the prepared surfaces,
the presence of a smear layer, the density of tubules,
the direction of tubules on the prepared surfaces
(i.e., cross-sectioned or longitudinally sectioned or
somewhere in between), variations in the intricate
branching system, and the presence of highly min-
eralized peritubular dentin. Thus, testing of the bond
strength between a material and a dentin substrate
is of limited value if the structure of the dentin sam-
ple is not characterized. Detailed information of the
dentin microstructure is essential in order to inter-
pret data from investigations on dentin adhesive
materials.

Dentin bonding procedures distinctly differ from
those of bonding to enamel. Resin tags at the enamel
restoration interface improve mechanical bonding;
however, this is less important in dentin bonding.
The retention of a dentin—resin interface is mostly
provided by the hybrid layer formed with the col-
lagen matrix in the intertubular dentin.?>2* The
process of hybridization is believed to result from
the infiltration of the primer into the open spatial
network in the collagen matrix exposed by dentin
demineralization. A slightly moist environment dur-
ing bonding improves the bond strength, and this
procedure has become identified as wet bonding
to dentin.?® Because of the hydrophilic nature of
this matrix, we suggest using a hydrophilic bonding
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system rather than a hydrophobic bonding system
in root canals. Although the bonding surface in root
canals has less tubular area for resin tag infiltra-
tion, there is more intertubular dentin area with
abundant collagen matrix for hybrid layer forma-
tion. According to the morphologic characteristics
of root dentin observed in our study, it is potentially
beneficial to focus on the quality of the hybrid layer
to improve resin bonding in the root dentin. Efforts
to achieve a stronger resin tag seem to be of less
importance.

In addition to structural differences between root
dentin and crown dentin, there are other factors,
such as an unfavorable geometry, performance
difficulties, curing depth, potential interference
of adhesive materials with irrigation solutions, and
medicaments in root canals, that make bonding of
the root canal system a challenge. Further research
and material development are mandatory.
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Introduction

Background/purpose: In order to increase the success rate of temporary anchor-
age devices (TADs), it is important not to cause root injury or soft-tissue inflamma-
tion. The aim of the present study was to evaluate hard- and soft-tissue thicknesses
of TAD insertion sites and the perforation ratio with different lengths of TADs by
cone beam volumetric computed tomography (CBCT).

Materials and methods: The hard- and soft-tissue thicknesses were evaluated on
10 patients (5 males and 5 females) by CBCT. The ages ranged 20-36 years. Ten
regions of interest (ROIs) in extra-alveolar bone were selected and based on anchor-
age requirements. Soft-tissue depths were measured in the premaxillary and mid-
palatal regions, while the cortical bone thicknesses were measured in all the other
sites. Data were collected and the Wilcoxon rank sum test was used to compare
differences, while the Wilcoxon signed rank test was used for paired data.

Results: The average bone depth of the jaw was around 10mm at most of the
extra-alveolar ROIs, except for the infrazygomatic crest and midpalatal region. The
average cortical bone thickness of the jaw was around 2mm. The soft-tissue depth
in the premaxillary region was thicker than that of the midpalatal region (P<0.05).
The infrazygomatic crest possessed the largest variation of hard-tissue depth. The
cortical bone thickness increased from the mesial to the distal in both the buccal
and lingual areas of the mandible.

Conclusion: CBCT provides better radiographic evaluation than traditional radio-
graphs. TAD insertion at these 10 extra-alveolar sites introduced in the study could
be ideal locations. The design of TADs for different ROIs should take hard- and soft-
tissue thicknesses into consideration to reduce clinical complications.

with dental implants and microplates, miniscrews
are smaller in size, cheaper, and easier to insert

Since implants are popularly applied as orthodon- and remove.%? Although there are many benefits
tic anchorage devices,' miniscrews are applied of using miniscrews instead of other temporary
in various locations in alveolar bone.*” Compared anchorage devices (TADs), anatomic sites for safe
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insertion are still in recent
years.'0-13

Because of the risk of injuring the root while in-
serting a miniscrew in the dental alveolar area,
many kinds of the insertion guides that are re-
corded on radiographs were developed.'42% Among
all of those techniques, some require computed to-
mography (CT),%""#2 which entails a relatively high
cost and increased radiation exposure.20-23-27

Recent studies established CT as a useful tech-
nology to evaluate intraoral hard tissues and the
best location for implant placement.'0"",13,21,22,28
Advantages of three-dimensional (3D) imaging are
numerous.?’ Studies showed that radiation expo-
sure is much lower for cone beam CT (CBCT) than
for medical CT, and closer to the range of standard
dental film series.3%3"! Presently, although the exist-
ing orthodontic patient data were primarily based
on two-dimensional (2D) imaging records, CBCT has
led to a multitude of clinical applications across all
dental disciplines. CBCT data allow measurement
of any area in the scanned volume with increased
accuracy and without the projection or superimpo-
sition errors of 2D techniques; therefore, 3D imag-
ing can provide more-extensive and more-detailed
patient evaluations.3?

Since the inter-alveolar spaces increase in mesio-
distal width from the cementoenamel junction to the
apical region,'"3334 some studies suggested only plac-
ing TADs in apical regions, rather than in the cervi-
cal region, to decrease the risk of encountering tooth
roots.2%35 However, the best way to prevent root
injury is not to insert a miniscrew in the inter-
radicular area, which means the intra-alveolar area.

Extra-alveolar sites for TADs are strongly rec-
ommended when considering the risks of encoun-
tering tooth roots.2%33 |n addition, TADs in these
areas can provide easier and wider applications in
tooth movement, such as posterior segment in-
trusion,3*37 anterior teeth retraction,?” impacted
second molar uprighting,3® maxillary molar distal
movement, 283 and mandibular molar distal move-
ment.“° TADs in the inter-radicular area can some-
times impede tooth movement, when a tooth has
not moved a sufficient distance to an ideal position
and is already touching the TAD, a situation that
could never occur if the TAD were placed in the
extra-alveolar region.

Hard-tissue quality and quantity affect the suc-
cess rates of TADs.*' With thin cortical bone and
low-density trabecular bone, TAD insertion loading
strain values may exceed the level of microfractures,
thus leading to screw loosening.*? Several studies
evaluated the cortical bone thickness at various inter-
radicular areas. %2434 However, few reports eval-
uated hard-tissue thicknesses of extra-alveolar
areas. 345,46

being discussed

With CBCT images, we evaluated extra-alveolar
sites for TADs. The aim of this study was to evalu-
ate extra-alveolar TAD insertion sites by CBCT. Ten
extra-alveolar regions of interest (ROIs) were cho-
sen based on clinical anchorage requirements, with
particular emphasis on measuring the cortical bone
thickness and acquired bone depth. The perfora-
tion ratios with different lengths of TADs were also
calculated.

Materials and methods

The craniofacial morphology of 10 adult Taiwanese
(5 women and 5 men, with a mean age of 28.7+5.21
years) with no craniofacial anomalies or trauma or
systemic diseases was selected from a CBCT (i-CAT
imaging system; Imaging Sciences International,
Hatfield, PA, USA) databank. The CBCT settings were
120kVp and a constant-potential voltage wave-
shape of 3-8 mA. The source-to-sensor distance was
27 inches (68.5cm) with scan time of 40 seconds
and single 360° rotation for image acquisition. The
primary reconstruction was 2 minutes, and voxel
size was 0.4-0.2mm. Multi-planar reformatting of
those obtained data and ROl measuring were per-
formed with the i-CAT imaging system.

Images of specific regions were simultaneously
displayed with their panoramic, axial and sagittal
slices so that each specific ROI could be accurately
located (Fig. 1). The images were respectively ad-
justed to the exact tissue threshold of different
ROIs. By adjusting the image size, brightness and
contrast with i-CAT Vision (Imaging Sciences Interna-
tional), the hard- and soft-tissue margins were de-
finitively marked as shown in Fig. 2.

Ten extra-alveolar ROIs, chosen for the study of
hard and soft tissues, were determined by the ver-
satility of clinical use.'328:36-40.47 The terminologies
for the anatomic ROIs below were based on stan-
dard definitions but modified to narrow the ROI for
clarity."®# Furthermore, these ROIs were divided
into single and dual sites. Single sites, which were
located in the anatomic sagittal plane, included
the incisive fossa, premaxillary region, midpalatal
region, and symphysis. Dual sites, which were lo-
cated symmetrically on both sides of the coronal
plane, included the canine fossa, infrazygomatic
(IZ) crest, anterior external oblique ridge (AEOR),
retromolar area, and sublingual fossa.

Anatomic ROIs

Maxilla (3 facial and 2 palatal)

The incisive fossa is limited distally by the canine
eminence, inferiorly by the apices of the incisors,
and superiorly by the nasal cavity (Figs. 2A and 3A).
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Fig. 2 Computed tomography transaxial section images of the regions of interest. (A) Incisive fossa, (B) canine fossa,
(C) infrazygomatic crest, (D) premaxillary region, (E) midpalatal region, (F) symphysis, (G) canine fossa, (H) anterior
external oblique ridge, () retromolar area, (J) sublingual fossa.

The canine fossa is limited medially by the canine
eminence, inferiorly by the apex of the first premo-
lar, and distally by the medial portion of the maxil-
lary sinus (Figs. 2B and 3B). The IZ crest is limited
distally by the zygomatic crest, inferiorly by the
apex of the mesial root of the first molar, and su-
periorly by the medial portion of the maxillary sinus
and the projecting zygomatic process (Figs. 2C and
3C). The premaxillary region is the paramedial
area in the premaxilla region of the palate, limited
laterally by the incisors and canine roots and me-
dially by the incisive foramen (Figs. 2D and 3D).

The midpalatal region is limited anteroposteriorly
between the first and second premolars and medio-
laterally by the midpalatal suture (Figs. 2E and 3E).

Mandible (4 facial and 1 lingual)

The symphysis is limited bilaterally by the canine
eminences, inferiorly by the mental tubercles, and
superiorly by the incisor apices (Figs. 2F and 3F).
The canine fossa is limited mesially by the canine
eminence, distally by the mental foramen, superi-
orly by the first premolar apex, and inferiorly by
the mandibular inferior border (Figs. 2G and 3G).
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Fig. 3 Anatomic locations of regions of interest. (A) Incisive fossa, (B) canine fossa, (C) infrazygomatic crest, (D) pre-
maxillary region, (E) midpalatal region, (F) symphysis, (G) canine fossa, (H) anterior external oblique ridge, () retro-
molar area, (J) sublingual fossa.

The AEOR is limited laterally by the external ob-
lique ridge and medially by the crestal bone of the
second molar (Figs. 2H and 3H). The retromolar area
is limited mesially by the distal surface of the sec-
ond molar, laterally by the external oblique ridge,
and superiorly by the ascending ramus (Figs. 2l and
3l). The sublingual fossa is limited anteriorly, pos-
teriorly, and superiorly by the apical portion of the
first and second premolar roots (parallel to the
tooth long axis) (Figs. 2J and 3J), and inferiorly by
the mandibular inferior border.

Measurements

Reference lines for all 10 ROl measurements were
established and drawn in transaxial sections at 45°
on the maxilla or at 30° on the mandible relative
to the long axis of the adjacent teeth, except for
the retromolar area and midpalatal region.*” In the
retromolar area, the measurement was taken par-
allel to the long axis of the adjacent molar (Fig. 21),
while in the midpalatal region, it was taken per-
pendicular to the occlusal plane (Fig. 2E).

To calibrate the 10 ROI sites for each image, i-CAT
Vision software was used. First, the slice control
bar, found in various views and positions through-
out the program, was dragged to decrease the slice
thickness to 0.2mm. Then, to make a linear mea-
surement, the “Distance” function was selected,
and a measurement in millimeters appears in the
upper corner of the image. Data were the average
of three measurements in the same locations by
the same examiner.

Bone depths were measured for all 10 ROIs; in
the meanwhile, soft-tissue depths were only quan-
tified in the premaxillary and midpalatal regions,
and the cortical bone thicknesses were measured
in all other eight sites by CBCT.

Statistical analysis

Descriptive statistics included the mean, standard
deviation, and minimum and maximum values,
which are listed in Table 1. All statistical analyses
were carried out using SPSS version 13.0 (SPSS Inc.,
Chicago, IL, USA). For each ROI, both the left- and
right-side thicknesses (mm) were measured. Com-
parisons of measurements between sexes were
performed with the Wilcoxon rank sum test. The
Wilcoxon signed rank test was used for the paired
data of labial and lingual cortical bone thicknesses,
and for premaxilla and midpalatal soft-tissue
thickness comparisons. All values compared with a
P value <0.05 were considered to differ statisti-
cally and significantly.

Results

The data showed that there were no differences
between the right and left sides (P>0.05) for bone
depth or cortical bone thickness at each ROI. The
right and left measurements were, therefore, pooled
together for the descriptive statistics (Table 1).

In the comparison between sexes, there were
no significant sex differences in most of the mea-
surements, except for the cortical bone thickness
of the AEOR and the lingual cortical bone thickness
of the symphysis (Table 2). The cortical bone thick-
ness of the AEOR in the male group was thicker
than that of the female group (P=0.009); in con-
trast, the lingual cortical bone thickness of the sym-
physis in the female group was thicker than that of
the male group (P=0.046).

Among the pairwise comparisons, the soft-tissue
thickness of the premaxillary area was significantly
thicker than that of the midpalatal area (P<0.05);
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Table 1. Hard- and soft-tissue thickness measurements for each region of interest (ROI)
Bone depth (mm) Cortical bone thickness (mm)
ROI
Mean SD Max Min Mean SD Max Min
Maxilla
Incisive fossa 10.41 2.69 16.2 7.4 1.92 0.33 2.5 1.3
Canine fossa 10.93 3.57 17.0 5.6 2.75 0.67 4.5 1.8
Infrazygomatic crest 5.89 3.92 18.5 3.1 1.96 0.37 3.2 1.4
Premaxillary region 10.21 2.43 14.8 7.2 4.39*% 0.58 5.6 3.4
Midpalatal region 6.95 1.25 8.8 4.9 1.37* 0.31 1.7 0.8
Mandible
Symphysis 12.79 1.6 14.5 9.1 2.117 0.42 2.8 1.4
Symphysis (labial) 3.917 0.69 5.0 2.7
Canine fossa 10.19 1.81 13.0 6.9 3.58 0.74 4.9 2.0
Retromolar area 14.73 2.04 17.8 10.4 4.36 1.18 7.0 2.8
Sublingual fossa 11.51 2.07 15.1 8.4 4.27 0.75 5.4 2.9

*Only the soft-tissue thicknesses were measured and compared with each other (P=0.005), not cortical bone depths; Tthe lingual
cortical bone thickness was measured and compared with that of the labial cortex (P=0.005). SD=standard deviation; Min=

minimum; Max=maximum.

and the lingual cortex thickness was thicker than
that of the labial in the symphysis area (P<0.05)
(Table 2). The perforation ratios for different TAD
lengths are presented in Table 3. No perforation of
the maxillary ROl was found when the length of
the TAD was 6 mm, except for in the IZ crest area.
In the mandibular ROI, the only possible perfora-
tion area was the canine fossa area when using an
8-mm TAD.

Discussion

Compared with traditional orthodontic radiographs,
CBCT provides images without magnification and
superimposition errors, and also 3D imaging and
volumetric information. The versatility of CBCT to
evaluate hard-tissue availability in an ROl was
noted.*>* The soft-tissue depth evaluation is re-
corded by piercing the mucosa with a needle until
the attached rubber stop rests on the mucosa.*%->°
By adjusting the tissue threshold, the soft-tissue
thickness can be easily measured from the CBCT
image with no invasive clinical procedures. The 3D
image is reconstructed by discrete data divided into
voxels; although inadvertent selection of the near-
est neighbor point occurs, a minimal voxel size helps
reduce such errors.”' In addition, the amount of
CBCT radiation the patient receives is less than that
with other types of tomography.>?

TAD insertion sites can be divided into two cat-
egories: inter-radicular and extra-alveolar areas.
Extra-alveolar insertion sites, which can minimize
the risks of root injury,?34°3 might allow the force

direction to be closer to the center of resistance in
some situations.* '8

Another substantial issue in this study is the TAD
insertion angle, which can directly influence the
available depth of the hard tissue. Clinically, in
order not to cause root injuries, it is easier for cli-
nicians to use the long axis of neighboring teeth as
a guide to perform insertion of a TAD. Therefore,
all insertion angles for each ROl mentioned in this
study were based on previous studies with the neigh-
boring teeth as a guide.® 1346

In the present study, the average bone depths
were around or >10mm, except for the IZ crest and
midpalatal region; the average cortical bone thick-
nesses were around or >2mm, except for the inci-
sive fossa, I1Z crest, and midpalatal region (Table 1).
The bone depth of the IZ crest should be at least
6 mm to adequately sustain a miniscrew throughout
treatment.“® The average bone depth of the IZ crest
in this study was 5.89 mm; the bone depth of the IZ
crest in the male group was longer than 6 mm, but
not that in the female group (Table 2). It was sup-
posed that the variation in IZ crest thickness might
be due to variations in the maxillary sinus among
individuals.>* There was no sex difference (P=0.09)
in the cortical bone thickness of the IZ crest.

In a previous study based on 20 Caucasian males,
the recommended lengths of the TAD for the maxi-
llary incisive fossa and symphysis differed.”® The
length of the TAD for the symphysis could be longer
than that of the incisive fossa in white males.
Similar results were also found in our study. The
mean bone depth was thicker at the symphysis
than the incisive fossa (Table 1).
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Table 3. Numbers and ratio of perforations for incremental length of the temporary anchorage devices
4mm 6mm 8mm 10mm 12mm
ROI
No. % No. % No. % No. % No. %
Maxilla
Incisive fossa* 0/10 0 0/10 0 1/10 10 6/10 60 8/10 80
Canine fossa' 0/20 0 1/20 5 5/20 25 9/20 45 11/20 55
Infrazygomatic crest’ 6/20 30 16/20 80 18/20 90 18/20 90 18/20 90
Premaxillary region* 0/10 0 0/10 0 3/10 30 5/10 50 8/10 80
Midpalatal region* 0/10 0 2/10 20 8/10 80 10/10 100 10/10 100
Mandible
Symphysis* 0/10 0 0/10 0 0/10 0 1/10 10 2/10 20
Canine fossa’ 0/20 0 0/20 0 2/20 10 9/20 45 17/20 85
AEORT 0/20 0 0/20 0 0/20 0 1/20 5 3/20 15
Retromolar area’ 0/20 0 0/20 0 0/20 0 0/20 0 3/20 15
Sublingual fossa' 0/20 0 0/20 0 0/20 0 5/20 25 13/20 65

*Single sites; Tdual sites, including both right and left sides. AEOR=anterior external oblique ridge.

The cortical bone thickness of the lingual sym-
physis and AEOR showed a significant difference
between sexes. The female lingual symphysis cor-
tex was thicker than that of males, whereas males
had a thicker cortex in the AEOR (Table 2). A re-
cent study also reported that the cortex was thin-
ner in females than in males in the posterior buccal
regions.>>

To adequately sustain a TAD throughout treat-
ment, a mechanical lock is needed, rather than bone
integration as with dental implants. The amount of
cortical bone in contact with the TAD threads plays
an important role in mechanical locking.>® Further-
more, this mechanical lock can be either a unicor-
tical or bicortical anchorage. Aunicortical anchorage
means that the TAD penetrates only one cortical
plate, whereas with bicortical anchorage, the TAD
is long enough to penetrate two cortical plates.
For example, if the TAD is long enough, it can pen-
etrate the buccal cortical plate and bone marrow
and embed into the lingual cortical plate at the
symphysis. Clinically, it is important for clinicians
to be familiar with the anatomy of TAD insertion
sites. When a unicortical anchorage is needed, a
TAD length of up to 10mm is not recommended for
all ROIs, except in the retromolar area. As for bicor-
tical anchorage, the clinician must know the exact
bone depth to prevent soft-tissue perforation on the
opposite side.

As to soft-tissue concerns, TADs are inserted in
the keratinized gingival tissue area and designed
with a smooth neck for most applications.’ How-
ever, placing a TAD in some extra-alveolar areas
could potentially cause mucosal inflammation. Al-
though a specially designed appliance was used
to prevent associated problems, a complicated de-
sign can cause food impaction and discomfort.'3

Another way to prevent inflammation is to place
the TAD in the mobile mucosa, that is, cover the
screw head beneath the mucosa with an extension
for force application. In the presented results, the
premaxillary soft tissue was statistically thicker
than that of the midpalate, showing that a TAD
with a longer smooth neck design should be con-
sidered in the premaxillary region.

In conclusion, CBCT provides a better clinical
evaluation than traditional radiographs. The results
validate these 10 extra-alveolar regions as being
safe host sites for a TAD. In order to reduce the
risks of perforation, different lengths of TADs rang-
ing 6-10mm are recommended for these 10 ROIs.
The soft tissue depth in the palatal area is thicker
in the premaxillary than the midpalatal region. The
design of TADs for different ROIs should take both
hard- and soft-tissue thicknesses into considerations
to reduce clinical complications. As for the length
selection of TADs, individual evaluation should be
of concern to clinicians.
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Background/purpose: Using a topical formulation of 5-aminolevulinic acid (ALA),
a mediated photodynamic therapy (PDT) was developed to treat oral precancerous
and cancerous lesions. Several clinical results demonstrated that this special ALA
preparation containing Carbopol 971P (CP971P), a bioadhesive polymer, resulted in
a satisfactory PDT effect. It is believed that this PDT efficacy may be due to the
increased bioadhesion of the preparation at the treatment site. We investigated
whether there was a beneficial effect of CP971P on ALA PDT in vitro.

Materials and methods: CP971P was co-incubated with ALA in a cell culture sys-
tem. The effect of CP971P was evaluated by monitoring the uptake of ALA, the
fluorescence intensity of protoporphyrin IX, and the cell survival rate.

Results: The polymer was found to enhance the fluorescence intensity of protopor-
phyrin IX and the subsequent PDT effect when concurrently dosed with ALA.
Conclusion: Our results showed that a formulation of ALA containing C971P could
provide a better ALA PDT effect in cancer treatment.

Introduction

Photodynamic therapy (PDT) is a new treatment
modality in which a combination of a photosensi-
tizer and visible light is programmed to result in
the destruction of selected cells. In 1987, Malik and
Lugaci® first reported the used of endogenous pro-
toporphyrins as clinical photosensitizing agents.
Later in 1990, Divaris et al.2 proposed a new approach
to PDT, which involves the photosensitizer prodrug,
5-aminolevulinic acid (ALA). ALA is a metabolic

prodrug of protoporphyrin IX (PplX), a photosen-
sitizing agent, in the heme biosynthesis pathway.
Endogenous synthesis of ALA is regulated by the
synthesis of heme via feedback control; following
the exogenous administration of ALA, the feedback
mechanism is bypassed with subsequent overpro-
duction and accumulation of porphyrin precursors,
the predominant one of which is PpIX.? The use of
PpIX generated through the heme biosynthetic path-
way after administration of ALA has many applica-
tions in PDT against various cancers.*> A simplified
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Fig. 1 Schematic expression of the mechanism of 5-ami-
nolevulinic acid (ALA) photodynamic therapy (PDT). Eight
ALA molecules form one protoporphyrin IX (PplX) molecule
via the heme biosynthesis pathway. Upon suitable light
exposure, the ground state of PpIX can jump to a higher
energy state (excited state). When an oxygen molecule
is available, formation of singlet oxygen through energy
transfer from the excited PpIX can be used to induce
cellular damage.

schematic expression of ALA PDT is shown in Fig. 1.
The formation of one PplX molecule requires eight
ALA molecules for synthesis. Selective PpIX accu-
mulation may be related to several factors, such
as increased uptake of ALA, a low concentration of
iron, a low activity of ferrochelatase, and a high ac-
tivity of porphobilinogen deaminase in tumor cells.®
The passage of ALA through the cell membrane is
restricted by the rate of uptake by neoplastic cells
and its poor diffusion through tissues and cellular
membranes.3 In order to increase its transport across
cellular membranes, rather high concentrations of
ALA generally must to be applied over long periods
of time. Except for the Levulan Kerastick Topical
Solution’ and a sol-gel preparation,®'? the reasons
for including any single vehicle material in the for-
mulation of most ALA formulations published in the
literature were not explained. The Levulan Kerastick
Topical Solution and the sol-gel preparation showed
comparatively better ALA PDT results in clinical
treatments, and the reason may have been due to
a rational formulation design that ensured the per-
formance of ALA and the formation the photosen-
sitizer, PplIX, and a subsequent PDT effect upon
irradiation. The Levulan Kerastick Topical Solution
is a two-component system: one component con-
taining 1.5mL of solution vehicle, and the other
component containing 354mg of ALA HCl as a dry
solid. The reason for the two-component system is
mainly due to stability concerns with ALA. ALA is
not stable in solution and easily undergoes dimeri-
zation, so it is better to keep it in a dry powder form
during storage. Since the Levulan Kerastick Topical
Solution is mainly for skin application, the solution
vehicle they include in the preparation is basically
for enhancing penetration of ALA through the skin.
The target of the sol-gel preparation is the oral mu-
cosa, and a combination of a mucoadhesive polymer

and thermal-responsive polymer is included to en-
hance the retention time of ALA at the application
site in order to increase drug uptake at the target
site.810 Recently, the ALA sol-gel formulation was
reported to exert a satisfactory result for skin wart
treatment."! In that report, the authors reportedly
achieved a complete response 3 weeks after ALA
PDT, and no recurrence was observed for up to 2
years in 94% of patients. However, the reason d this
clinical result using the ALA sol-gel was better than
those using ALA cream'? is not clear.

Recently, a new field of “polymer therapeutics”
has garnered lots of attention for pharmaceutical
formulators, and mucoadhesive polymers seem to
have the potential to enhance the performance
of active ingredients.® It would be interesting to
study whether the mucoadhesive polymer, Carbopol
971P (CP971P), in the ALA sol-gel preparation®'
holds the answer as to why the sol-gel formulation
showed a better PDT effect than the traditionally
favored cream preparation.'? Carbopol polymers
(including CP971P) are generally regarded as safe
polymers composed of acrylic acid crosslinked with
polyalkenyl ethers or divinyl glycol.' Carbopol poly-
mers are commonly used in oral suspensions, tab-
lets, and topical formulations, and their mucoadhesive
properties provide intimate contact between the
dosing formulation and the mucosal surface, re-
sulting in prolonged residence time at the site of
absorption. Since the clinical results demonstrated
that the ALA sol-gel preparation can produce a sat-
isfactory PDT effect on oral cancers and precan-
cerous lesions,® 10 it would be interesting to know
whether such a formulation can benefit other mu-
cous routes, such as the lung. In this study, the effect
of CP971P on a PpIX formation and the subsequent
PDT effect after incubation with ALA in cell culture
systems were studied.

Materials and methods
Cell culture conditions and ALA incubation

Two cell lines were tested for the effect of CP971P
on ALA PDT. KB cells (ATCC CCL-17; American Type
Culture Collection, Manassas, VA, USA), originally
obtained from an epidermal carcinoma of the mouth,
were cultured in Eagle’s minimum essential medium
(Sigma, St. Louis, MO, USA) with 10% fetal bovine
serum (FBS) (Gibco, Gaithersburg, MD, USA). CL1-0
cells, established from a 64-year-old man with a
poorly differentiated lung adenocarcinoma, were
kindly provided by the National Health Research
Institutes (Miaoli, Taiwan). A stock culture of CL1-0
cells was maintained in RPMI 1640 (Sigma) with
10% FBS. Cell cultures were maintained at 37°Cin a
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humidified atmosphere of 95% air and 5% CO,. The
cells seeded in culture plates or dishes were incu-
bated with 1TmM ALA (with or without CP971P, di-
luted in serum-free medium and neutralized to pH
7.2 with NaOH immediately before use) for 3 hours.
CP971P was kindly provided by Lubrizol (Wickliffe,
OH, USA), and a stock solution (1% wt/vol) was pre-
pared by slowly adding the polymer powder into
water with stirring for 3 hours or longer. Various con-
centrations of CP971P were obtained by taking al-
iquots of the stock solution and diluting them with
water.

Measurement of ALA-induced PplX
fluorescence by flow cytometry

Cells were seeded in triplicate in six-well plates con-
taining 2x10° cells per well and incubated for 24
hours at 37°C. Afterwards, cells were incubated in
phenol red-free, serum-free medium containing TmM
ALAfor 3 hours. Following ALA incubation, cells were
trypsinized, removed from the culture dishes, and
resuspended in fresh culture medium supplemented
with serum. Cellular fluorescence was quantified with
a Coulter EPICS XL-MCL flow cytometer (Beckman
Coulter, Miami, FL, USA), and 10,000 cells were an-
alyzed. The ALA-induced photosensitizer, PplX, was
excited by an argon ion laser emission at 488 nm and
collected by a photomultiplier tube after passing
through a 670-nm long-pass filter.

Photodynamic treatment

For photodynamic treatment, cells were seeded in
96-well plates (at about 6000 cells/well) and grown
overnight in complete medium. After incubation
with 1mM ALA with or without 0.05% CP971P for
3 hours, cells were exposed to light at doses of 0-
32J/cm?. The light source was a light-emitting diode
at 60mW, with a wavelength emission of red light
at 630+5nm. After irradiation, cells were incubated
with fresh complete medium for another 24 hours
until further analysis.

Cell viability assay

The PDT-induced phototoxicity of test cells was
determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Each
individual phototoxic experiment was performed
in triplicate. The MTT assay is based on the activ-
ity of mitochondrion dehydrogenase, which can re-
duce a water-soluble tetrazolium salt to a purple
insoluble formazan product.® The resulting formazan
crystals were dissolved by the addition of dimethyl
sulfoxide, and analyzed spectrophotometrically at
an absorbance of 570nm. Cells exposed to ALA but

without light were used as the control. The cell
survival rate (%) was calculated as: (mean optical
density value of treated cells/mean optical den-
sity value of control cells) x 100%.

Determination of ALA uptake

['“C]ALA hydrochloride was purchased from New
England Nuclear (Boston, MA, USA) and used in this
part of the study. Unlabelled ALA was dissolved
in phosphate-buffered saline (PBS), and ['“CJALA
was added so that the final solution contained
0.0222MBg/mL. Cells were washed twice with 0.5mL
PBS at 37°C and incubated with 0.3 mL radiolabeled
ALA solution in the culture medium without FBS. At
certain time intervals, the reaction was stopped,
and cells were washed four times with 0.5mL ice-
cold PBS. Cells were then disrupted in 0.2mM NaOH
and transferred to vials containing 5mL cocktail
scintillation fluid (Beckman Ready Protein; Beckman
Instruments, Fullerton, CA, USA). The radioactive
content of the samples was determined by a Beckman
LS 1801 counter (Beckman Instruments, Karlsruhe,
Germany)'¢. Data are expressed as the apparent
ALA concentration in pmol/mg of protein, calcu-
lated from the amount of radioactivity in cells.

Statistical analysis

Data are presented as the mean+standard error of
the mean. At least three independent experiments
were performed for each experiment. An unpaired
t test was used to establish the significance of dif-
ferences between groups. Differences were con-
sidered statistically significant at P<0.05.

Results and Discussion

The effect of CP971P on the relative fluorescence
of ALA-converted PpIX in CL1-0 cells is shown in
Fig. 2. The fluorescence intensity was measured
by flow cytometry after incubation with 1mM ALA
in the presence or absence of CP971P for 3 hours.
As shown in Fig. 2, in the presence of CP971P, the
fluorescence intensity increased in a concentration-
dependent manner until it reached a plateau at
0.05%. A further increase in the CP971P concentra-
tion to 0.1% did not further increase the fluorescence
intensity. In fact, the PpIX fluorescence intensity
of cells treated with 0.05% CP971P was almost
double that without CP971P. A similar effect of
CP971P on the formation of PplX was found with
oral epithelial carcinoma cells, and the results are
given in Table 1. For KB cells, even 0.001% CP971P
showed 23% enhancement of the PplIX fluorescence.
The higher fluorescence intensity indicated that
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Fig. 2 Effect of Carbopol 971P (CP971P) on 5-aminole-
vulinic acid (ALA)-induced relative fluorescence of pro-
toporphyrin IX (PpIX) in CL1-0 cells measured by flow
cytometry. Cells were measured after incubation with 1mM
ALA with various concentrations of CP971P for 3 hours.
The PpIX fluorescence was acquired by flow cytometry.
*P<0.01.

Table 1. Effect of Carbopol 971P (CP971P) on the flu-
orescence intensity of protoporphyrin IX (PplX) in KB
cells incubated with 1mM 5-aminolevulinic acid (ALA)
for 3 hours

Cells incubated Increased PpIX

with 1TmM ALA fluorescence P
for 3 hours intensity (%)
No CP971P 0
0.001% CP971P 23 <0.05
0.01% CP971P 33 <0.05
120 __ 0 ALA only
100 — T * O ALA + CP971P
Tg 80 - L _'L_‘ %
S i
2 60—
§ i
< 40 *
20 j T
0 T T T T | 1
0 4 8 16 32

Light dose (J/cm?)

Fig. 3 Presence of 0.05% Carbopol 971P (CP971P) and
light dose dependency of 5-aminolevulinic acid (ALA)
photodynamic therapy on the survival rate of CL1-0 cells
using the MTT assay. Cells were incubated with 1TmM ALA
for 3 hours and subjected to various doses of light illumi-
nation. *P<0.01.

more ALA-converted PplX was present in the pres-
ence of CP971P, suggesting that more reactive oxygen
species were produced to kill cancer cells after light
irradiation. However, it should be noted that KB cells
were shown to be contaminated by Hela cells." In
this regard, it is necessary to perform more studies
in other representative cell lines derived from oral
squamous cell carcinoma.

To examine the efficacy of PDT, an MTT assay
was performed to evaluate the cell-killing effect.
As shown above, 1mM ALA combined with 0.05%
CP971P showed the strongest PpIX fluorescence.
Therefore, the possible increased efficacy of PDT
by CP971P was evaluated using this condition, and
the results are shown in Fig. 3. In the absence of
CP971P, the cell survival rate decreased in a light-
dose relationship as expected. In the presence of
0.05% CP971P, the cell survival rate still showed a
decreasing tendency with an increasing light dose.
However, inclusion of 0.05% CP971P in the ALAPDT
study resulted in a more significant enhancement
of cell death, especially at the light dose ranges of
8and 16J/cm?. Cell survival rates without CP971P
were around 80% and 60% under light doses of 8and
16J/cm?, respectively. However, in the presence
of CP971P, the cell survival rate was down to 50%
and 20% under light doses of 8and 16J/cm?, re-
spectively. The result is not surprising, because the
presence of CP971P was found to increase the for-
mation of PpIX. An increase in the photosensitizer
is expected to increase the phototoxicity of cells
where the photosensitizer resides. The results of
the increased PplX fluorescence and enhanced kill-
ing effect by adding a trace amount of a common
polymer (such as Carbopol) are encouraging and of
high potential in drug development. If PDT’s effi-
cacy can be improved simply by adding a much
cheaper polymer concurrently with the photosen-
sitizer, the formulator can utilize such information
and design a less expensive drug for PDT.

The conversion of ALA to PpIX was correlated
with several steps, including the amount of ALA
transported into cells and the activity of several
enzymes involved in the heme synthesis pathway
(Fig. 4). CP971P is a macromolecular polymer with
an average molecular weight of 10 kDa, and its
penetration through cell membranes is almost im-
possible. Therefore, the enhancement of PpIX flu-
orescence, as well as ALA-PDT’s effect, could have
been due to an increase in the passive diffusion of
ALA into cells or the active uptake of ALA by cells
in the presence of CP971P. By tracing the intensity
of labeled ALA in cells after 3 hours of incubation
and removal of the culture medium, it was found
that the uptake of ALA by CL1-0 cells was greatly
enhanced in the presence of CP971P in the system
as shown in Fig. 5. In the presence of CP971P, ALA
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Fig. 5 Presence of Carbopol 971P (CP971P) on the uptake
of 5-aminolevulinic acid (ALA) by CL1-0 cells with 3
hours of incubation time. Cells were incubated with 1TmM
ALA (a mixture of cold and hot ALA, labeled with '#C) with
various concentrations of CP971P for 3 hours. *P<0.01.

uptake increased in a concentration-dependent
manner. This result is consistent with the increased
PpIX fluorescence intensity, where the PpIX fluores-
cence also showed an increasing tendency in the
presence of CP971P (Fig. 2). However, there was
almost no difference in the PpIX fluorescence with
0.05% or 0.1% CP971P, but the uptake was higher
with 0.1% CP971P. The presence of macromolecules

in the culture medium may have been responsible
for this. Since PpIX can only be formed in cells,
there is no need to replace the culture medium
after ALA incubation. In this study, after culturing
with ALA (whether or not in the presence of CP971P),
cells along with the culture medium were sub-
jected to flow cytometric measurement without pre-
washing or replacing the medium. Therefore, the
added CP971P was in the culture medium through-
out the study. The effect of pharmaceutical excipi-
ents interfering with the measured absorbances of
a drug was reported by Fuerte and Maldonado,'®
and predictions of the drug concentration in the
analyzed samples can be misleading because of
the scattering effect of light. Since light scattering
can affect both the absorbance and the emission of
light, one possible reason could be due to a light-
scattering effect in the presence of macromolecules
such as CP971P.

The cellular PpIX amount derived from ALA de-
pends on ALA uptake and the activity of enzymes
involved in ALA PplX’s conversion. ALA PDT-induced
selective destruction of neoplastic lesions was attrib-
uted to an aberration of heme biosynthesis, such as
the reduction of ferrochelatase activities or upregu-
lation of porphobilinogen deaminase, in tumor cells.'®
As shown in Fig. 5, CP971 significantly increased the
uptake of ALA in a concentration-dependent man-
ner. Although 0.05% CP971 significantly increased the
PpIX amount (Fig. 2), an increased concentration
of CP971 did not further increase PplX, which might
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have been due to the maximum enzyme activity
having already been achieved.

In conclusion, PDT is a new treatment modality
for surface cancers such as skin cancers and oral
cancers, and has shown potential in treating exter-
nally approachable sites. However, photosensitizers
that can be used with PDT are extremely expensive.
Although ALA, a photosensitizer precursor, is much
less expensive than other photosensitizer drugs, it
generally requires a larger dose and the cost is still
rather high. To reduce the costs of PDT drugs, the
field of excipient application is becoming more at-
tractive. In this study, we proved that a mucoadhe-
sive polymer, CP971P, can increase ALA uptake by
cancer cells and the formation of PplIX.
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ELSEVIER CASE REPORT

Successful treatment of an early invasive
oral squamous cell carcinoma with topical
5-aminolevulinic acid-mediated
photodynamic therapy
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Received: Nov 23, 2009 Our previous studies showed successful treatment of a series of 36 oral verrucous
Accepted: Jan 21, 2010 hyperplasia lesions and of an extensive oral verrucous carcinoma with a topical

5-aminolevulinic acid (ALA)-mediated photodynamic therapy (topical ALA-PDT) pro-
KEY WORDS: tocol (with a fluence rate of 100mW/cm? and a light exposure dose of 100J/cm?)
5-aminolevulinic acid; using a 635-nm light-emitting diode (LED) light source. In this case report, we

tested whether an enhanced topical ALA-PDT protocol (with a fluence rate of
200mW/cm? and a light exposure dose of 200J/cm?) could be used to treat an
early invasive oral squamous cell carcinoma (OSCC) with a verrucous appearance of
the left lower posterior edentulous alveolar mucosa of a 67-year-old male former
areca-quid chewer and ex-smoker. The main verrucous lesion showed complete
regression after eight treatments with PDT. However, 10 extra treatments were
needed to eradicate the multiple residual leukoplakia lesions on the edentulous
alveolar mucosa. Moderate to severe post-PDT pain was noted during the initial
eight treatments, and the patient needed analgesics (codeine phosphate, 30mg
three times daily) to control the pain. No recurrence of the OSCC lesion was found
after a follow-up period of 4 years. We suggest that our enhanced topical ALA-PDT
protocol may have good potential to be used as a treatment of choice for a superfi-
cially invasive OSCC without regional or distant metastasis before the commence-
ment of other effective therapies.

early invasive oral cancer;
topical photodynamic
therapy

Introduction most prevalent cancer in both sexes and was the

fourth most common cancer in males in 2006.2 The
Oral cancer is the fifth most common cancer in the main etiologies of oral squamous cell carcinoma
world." In Taiwan, oral cancers ranked as the sixth (OSCC) in Taiwan are areca quid (AQ) (betel nut,
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Areca catechu) chewing, cigarette smoking, and al-
cohol consumption. There are 2 million people who
habitually chew AQ,? and approximately 80% of all
oral cancer deaths are associated with this habit.*
In Taiwan, oral cancers are usually treated with rad-
ical surgical excision, chemotherapy, and radiother-
apy, separately or in combination. Although various
treatment modalities are used, the survival rate
for oral cancer patients in Taiwan remains low. The
respective 5-year survival rates are 72%, 39%, 27%,
and 12% for those with stage I, Il, lll, and IV oral
cancers.? The low 5-year survival rate in patients
with advanced oral cancers suggests the importance
of early detection and treatment of oral cancers.
In addition, one of the best strategies to prevent
oral cancers is to identify the oral cancers at their
precancerous stages or at as early a stage as pos-
sible and eliminate them to prevent their further
transformation into oral cancers.

Oral verrucous carcinoma (OVC) is a low-grade
but usually extensive tumor of the oral mucosa. An
OVC may develop into an invasive OSCC during its late
carcinogenic stage. Traditional treatment for OVC
is total surgical excision that always leads to scar
formation. Photodynamic therapy (PDT) is another
effective treatment option for human premalignant
and malignant lesions because it is noninvasive, is
well tolerated by patients, can be used repeatedly
without cumulative side effects, and results in little
scar formation.® 5-Aminolevulinic acid (ALA) itself
is not a photosensitizer but serves as the biological
precursor of the photosensitizer, protoporphyrin IX
(PpIX), in the heme biosynthesis pathway. PDT with
topically applied ALA (topical ALA-PDT) is used for
treatment of human oral premalignant lesions with
relatively good clinical outcomes.” ' Our previous
studies showed successful treatment of 36oral ver-
rucous hyperplasia (OVH) lesions and an extensive
OVC with a topical ALA-PDT protocol (with a flu-
ence rate of 100mW/cm? and a light exposure dose
of 100J/cm?) using a 635-nm light-emitting diode
(LED) light source.'%"3 |n this case report, we tested
the efficacy of an enhanced topical ALA-PDT proto-
col (with a fluence rate of 200mW/cm? and a light
exposure dose of 200J/cm?) on an early invasive OSCC
with a verrucous appearance at the buccal gingiva
of tooth 33 and the edentulous alveolar mucosa of
the teeth 34-36 region of a 67-year-old male former
AQ chewer and ex-smoker.

Case presentation

This 67-year-old male patient was referred to our
outpatient dental clinic for treatment of a verru-
cous lesion measuring about 3x1.5cm on the buc-
cal gingiva of tooth 33 and the edentulous alveolar

mucosa of the teeth 34-36 region (Fig. 1A). The pa-
tient had hypertension (systolic pressure of 140 mmHg
and diastolic pressure of 90 mmHg on average) that
was under drug control. The patient denied having
any other major systemic diseases. The patient had
chewed AQ (40-50 quids/day) for 30 years and had
smoked (20 cigarettes/day) for 40 years. He had quit-
ted chewing AQ 10 years previously, but had only
quitted smoking 4 months previously. He began to
notice a verrucous tumor on the left lower posterior
edentulous alveolar mucosal area 4 months previ-
ously. Although he had quitted smoking 4 months
previously, the tumor continued to grow to the pres-
ent form and size. During the past 4 months, the
patient had received no treatment. Based on the size
and appearance of the lesion, the tentative clinical
diagnosis was an OVC. However, an incisional biopsy
taken from the tumor portion of the edentulous al-
veolar mucosa of the tooth 34 area showed an early
invasive OSCC (Figs. 1B and 1C). Magnetic resonance
imaging revealed no metastatic lymph nodes in the
bilateral submandibular, carotid or posterior cervical
region. In addition, a whole-body bone scan revealed
no bone metastasis. The patient refused to undergo
wide surgical excision of the tumor. After discussion
with the patient, we decided to use an enhanced top-
ical ALA-PDT protocol (with a fluence rate of 200mw/
cm? and a light exposure dose of 200J/cm?) to treat
him after he provided informed consent.

The treatment course for this patient was the
same as that for our previous OVH or OVC patients
as described previously, %> except that a twofold
higher light exposure dose was given to the patient
in this case. In brief, at the first visit, an oral exami-
nation and incisional biopsy were performed. At the
second appointment, we did a kinetics study with
topical ALA using ALA-induced PpIX fluorescence
spectroscopy and found that the PpIX reached its
maximum level in the lesional epithelial cells 1.5
hours after local ALA application. Therefore, the
subsequent light treatments were set at 1.5 hours
after topical application of ALA to the lesion. The
topical ALA-PDT was performed once a week be-
ginning from the patient’s third appointment. On
the day of treatment, 0.8 mL of 20% ALA was applied
to the entire tumor upon the patient’s arrival. The
light treatment was composed of multiple 3-minute
sessions of irradiation with an LED red light at 635+
5nm separated with several 3-minute rest periods
for a total of 1000 seconds (with a fluence rate of
200mW/cm? and a light exposure dose of 200J/
cm?) which was delivered 1.5 hours after topical
ALA application. Light treatments were carried out
under local anesthesia using 2% lidocaine with the
patient fully conscious. The tip of the LED light de-
vice was kept as close to the surface of the lesion
as possible. The verrucous lesion showed nearly
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Fig. 1 Clinical photographs and histologic microphotographs of an early invasive squamous cell carcinoma (SCC)
lesion. (A) An initial oral verrucous carcinoma-like lesion at the buccal gingiva of tooth 33 and the edentulous alveolar
mucosa of the teeth 34-36 region before treatment. (B, C) Incisional biopsy of the tumor portion at the edentulous
alveolar mucosa of the tooth 34 area showing a verrucous carcinoma with early invasion of SCC tumor nests into the
underlying connective tissue (hematoxylin and eosin stain; B: original magnification x5, C: original magnification x25).
Clinical photographs of the early invasive SCC lesion showing a partial response of the main verrucous lesion after (D)
three and (E) six treatments of the enhanced topical ALA-PDT, nearly complete regression of the main verrucous
lesion after (F) eight PDT treatments, multiple residual leukoplakic lesions at the edentulous alveolar mucosa after
(F) eight and (G) 14 PDT treatments, and complete regression of the lesion after (H) 18 PDT treatments. (H) A white
lesion of oral submucous fibrosis is still evident at the left buccal mucosa.
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complete regression after eight treatments of the
enhanced topical ALA-PDT (Figs. 1D-F). However, the
multiple residual leukoplakia lesions needed 10 extra
treatments to achieve complete regression (Figs.
1G and 1H). Because of the severe post-PDT pain,
codeine phosphate (30mg/tablet, 1 tablet 3 times/
day) was prescribed for the patient for the former
eight treatments and acetaminophen (500mg/tablet,
1 tablet 4 times/day) was given to the patient for
the latter 10 treatments after PDT. After comple-
tion of the entire treatment course, the patient was
followed up once every 2 weeks in the 1st month,
once every 2 months in the following 6 months,
and once every 3 months thereafter. No recurrence
of the lesion was found after a follow-up period of
4 years.

Discussion

In this case report, we describe treatment of an
early invasive OSCC on the buccal gingiva of tooth
33 and the edentulous alveolar mucosa of the teeth
34-36 region of a 67-year-old male former AQ chewer
and ex-smoker by a new enhanced topical ALA-PDT
protocol. The early invasive OSCC lesion showed
complete regression after a total of 18 treatments
of topical ALA-PDT. In our previous studies, a topi-
cal ALA-PDT protocol was successfully used to treat
36 OVH lesions, an extensive OVC lesion, and an
extensive OVH lesion.'%"® The results of the present
report confirmed that our new enhanced topical ALA-
PDT protocol also has good potential as an effec-
tive treatment modality for superficially invasive
OSCC lesions.

The clinical appearance and treatment course of
this superficially invasive OSCC lesion were compa-
rable to those of our previously reported extensive
OVH lesion.'® Both lesions had a verrucous appear-
ance and showed complete regression after 18 treat-
ments with enhanced topical ALA-PDT. The incubation
period (the time needed for the transformation of
ALA into PpIX) was 1.5 hours, and the total light ex-
posure dose per treatment was 200J/cm? for both
lesions. In addition, both lesions demonstrated nearly
complete regression after eight treatments of the
enhanced topical ALA-PDT. This suggests that dou-
bling the light dose may slightly shorten the treat-
ment course compared with that for our previously
reported extensive OVC case. However, more-severe
post-PDT pain was experienced by this early inva-
sive OSCC patient than by our previous OVC patient.
Therefore, stronger analgesics were needed for this
patient to control the post-PDT pain than for the
previous OVC patient.

PDT with topically applied ALA is used to treat
oral precancerous lesions like oral leukoplakia (OL)

and OVH and cancerous lesions like OVC with prom-
ising clinical outcomes.”'® Kubler et al.’” treated
12 0L lesions with PDT after local application of 20%
ALA cream and found a complete response (CR) in
five, a partial response (PR) in four, and no response
(NR) in three. Sieron et al.®° treated 17OL lesions
with PDT after topical application of 10% ALA oint-
ment or emulsion in two separate studies. A CR was
observed in 14 of 17 0L lesions. Our previous studies
showed that complete regression of 36 OVH lesions
was achieved with fewer than seven treatments of
topical ALA-PDT once a week.'* However, for an ex-
tensive OVC or OVH lesion, more treatments are
needed."'>'® Our previous studies revealed that top-
ical ALA-PDT is not very effective for OL lesion. The
650L lesions treated with topical ALA-PDT once a
week showed a CR in five, a PR in 33, and NR in 27.
The 320L lesions treated with the same topical
ALA-PDT twice a week demonstrated a CR in 11 and
a PR in 21. The twice-a-week treatment modality
had a better clinical outcome for OL lesions than
the once-a-week modality." The need for 10 treat-
ments of PDT to eradicate the multiple residual OL
lesions in this patients also indicates the relative
difficulty of obtaining a CR with topical ALA-PDT with
medium- and small-sized OVH lesions.'* However,
the results of the above-mentioned investigations
suggest that PDT with topical ALA may be an effective
treatment modality for OVH and OVC lesions and may
have a good potential to be used as a treatment of
choice for OVC and superficially invasive OSCC lesions
without regional or distant metastasis. Further stud-
ies are needed to assess whether the new enhanced
topical ALA-PDT is more effective than the previ-
ously used topical ALA-PDT for treating OL lesions.

The successful clinical outcome for this early inva-
sive OSCC lesion treated by the new enhanced topical
ALA-PDT may have been due to the ALA prepara-
tion, the specific topical ALA-PDT protocol used, and
the characteristic clinical, histologic and biologic
features of the lesion itself. The reasons why our spe-
cific ALA preparation and the topical ALA-PDT pro-
tocol used resulted in a successful clinical outcome
for OVH lesions were previously described.'!-1416
Similar reasons could be used to explain the suc-
cessful clinical outcome for this case as well. The
verrucous appearance of the present lesion provided
a large area for good retention of ALA on the surface,
and the less keratotic epithelium of this lesion than
OL lesions also provided a more permeable surface
layer for good absorption of ALA into the oral epi-
thelial cells. Furthermore, malignant epithelial cells
may retain more ALA than hyperplastic epithelial
cells, and the thinner surface keratin layer may only
have a minimal effect on reducing the light intensity.
In addition, there are more epithelial cells in the cell
division cycle in cancerous than in hyperplastic oral
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lesions. Malignant epithelial cells in the cell division
cycle are more susceptible to destruction by PDT-
generated singlet oxygen molecules and free radi-
cals than those epithelial cells not in the cell division
cycle. The sufficient photosensitizer and light dose
ultimately resulted in a good clinical outcome for
this early invasive OSCC lesion.

In this case report, we succeeded in treating a
superficially invasive OSCC with an enhanced proto-
col of topical ALA-PDT. Although further studies are
needed to verify the true efficacy of this enhanced
treatment protocol, we suggest that our enhanced
topical ALA-PDT protocol has good potential to be
used as a treatment of choice for an early invasive
OSCC without regional or distant metastasis before
the commencement of other effective therapies.
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Dramatic recovery from severe anemia by
resolution of severe periodontitis
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Periodontal infections were previously found to be associated with systemic diseases
such as diabetes, stroke, cardiovascular disease, bacterial pneumonia, and preterm
low births. Individuals with gum disease have increased concentrations of circulating
inflammatory markers that contribute to systemic inflammation, and periodontitis
may tend towards anemia because of depressed erythropoiesis. Anemia of chronic
disease (ACD) is defined as anemia that occurs during infections, inflammation,
neoplasia, and a wide range of diseases including renal, endocrine and cardiovascu-
lar diseases. The etiology of ACD is multifactorial, but is often under-recognized and
undertreated. This article describes an unusual case of severe anemia caused by
severe periodontitis in a 50-year-old woman. After extracting many hopeless teeth,
resolving the periodontitis and making new dentures, a dramatic recovery from the
severe anemia was obvious 4 months later, and her health-related quality of life vastly
improved. All blood values returned to normal with no medication. Chronic periodon-
titis can be a cause of ACD. The diagnosis of ACD based on the mean size and hetero-
geneity of red blood cells and an iron study, such as serum iron and ferritin, is
discussed.

KEY WORDS:
anemia of chronic disease;
periodontitis

Introduction chronic inflammation and an immune reaction which

depresses erythropoiesis and results in anemia.®

Periodontitis was found to have a relationship with
a number of systemic health conditions, including
diabetes, stroke, cardiovascular disease, and pneu-
monia.'"*An otherwise healthy population with se-
vere periodontitis has high inflammatory markers
of C-reactive protein (CRP) and interleukin (IL)-6.
The more severe periodontitis is, the higher serum
concentrations of inflammatory markers that exist®.
In addition, the severe type of periodontitis induces

Chronic periodontitis can be a definite cause of ane-
mia of chronic disease (ACD). ACD commonly occurs
with chronic infections, inflammation, autoimmune
diseases, cancers, and chronic kidney diseases.”8
Therefore, ACD has been called many things, such
as anemia of inflammation, anemia of infection,
anemia of malignancy, anemia of defective iron uti-
lization, and anemia of renal disease. This anemia
is characterized by decreased plasma iron and
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iron-binding capacity, impaired release of reticu-
loendothelial iron into the plasma, a modest de-
crease in red blood cell (RBC) survival, and relative
failure of bone marrow to increase RBC production.’
Their clinical similarities were the reason that these
anemias were classified into a single category, ACD.

ACD is often mistaken for iron-deficiency anemia
(IDA), because low serum iron and decreased trans-
ferrin saturation are found in both conditions. A
major condition associated with ACD is the marked
dysregulation of iron homeostasis by a reticuloen-
dothelial block rather than a true iron deficiency.
The differential diagnosis between ACD and IDA is
very important to avoid unnecessary iron replace-
ment therapy. Because the etiology of ACD is multi-
factorial, there is no specific therapy for ACD. If its
underlying cause is found and treated successfully,
the anemia will resolve immediately.

Periodontitis is very common clinically, but there
are very few case reports demonstrating the direct
causal relationship between periodontitis and ACD.
Dental practitioners and medical doctors often ig-
nore the oral manifestations and changes in the RBC
distribution width (RDW) and mean corpuscular vol-
ume (MCV) until the hemoglobin level is very low.
Therefore, a rare case in which severe chronic peri-
odontitis resulted in ACD is described in this arti-
cle. After the periodontitis was resolved, all blood
values returned to normal ranges, and the patient
completely recovered from ACD. A detailed oral ex-
amination in the investigation of patients with unex-
plainable ACD is necessary and important. This case
report provides valuable evidence on this subject.

Case presentation

A 50-year-old woman required assistance from her
two sons to visit the dental department of Kaohsiung
Chang Gung Memorial Hospital because of weakness,
difficulty in chewing foods, and teeth mobility over
a 2-year period. The patient looked debilitated but
denied having any systemic diseases (Fig. 1A). One
year before her dental visit, she had consulted a
family medicine department with the complaint of
general weakness and limited walking ability. At that
time during a routine check, the hematologic study
revealed anemia, but no definite diagnosis was made
and no special therapy was given. The laboratory
data given 1 year before her dental visit showed a
white blood cell (WBC) count of 5.3 X 103/pL, an RBC
count of 2.95 X 10¢/uL, hemoglobin (Hb) of 9.1g/dL,
an MCV of 93.7fL, hematocrit (Hct) of 27.7%, stand-
ard deviation of red cell distribution width (RDW-SD)
of 49.0fL, a platelet count of 254 X 10/ L, ferritin of
108 ng/mL, serum iron of 39 ug%, total iron-binding
capacity (TIBC) of 172 ugk, folate of 4.5ng/mL, vi-
tamin B4, of 480pg/mL, normal blood sugar, nor-
mal renal and hepatic function, but increased CRP,
and mildly decreased albumin (Table 1, column 3).
Due to her worsening condition of cachexia and loss
of body weight, she was forced to accept dental
treatment, but still hesitated because of irrational
fears to face dentists, the so-called dentophobia.
She admitted that fear of the situation often brought
on a panic attack or severe anxiety.

A detailed oral examination and panoramic
check revealed extremely poor oral hygiene, heavy

Table 1. Laboratory data of a 50-year-old woman with anemia of chronic disease

1 year before the

After transfusing

ltem dental visit At the dental visit 4 packs of RBCs Normal range
WBC (/pL) 5.3 X103 5.1x 103 5.5 103 3.5-11x 103
RBC (/pL) 2.95x 10° 2.49 X 100 3.84x10° 4-5.2x10°
Hb (g/dL) 9.1 7.6 11.6 12-16*
MCV (fL) 93.7 87.1 92.4 80-100
MCH (pg/cell) 30.8 30.5 30.2 26-34
Hct (%) 27.7 21.7 35.5 36-46
RDW-SD (fL) 49.0 39.8 46.9 38-45

Plt (/pL) 254 x 103 251 x 103 26.7 X103 150-400 x 103
Ferritin (ng/mL) 108 126 - 28 (6-142)
Fe (ng%) 39 32 - 40-150
TIBC (g%) 172 156 - 250-400
Fe/TIBC (%) 22.7 20.5

Folate (ng/mL) 4.5 4.2 - >2.5
Vitamin B, (pg/mL) 480 399 - 160-970

*The degree of anemia was scaled by the Hb level as mild (Hb, 10.0g/dL to normal limits), moderate (Hb, 8.0-9.9g/dL), severe
(Hb, 6.5-7.9¢g/dL), and life-threatening anemia (Hb, <6.5g/dL). WBC = white blood cell; RBC = red blood cell; Hb = hemoglobin;
MCV = mean corpuscular volume; MCH =mean corpuscular hemoglobin; Hct=hematocrit; RDW =red cell distribution width;
SD = standard deviation; Plt = platelet; Fe =iron; TIBC = total iron-binding capacity.
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Fig. 1 (A-D) A 50-year-old debilitated woman with severe anemia who suffered from gum swelling and high mobility
of many teeth over a 2-year period. Heavy calculus deposition, teeth migration, and severe alveolar bone destruction
were noted in the panoramic radiographs. (E-H) Dramatic recovery of the severe anemia, improvement in the quality
of life, and body weight gain were obvious 4 months after radical periodontal therapy, extraction of 21 hopeless

teeth, and delivery of new dentures.



44

S.Y. Lu, H.L. Eng

calculus deposition, severe gingival swelling, mod-
erate to severe alveolar bone loss, and periodontitis
with high mobility of many teeth that resulted in
difficulty in chewing foods and oral hygiene mainte-
nance (Figs. 1B-D). Rechecking the complete blood
count (CBC) and micronutrients showed a WBC count
of 5.1 103/ L, an RBC count of 2.49 X 10%/uL, Hb
of 7.6g/dL, an MCV of 87.1fL, Hct of 21.7%, an
RDW-SD of 39.8fL, a platelet count of 251 X 103/ L,
ferritin of 126 ng/mL, serum iron of 32 ug%, a TIBC
of 156 wg%, folate of 4.2ng/mL, and vitamin B4, of
399pg/mL (Table 1, column 4). According to a com-
parison between columns 3 and 4 of Table 1, the ane-
mia had progressively worsened over the past year,
but no obvious reason was found. After consultation
with a hematologist, a bone marrow biopsy from
the posterior iliac crest was performed to demon-
strate increased erythropoiesis in response to severe
anemia. After all systemic diseases and malignancy
were excluded, severe periodontitis was proposed
as the possible cause of the anemia.

In trying to relieve the patient of her dentopho-
bia, we made great efforts to gain her confidence
and let her feel relaxed during communication and
the examination. Since the patient’s family hoped
to finish all dental treatment within a few appoint-
ments, we suggested extracting 21 teeth and per-
forming radical periodontal treatment with a blood
transfusion and general anesthesia in one visit, and
then making new dentures to improve mastication 2
weeks later. They accepted the proposal and decided
the date of the operation. Four units of packed RBCs
were transfused prior to surgery so that the Hb im-
mediately increased to 11.6¢g/dL. The patient tol-
erated the operation well and had no complications.
The pathologic study of the excised gingival tissues
showed severe gum hyperplasia and inflammation
(Fig. 2).

Fig. 2 Histologic features of the excised gingival tissue
showing severe gingival hyperplasia and inflammation.
(hematoxylin and eosin, 66x)

A new denture insertion was delivered 2 months
later (Figs. 1F-H), so that the patient could eat with-
out any difficulty. Dramatic recovery of ACD with
CBC and CRP returning to normal ranges with no
medication was obvious 4 months after the opera-
tion. Thereafter, she was able to establish confi-
dence in dentists and ameliorate her dentophobia.
The patient subjectively felt much improvement
in her quality of life including increased happiness,
physical agility, and body weight gain (Fig. 1E).

Discussion

The relationship between oral infections and sys-
temic diseases has to do with periodontal disease."
Human periodontal and endodontic infections are
associated with complex microflora in which hun-
dreds of species are predominately gram-negative
anaerobes. The anatomic closeness of these micro-
flora to the bloodstream can facilitate transient
bacteremia and systemic spread of bacterial prod-
ucts, components, and immunocomplexes. From
available studies, it appears that compared with a
healthy control group, the total number of leuko-
cytes and plasma level of CRP are consistently
higher, but the RBC count and level of Hb are lower
in periodontitis groups.>® This means that the peri-
odontitis group possesses a trend towards ACD.
ACD, the second most prevalent anemia to IDA,
often occurs in patients with chronic renal or car-
diovascular diseases, chronic infections, inflamma-
tion, and neoplasia. ACD usually coexists with the
presence of adequate iron stores and vitamins.
Because the etiologies, mechanisms and pathogen-
esis of ACD are not clearly delineated, their bound-
aries are indefinite. To the present, ACD is defined
by its clinical and laboratory features, so there are
no precise diagnostic criteria. The possible mecha-
nisms of ACD include decreased RBC survival, an
impaired erythropoietic response to anemia by in-
effective erythropoiesis or existing inhibitors, and
decreased utilization of reticuloendothelial iron for
Hb synthesis.

The major pathophysiology of ACD is due to the
inability of macrophages to release iron which nor-
mally comes from the breakdown of senescent RBCs,
so serum iron falls while the iron stores are normal
or increased. From Table 2, a conclusion can be
drawn that ACD is characterized by decreased serum
iron, decreased transferrin saturation (serum iron
over TIBC), and increased ferritin. The plasma TIBC
is usually normal or low in ACD but increased in IDA,
although this is not sufficiently reliable to distin-
guish these two disorders. For ACD, the decrease in
transferrin saturation primarily reflects the de-
creased level of serum iron. But for IDA, transferrin
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Table 2. Iron-related characteristics of typical anemia
of chronic disease (ACD) and iron-deficiency anemia
(IDA)

Item ACD IDA

Fe Low Low

TIBC Normal or low  High
Transferrin saturation Low Much lower
(Fe/TIBC)

Ferritin High Low

Fe = serum iron; TIBC = total iron-binding capacity.

saturation may be even lower because TIBC is in-
creased. Therefore, ACD may be mistaken for IDA,
because low serum iron and decreased transferrin
saturation are found in both conditions. Under such
a situation, serum ferritin is the unique noninvasive
test to differentiate ACD from IDA.%? It is important
to note that ACD should be carefully distinguished
from IDA to avoid unnecessary iron replacement
therapy.

By referring to column 4 of Table 1, it is clear
that at her first dental visit, the CBC data of this
patient revealed severe anemia (Hb, 7.6g/dL) and
severely low Hct (21.7%) but homogenous normocy-
tosis (normal MCV and RDW). Generally, the degree
of anemia in ACD is often mild with Hct levels within
the range of 30—-40%.'%"" Sometimes as in this case,
anemia in ACD may be more severe with the Hct
below 25%.""12 ACD is usually normochromic (normal
Hct) and normocytic (normal MCV), but may be hy-
pochromic (low Hct) and microcytic (low MCV)."?
In terms of timing, hypochromia always precedes
microcytosis in ACD, which is in contrast to the sit-
uation with IDA.'%"3 |n ACD patients, the RDW, an
assessment of heterogeneity of red cell volume,
was also found to be either normal or increased. '3
Therefore, the anemia of ACD is not well classified
with MCV or RDW.">'¢ For the patient in this case
report, the transferrin saturation (Fe/TIBC) changed
from 22.7% to 20.5%, and ferritin was always
>100ng/mL during the entire year before her dental
visit. As a general rule, an MCV of <70fL, transferrin
saturation of <16%, and serum ferritin of <20ng/
mL are only found in IDA.'3 These data greatly dif-
fer from those in ACD (an MCV rarely <70fL, trans-
ferrin saturation of >16%, and a high serum ferritin
of >50ng/mL). Acomparison of this patient’s hema-
tologic features (Table 1, columns 3 and 4) showed
that the hypochromia was getting worse, and mod-
erate anemia with heterogeneous normocytosis was
shifting to severe anemia with homogenous nor-
mocytosis during the previous year. As a result of
these findings, ACD was determined to be an exist-
ing condition.

The increased CRP and increased ferritin re-
flected the correlation between ACD and chronic
infection. After all systemic diseases and malignancy
were excluded, chronic infection resulting from se-
vere periodontitis was the only possible etiology of
ACD in this case. Iron is an essential nutrient for
proliferating microorganisms. The sequestration of
iron from microorganisms to the reticuloendothelial
system is believed to be a potentially effective de-
fense strategy to inhibit the growth of pathogens'’.
Proinflammatory cytokines, such as IL-6, IL-1 and
TNF-«, divert iron from the circulation to the retic-
uloendothelial system in lymph nodes and spleen.
This process is facilitated through increased eryth-
rophagocytosis, increased production of ferritin,
increased uptake of ferrous iron, and reduced re-
lease of iron by macrophages, and finally results in
a reticuloendothelial block.” 8 The reticuloendothe-
lial block also stops the supply of iron and results in
its side effect, ACD. However, the blockage of re-
ticuloendothelial iron release in the pathogenesis of
ACD remains to be further explored.

If possible, curing the underlying disease is the
best therapy for ACD. Treating ACD is associated with
a relatively poor prognosis among patients with can-
cer, chronic renal disease, and congestive heart fail-
ure. The severe anemia in the patient in this case
report dramatically recovered after extracting many
hopeless teeth and resolving the periodontitis. Nor-
mally, a blood transfusion is not necessary, because
the degree of anemia in ACD is not severe enough to
produce symptoms. For the sake of the patient’s
dentophobia, general weakness from severe anemia
and the emergent need for radical dental care, we
planned a single-stage treatment by removing 21 hope-
less teeth and surgical periodontal flap therapy with
deep curettage and root planning of all remaining
teeth with a blood transfusion and general anesthe-
sia. A blood transfusion with packed RBCs can provide
rapid and effective therapy for promoting the pa-
tient’s general status in a short period of time and
speeding the healing of an operative wound. The gen-
eral anesthesia procedure decreased the patient’s
fears, and the cardiovascular reaction was in a safer
condition which favored the surgical intervention.
Complete recovery of the severe anemia and im-
provements in the health-related quality of life were
obvious 4 months later. All blood values returned to
normal with no medication.

Relevant research suggests that decreased eryth-
ropoietin production plays an important role in ane-
mia due to infection, inflammation or malignancy.'®
Progress in understanding the pathophysiology of
ACD has improved the therapeutic strategies, in-
cluding treatment of the underlying disease and
the use of erythropoietic agents or blood transfu-
sions. One is advised to remember that treating
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ACD should include checking and proving all sup-
posed etiologic factors, whenever they are possi-
ble and available.

This case report provides a good example of the
direct causal relationship between periodontitis
and ACD. It is very important to consider periodonti-
tis as one of the possible etiologies of ACD during
medical screening, when no other explainable causes
are obvious. If identified during medical screening,
the ACD can dramatically be improved by successful
treatment of the underlying periodontitis.
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