
The resorption of bone surrounding the roots of teeth is
a pathologic consequence of dental pulp infection.1,2

Microbial products elicit host inflammatory and
immune responses, particularly the expression of
proinflammatory cytokines that stimulate the forma-
tion and activation of osteoclasts.2-4 The concomitant
resorption of the hard tissues of the tooth, including
cementum and dentin, may also occur during this
process and can result in the loss of considerable root
structure and in reduced tooth stability.5-7

Rodent models have proved useful for studies of the
pathogenesis of periradicular bone resorption. After
surgical pulp exposure and deliberate infection, bone
destruction occurs rapidly, with highly reproducible
kinetics during a 7- to 21-day period.8,9 The mediators
implicated in stimulating resorption include inter-
leukin-1α (IL-1α) and IL-1β.3,4,10 Resorption is signif-
icantly inhibited by the endogenous expression of anti-
inflammatory mediators such as IL-6 and IL-10.10,11

Clinically, the presence of apical root resorption is
usually detected by using radiographic techniques.
However, radiographic measures of the extent of root
resorption usually underestimate the extent of resorp-
tion as determined by the histology of affected teeth.12

Recently, we have shown that a novel imaging tech-
nology, micro–computed tomography (µ-CT), is a
rapid, reproducible, and noninvasive method for the
determination of periradicular lesion size in the mouse
model.13 µ-CT gives results that are closely compa-
rable to those obtained by histology. The potential also
exists for three-dimensional reconstruction of tooth
structure, which may permit µ-CT to be used to accu-
rately assess the severity of root resorption.

The purpose of the present study was to use µ-CT to
determine the frequency and extent of root resorption
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associated with induced inflammatory periradicular
bone destruction in the mouse model.

MATERIAL AND METHODS
Animals

Eleven-week-old C57BL6 male mice (n = 7) were
obtained from Charles River Breeding Laboratory,
Wilmington, Mass, and were maintained in a conven-
tional environment in the Forsyth Institute Animal
Facility according to the guidelines of the Institutional
Animal Care and Use Committee.

Periradicular lesion induction
For lesion induction, mice (n = 5) were mounted on

a jaw retraction board and anesthetized with ketamine
HCl (62.5 mg/kg) and xylazine (12.5 mg/kg) in sterile
phosphate-buffered saline by intraperitoneal injection.
All lower first molar pulps were exposed to the oral
environment by using a #1/4 round bur under a surgical
microscope (model MC-M92; Seiler, St Louis, Mo).
The exposure site was approximately equivalent to the
diameter of the bur. The pulp chamber was opened
until the entrances of the canals could be visualized
and probed with an 06 endodontic file. Animals
without exposures (n = 2) served as controls.

Infection with pathogens
Trypticase soy broth with yeast agar plates of 4

common endodontic pathogens, Prevotella inter-

media ATCC 25611, Streptococcus intermedius
ATCC 27335, Fusobacterium nucleatum ATCC
25586, and Peptostreptococcus micros ATCC 33270
were grown under anaerobic conditions (80% N2,
10% H2, and 10% CO2), harvested, and cultured in
Mycoplasma liquid media. The cells were centrifuged
at 7000g for 15 minutes and resuspended in prere-
duced anaerobically sterilized Ringer solution. The
final concentration of each organism was determined
by using a spectrophotometer, and the 4 pathogens
were mixed to yield a concentration of 1010 cells of
each pathogen/mL in 10 µg methyl cellulose/mL. A
total of 1 to 2 µL/tooth was introduced by using a
micropipette.

Sample preparation
All animals were killed by CO2 asphyxiation on day 21

after pulp exposure. The mandibles were dissected free
of soft tissue, fixed in 10% phosphate-buffered formalin,
and subjected to µ-CT. After µ-CT image acquisition, the
mandibles were demineralized in 14% ethylenedi-
aminetetraacetic acid, pH 7.2, at room temperature for 3
weeks. Samples were embedded in paraffin, and 7-µm
thick sections were prepared. Sections were stained with
hematoxylin-eosin, Brown and Brenn, and tartrate-resis-
tant acid phosphatase (TRAP).
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Fig 1. Methodology for determining root length. A perpen-
dicular line (RLE) was constructed from the FL to the shortest
portion of the distal root end.

A

B
Fig 2. Two-dimensional µ-CT image of the first molar. A,
Control, noninfected tooth; B, experimental, infected tooth.
FM, First molar; AO, access opening; PL, periradicular lesion.



Micro–computed tomography
µ-CT was used to quantify the extent of both bone and

root resorption. Fixed mandibular samples were analyzed
by using a compact fan-beam–type tomograph (µCT 20;
Scanco Medical AG, Bassersdorf, Switzerland). For each
sample approximately 150 micro-tomographic slices with
an increment of 17 µm were acquired, covering the entire
mediolateral width of the mandible. From the three-
dimensional stack of µ-CT images, a “pivot” section was

selected that included the crown and central portion of the
distal root of the mandibular first molar.3 The cross-
sectional area of the region of interest was analyzed with
a semiautomatic histomorphometric system (Optimas
Bioscan; Media Cybernetics, Bethell, Wash).

Quantification of periradicular lesions
The area of evaluation included the area of periradic-

ular destruction (mm2) and/or the periodontal ligament
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Fig 3. Photomicrograph of representative histologic section of distal root of lower first molar in a mouse. A,
Control; B, exposed, infected tooth. R, Root; B, bone; PL, periradicular lesion. Black arrows indicate resorp-
tion lacunae.

A B
Fig 4. Photomicrograph of representative histologic sections (A, B) 30 µm apart illustrating resorption of
apical cementum. D, Dentin; C, cementum; PA, periapical lesion; B, bone.



space surrounding the distal root of the first molar, the
coronal extension of which was standardized by means
of a predrawn template.13

Determination of root resorption
For measuring the amount of root resorption, 2 land-

marks were identified on the µ-CT images of each
tooth, the superior border of the furcation area and the
shortest length of the tooth apex (Fig 1). The furcal line
(FL) was extended to the mesial and distal margins of
the tooth. The root length was measured as the distance
from the FL to the closest point on the root apex in the

experimental (RE) or the control (RC). Each section
was measured twice by 2 evaluators who were blinded
to the sections being examined.

For the three-dimensional reconstruction of the distal
root, after sample preparation for µ-CT image acquisi-
tion, the mandibular samples were measured by µ-CT at
60 kV. Typically 150 to 300 slices with a voxel size of 17
× 17 × 17 µm were scanned, with each scanning proce-
dure requiring 4 to 6.5 hours. Each slice was 17-µm thick
in superior-inferior direction (coronal-apical direction).

The volume of interest extended from the superior
margin of the root down to its inferior border at the root
end. The original gray scale images were then
processed with a slight gaussian low-pass filtration for
noise reduction and a fixed threshold to separate roots
from the surrounding bony structures. These proce-
dures produced binary images of the tooth. The high
contrast of dentin to thymol-filled root canals with a
linear attenuation ratio of roughly 8 yielded excellent
segmentation of the specimens. After image acquisi-
tion, the geometric shape of the root ends was charac-
terized from superior, inferior, and lateral directions.

Statistical analysis
The descriptive statistics, including the mean and

standard deviation for periradicular lesion size, as well
as the amount of root resorption were calculated.
Differences in bone destruction and root length in the
experimental and control groups were analyzed by t
test. The correlation between periradicular lesion size
and root resorption was tested by regression analysis.

RESULTS
Periradicular lesions in infected and
noninfected control teeth

Pulp exposure and infection with a mixture of 4
endodontic pathogens were carried out in the experi-
mental group of mice, whereas control mice remained
unexposed and uninfected. After 21 days, control teeth
without pulp exposures had a narrow periodontal liga-
ment space and normal periradicular bony architecture
(Fig 2, A). In contrast, teeth with exposures and infection
exhibited readily discernible radiolucencies surrounding
the mesial and distal root apices (Fig 2, B). The extent of
bony destruction was determined from two-dimensional
µ-CT images of the lesion area. As expected, teeth with
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Fig 5. Reconstituted µ-CT images of the mouse first molar.
Note the difference in architecture between the apex of the
distal root of a control (left, arrow) and an experimental root
(right). A, Sagittal view; B, superior view; C, inferior view.

A

B

C

Table I. Root length in control and experimental teeth

Group Root length (mm2)

Control 1.380 ± 0.049
Experimental 1.247 ± 0.142*

Data are expressed as mean ± standard deviation.
*P = .014.



pulp exposures had significantly more periradicular
bone destruction compared with controls (P < .0001)
(data not shown).

Root resorption in experimental and control
teeth

As seen in the µ-CT images, the root of the lower
incisor extends from the posterior region of the mandible
to the anterior incisal area and is located just inferior to
the molar root apices, leaving a limited area for the
expansion of the bony lesion. Because periradicular
lesions are not seen to expand into the incisive canal, this
suggests that lesion expansion may occur at the expense
of the root structures as well as the surrounding bone.

Examination of histologic sections suggested the
presence of destructive changes involving the root
apices of infected teeth. As shown in Fig 3, B, roots in
the experimental group showed irregular architecture
and the presence of numerous resorption lacunae. In
some sections the resorption of cementum and dentin
was extensive (Fig 4). In contrast, the distal roots of the
control group were blunt ended with uniform architec-
ture (Fig 3, A). These observations were further
confirmed by comparing the reconstructed three-
dimensional images of the lower first molar by using µ-
CT. In the sagittal sections (Fig 5, A), the experimental
teeth showed a thinning and significant length reduc-
tion of the distal root of the first molar. This was better
shown in the inferior-superior and the superior-inferior

projections (Fig 5, B and C) in which the distal
processes, clearly visible in the control specimens,
were resorbed in the experimental group with a more
rounded appearance of the root.
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Fig 6. Correlation between periradicular bone resorption and apical root resorption as determined by regres-
sion analysis. R2 value (top left corner) indicates a significant relationship.

Fig 7. Photomicrograph of histologic section stained with
TRAP. Arrows indicate TRAP+ cells (red) on the root end and
on bone at the periphery of the periradicular lesion.



The length of the distal roots in both groups was then
determined from µ-CT images. Root length was signif-
icantly shorter (by 12.7%) in the experimental group
compared with the controls (P < .014) (Table I). The
amount of root resorption showed a weak but
nonsignificant correlation with the extent of periradic-
ular bony lesions (regression analysis) (Fig 6). This
suggests that the 2 processes could be regulated differ-
ently within the periradicular milieu.

Histochemistry for clastic cells and bacteria 
To demonstrate directly the presence of clastic cells

associated with the resorptive process, sections were
stained for TRAP activity. As shown in Fig 7, TRAP+

multinucleated cells were observed on the root ends as
well as on the osseous surfaces at the periphery of the

periradicular lesions. The TRAP+ cells on the root ends
appeared to be somewhat smaller, with fewer nuclei,
than the bone-associated osteoclasts.

The presence of bacteria in the dentinal tubules was
evaluated by Brown and Brenn staining. Numerous
Gram-negative bacteria were seen penetrating the
dentinal tubules in the experimental group, compared
with the controls (Fig 8). In some sections, bacterial
invasion was seen toward the apical end of the dentinal
tubules in which root destruction was taking place.

DISCUSSION
In the mouse model, the anatomic location of the inci-

sive canal in the mandible does not allow periradicular
lesions to expand significantly, except proximally and at
the expense of the molar roots. Our findings clearly
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Fig 8. Photomicrograph of representative histologic sections stained with Brown and Brenn to detect bacteria.
A, Apical area, nonexposed, noninfected tooth; B, apical area, exposed and infected tooth; C, illustrates the
invasion of bacteria into the dentinal tubules in the apical one third of the root (arrow).



showed that apical root resorption is a predictable
finding in all teeth with pulpal infections. These find-
ings were further substantiated by both two- and three-
dimensional reconstructions of the roots by using µ-CT.
TRAP+ clastic cells were associated with the processes
of both bone and root resorption. Taken together, these
findings show the loss of significant root structure in
infected teeth and indicate that the mouse is a useful
model for studying the mechanism of this process.

Apical inflammatory root resorption may include
sites of activity on the root canal walls as well as the
apical root surface and can have great clinical signifi-
cance in endodontic practice. Clinically, the presence
of apical root resorption is usually detected by radio-
graphic means and may influence endodontic treatment
decisions. The accuracy of radiographic diagnosis of
resorption depends on several factors but can be veri-
fied conclusively only through examination of histo-
logic sections of the affected teeth.12 The histologic
incidence of root resorption in clinical practice is
always higher than when determined by radiography.
In the study of Laux et al,12 endodontists could detect
radiographic signs of apical root resorption in fewer
than 20% of teeth, whereas more than 80% of the teeth
apices showed resorptive defects by histology. Several
biologic and technical factors may contribute to the
poor detection of apical root resorption with radio-
graphs. These may include the size, location, and
surrounding mineral content of the resorptive defects,
anatomic variations of the jaw and teeth, and observer
variation.14-16 Small areas of resorption usually remain
undetected compared with larger ones, and areas
located on the proximal surfaces are more readily
detected than those located on the buccal or lingual
surfaces.

We identified the presence of TRAP+ clastic cells on
the root surface as well as at the periphery of the lesion.
TRAP+ cells on the distal root ends appeared to be
smaller than the cells seen on the surrounding bone.
Previous reports have also suggested that dentin- and
cementum-resorbing cells (odontoclasts or cemento-
clasts) have fewer nuclei and smaller clear zones and
are reduced in size compared with osteoclasts.17

Although this has been attributed to the differences in
composition of the dental tissues and bone, the reason
for this finding is unknown.

Osteoclast formation and activation are regulated by
local factors that are expressed at sites of inflamma-
tion. Osteoclast formation from precursor cells is
principally up-regulated by macrophage colony-stim-
ulating factor and the receptor-activator of NF-κB
ligand (RANKL), both of which are expressed by
osteoblasts/stromal cells after stimulation by resorptive
signals such as IL-1, parathyroid hormone, and vitamin

D3.18 In murine periradicular lesions, inflammatory
cells, particularly macrophages, express high levels of
IL-1α, IL-1β, and tumor necrosis factor–α.3,19

Inhibition of IL-1 activity by IL-1 receptor antagonist
significantly reduces periradicular bone resorption.20

Given the lack of a correlation between the extent of
periradicular bone and root resorption (Fig 6), it is
possible that these processes are to some extent regu-
lated independently. It may be speculated that local
tooth-associated factors (ie, bacteria within the dentinal
tubules) may determine the extent to which root resorp-
tion occurs. In this regard, the continuous egress of
microbial products through the tubules may provide the
stimulus for the ongoing differentiation and activation
of clastic cells in the periodontal ligament, resulting in
further bone and root resorption.1 Microbial products
stimulate the expression of IL-1 and tumor necrosis
factor–α, after interaction with Toll-like receptors on
macrophages and other cell types.21 This process may
be further exacerbated by the resorption of cementum,
which opens dentinal tubules, allowing them to
communicate with cells of the periodontal ligament
and alveolar bone.

An alternative pathway for osteoclast differentiation
that has been proposed at inflammatory sites is the
induction of RANKL in activated T cells.22 T cells are
present in periradicular lesions8 and are activated by
antigen processed by macrophages and other antigen-
presenting cells. However, no differences in the
amount of periradicular resorption were found in T-
cell–deficient compared to T-cell–replete animals.23,24

Resorption in this model therefore primarily reflects
inflammatory cytokine expression by macrophages and
other cell types, as a result of activation of innate
immune pathways.

We thank Justine Dobeck for assistance with histology and
Megan Mack for help in preparation of the manuscript.
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