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Periodontitis is a chronic inflammatory

disease that results in periodontium

destruction, pocket formation and

alveolar bone loss. Tobacco smoking

reportedly is one of the risk factors for

periodontitis (1–5). The relative risk

for smokers to develop destructive

periodontitis has been estimated to be

5- to 20-fold greater than that of non-

Liu Y-F, Wu L-A, Wang J, Wen L-Y, Wang X-J. Micro-computerized tomography

analysis of alveolar bone loss in ligature- and nicotine-induced experimental

periodontitis in rats. J Periodont Res 2010; 45: 714–719. � 2010 John Wiley &

Sons A/S

Background and Objective: Nicotine reportedly is a risk factor for periodontitis,

but accurate data regarding nicotine-induced alveolar bone loss is lacking. The

aim of this study was to quantitatively assess alveolar bone loss in ligature- and

nicotine-induced periodontitis in rats using micro-computerized tomography

(micro-CT).

Material and Methods: Thirty-six adult male rats were treated by placing silk

ligatures around the cervixes of the right second maxillary molar; the contralateral

tooth was untreated. After ligation, the animals were randomly divided into three

groups: group A received intraperitoneal injections of saline solution, group B

received 0.83 mg of nicotine/kg/d, and group C received 1.67 mg of nicotine/kg/d.

Six animals in each group were killed on days 14 and 28 after ligature placement,

and then micro-CT examinations were conducted.

Results: In all groups, bone mineral density (BMD), bone volume fraction (BVF),

trabecular number (Tb.N) and trabecular thickness (Tb.Th) values of the ligated

sides were significantly lower than those of the unligated sides (p < 0.001),

whereas alveolar bone height loss (ABHL) and trabecular separation (Tb.Sp) of

the ligated sides were significantly higher than those of the unligated sides

(p < 0.001). Compared with the control group, nicotine administration increased

the ABHL value and decreased the BMD, BVF and Tb.Th values of both sides in

a dose-dependent manner (p < 0.05).

Conclusion: Our results confirmed that ligature could cause significant loss in the

trabecula of alveolar bone, and daily administration of nicotine resulted in further

bone loss and microstructure deterioration.
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smokers (1). However, the direct effects

of smoking on periodontal tissues are

still not well understood.

Tobacco smoke contains a complex

mixture of substances. Nicotine, one of

the toxic products in cigarette smoke,

has been investigated for its possible

role in the process of periodontal

breakdown. In vivo studies using his-

tologic techniques revealed that,

compared with saline solution, daily

administration of nicotine might

enhance the effects of local factors that

produce periodontal bone loss in the

furcation region (6). In addition, dose-

dependent bone loss in the molar fur-

cation region was observed when a

gradient of nicotine concentrations was

applied (7,8), which indicated a close

association between nicotine and peri-

odontal morbidity.

Periodontitis is characterized by

alveolar bone loss. Several methods

can be used to measure alveolar bone

loss in periodontitis, including mor-

phometric, radiologic and histologic

techniques (7–10). However, these

methods provide only linear or two-

dimensional (2D) information because

they measure horizontal bone loss;

they do not yield data about the three-

dimensional (3D) intrabony changes

that occur during periodontal infec-

tion.

Recent studies have shown that

micro-computerized tomography (mi-

cro-CT) is more sensitive in measuring

bone mass and bone microstructure

than conventional methods (11–15).

The micro-CT technique, which has

been widely used to study bone

metabolism in animals (15–17), is a

novel way to evaluate 3D structures of

hard tissues. High-resolution micro-CT

analysis can be used to build a 3D bone

model and to analyze the data in a

highly precise and nondestructive way

(17). The images reconstructed by

micro-CT scanning provide 3D infor-

mation about internal hard tissues.

Thus, by measuring bone height, bone

density, bone structure and other

parameters using micro-CT, detailed

information about bone changes over

time can be obtained.

Although previous studies revealed

that nicotine can facilitate periodontal

bone loss, accurate data about the 3D

volumetric loss and microstructure

deterioration of the alveolar bone are

lacking. Therefore, in this study we

quantitatively measured the effect of

nicotine on alveolar bone loss and

microstructure in a ligature-induced

animal model of periodontitis using

micro-CT.

Material and methods

Animals

Thirty-six male Sprague–Dawley rats

(8–10 wkof age, 200–230 g;Laboratory

Animal Center, the Fourth Military

Medical University, Xi’an, China) were

used in this study. At the start of the

experiment, no clinical signs of gingival

inflammation were observed among

the animals. The animals were housed

in individual wire cages in a tempera-

ture- and humidity-controlled room

(23 ± 1�C and 60 ± 5% relative

humidity) with a 12-h light/dark cycle.

All animalswere allowed to acclimate to

the laboratory environment for 1 wk

before surgical procedures were carried

out. All experimental animal use pro-

tocols were approved by the Animal

Care Committee of School of Stoma-

tology, the Fourth Military Medical

University.

Experimental design

Animal experiments— Based on the lit-

erature, five rats per group at each

time-point were needed (18). In our

study we used more rats – 12 rats in

each group (six rats for each time-

point) – in case some died during the

experimental period following the

induction of periodontitis. Fortu-

nately, none of the rats died before

being killed.

Under anesthesia with sodium pen-

tobarbital, 36 adult male Sprague–

Dawley rats were treated as follows: silk

ligatures (no. 3-0; Golden Circle Medi-

cal Limited Corporation, Shanghai,

China) were tied around the cervixes of

the right second maxillary molar, while

the contralateral tooth was untreated

(19). Subsequently, the animals were

randomly divided into three groups

(12 animals per group). Each group

received daily intraperitoneal injections

of saline solution (group A), 0.83 mg of

nicotine (Sigma, St Louis, MO, USA)/

kg/d (group B), or 1.67 mg of nicotine/

kg/d (group C). In the present study,

the two doses of nicotine (0.83 and

1.67 mg/kg/d) used were representative

of humans who smoke 10 and 20 ciga-

rettes (containing 2.0 mg of nicotine

each) per day (19). Six animals in each

groupwere randomly selected andkilled

on days 14 and 28 after ligature place-

ment. The maxillae were harvested and

fixed in 10% formalin solution for

48 h. After fixation, alveolar bone was

examined using a micro-CT scanner

(eXplore Locus SP, GE Healthcare,

Waukesha, WI, USA).

Micro-CT scan

Scanning method— The computed

tomography parameters were as fol-

lows: (i) the image pixel size was set to

1024 · 1024; (ii) the slice thickness was

set to 14 lm; (iii) the image magnifi-

cation was set to 10·; (iv) the X-ray

tube voltage was set to 50 kV; and (v)

the anode electrical current was set to

0.1 mA. Three-dimensional images

were reconstructed using the micro-

reconstruct software (GE Healthcare,

Waukesha, WI, USA).

Linear (2D) measurement— The

micro-view explore analysis software

(GE Healthcare) was used to visualize

and quantify the image data on a

personal computer. All scans were re-

oriented before analysis to uniformly

align the scan axes and anatomical

position (i.e. proximal–distal, buccal–

lingual and medial–lateral). Alveolar

bone height loss (ABHL) measure-

ments were taken (in mm) from the

cemento–enamal junction (CEJ) to the

alveolar bone crest along the distal and

medial root of the second molars (both

the ligated tooth and the unligated

tooth) (Fig. 1). All images were re-

oriented so that both the CEJ and the

root apex appeared in the same micro-

CT slice.

Volumetric (3D)measurement— Volu-

metric measurements followed the pro-

cedure proposed by Park et al. (17),

with slight modification. As shown

in Fig. 2, measurements were made

following the selection of 3D regions of
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interest (ROI). Examiners were guided

by morphological landmarks when

drawing ROIs. In the case of periodon-

tal defects resulting from experimental

periodontitis, most bone loss was noted

around the roots of the teeth, below the

roofs of the furcations (ROFs) and

above the root apex.

The most distal root of M1 (d-M1)

and themostmedial root ofM3 (m-M3)

served as end point landmark borders

because they were the most consistent

among specimens. Thus, the re-orien-

tation of specimens from examiner to

examiner relied on capturing these

landmarks, which essentially maxi-

mized the ROI of the alveolar bone

housing the alveolus (Fig. 2).

To maximize the quantification of

bone, tominimize the inclusion of tooth

roots and to use as many reproducible

landmarks as possible, we drew the

desired region contours from the land-

marks ROF to root apex at regular

intervals (Fig. 2). All contours were

drawn immediately below the ROFs

in the coronal plane and then in the

apical direction. Using an advanced

ROI tool, 2D contours were drawn

at regular intervals (every six data

planes). Some of the contours were

drawn at smaller intervals (one to two

planes) to minimize the effects of root

contour variability. Contours were

drawn until the apices of d-M1 and

m-M3 were reached. Next, a 3D ROI

was generated using the micro-view

image analysis software based on the

resultant 2D contours. Finally, para-

meters in the volume of selected and

contour-drawn ROIs were estimated

(Table 1). Two experienced observers

who were blind to group assignment

analyzed all images twice, and then

mean values from the two observers

were averaged.

Statistical analysis— All values were

expressed as means ± standard devi-

ation. Statistical analyses were per-

formed using SPSS 12.0 software (SPSS

Inc, Chicago, IL, USA). Statistical

significance was set at p < 0.05.

Multiple comparisons were used to

compare parameters of the tested

samples between the different groups

and time of observations. The paired

Student�s t-test was used to compare

data between bilateral sides (left and

right). Pearson�s correlation was used

to examine the correlation between

doses of nicotine and each parameter.

Results

Three dimensional images from micro-

CT scans revealed a clear decrease in

the alveolar bone around the second

molar in the ligated group compared

with the unligated control group

(Fig. 3).

Linear micro-CT measurements

Ligation significantly increased the

ABHL of the right second maxillary

molar compared with the contralateral

molar (p < 0.001). Intergroup analysis

revealed that, compared with the con-

trol group, nicotine administration

enhanced the ABHL in a dose-depen-

dent manner (p < 0.05). On day 28, the

ABHL of group C was 0.61 ± 0.14

(left, unligated) and 1.39 ± 0.09 mm

(right, ligated), which was significantly

higher than that of group B (0.39 ±

0.10, 1.31 ± 0.06 mm) (p < 0.01,

p < 0.05), and the values for groups

B and C were significantly higher

than that of group A (0.30 ± 0.06,

0.94 ± 0.07 mm) (p < 0.01, p < 0.01)

(Fig. 4A).

Volumetric micro-CT measurements

Paired t-tests showed that in all

groups, bone mineral density (BMD,

Fig. 4B), bone volume fraction (BVF,

Fig. 4C), trabecular thickness (Tb.Th,

Fig. 4D) and trabecular number

Fig. 1. Linear measurement of alveolar bone height loss (ABHL). The ABHL was assessed

from images of two-dimensional (2D) micro-computerized tomography (micro-CT) sections.

The distances (in mm) from the cemento–enamel junction (CEJ) to the alveolar bone crest

(ABC) along the distal and medial root of the second molar were measured.

A B

C

D

E

Fig. 2. Method for creating three-dimensional (3D) regions of interest (ROI) used in volu-

metric measurement of alveolar bone loss. (A) 3D ROI tools were selected. Border lines were

drawn along the roots of the second molar using landmarks of the most distal root of M1

(d-M1) and the most medial root of M3 (m-M3) from the roof of the furcation to the root

apex (B, proximal–distal; C, buccal–lingual; D, medial–lateral), then a 3D ROI was gener-

ated by the software based on the resultant two-dimensional (2D) contours. (E) Alveolar

bone to be analyzed was constructed following the border of the 3D ROI.
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(Tb.N, Fig. 4E) values of the ligated

side were significantly lower than those

of the nonligated side (p < 0.001),

whereas the trabecular separation

(Tb.Sp, Fig. 4F) of the ligated side was

significantly higher than that of the

nonligated side (p < 0.001). Inter-

group analysis revealed that compared

with the control group, nicotine

administration decreased the BMD,

BVF and Tb.Th values of both sides in

a dose-dependent manner (p < 0.05).

However, no statistically significant

differences in the Tb.N parameters

between groups were found. Pearson�s
correlation analysis revealed a signifi-

cant correlation between nicotine and

bilateral BMD, BVF, Tb.Sp and Tb.Th

(p < 0.01). By contrast, we did not

find a significant correlation between

nicotine and Tb.N parameters, as

shown in the results of the intergroup

analysis (Table 2).

Discussion

The present study introduced a 3D

technique that enabled us to illustrate

the state of the alveolar bone in the rat

model of ligature- and nicotine-in-

duced experimental periodontitis and

to provide accurate data about the

volumetric alveolar bone changes that

occurred during the experiment. Using

the 3D images reconstructed by the

micro-view imaging system, absorption

of bone was observed around the area

of the silk thread ligation. The admin-

istration of nicotine further exacer-

bated this alveolar bone loss.

Smoking is associated with excessive

destruction of the supporting peri-

odontal tissues, resulting in pocket

formation, bone loss and eventually

tooth loss (1). The relative risk of

developing destructive periodontitis

can be about 5–20-fold higher in

smokers compared with nonsmo-

kers. Two-dimensional linear analysis

showed that silk thread ligation resulted

in significant alveolar bone absorption

by day 14. The alveolar bone loss was

more severe on day 28. Nicotine injec-

tion after ligation further increased the

loss of alveolar bone on days 14 and 28.

We also found that without ligation,

nicotine itself caused alveolar bone loss

in a dose-dependent manner, albeit its

effects were relatively slight compared

with the effects of ligation. The effects

of nicotine on alveolar bone loss

observed in our model were in agree-

ment with clinical data that showed a

dose–effect relationship between ciga-

rette consumption and the probability

of having advanced periodontal disease

(3,4,20). The effects of smoking on

periodontal tissues depend on the

number of cigarettes smoked daily and

the duration of the habit (2).

In osteoporosis, the values of BMD,

BVF, Tb.N and Tb.Th decreased and

that of Tb.Sp increased (21). The vol-

umetric measurements taken from our

Table 1. Parameters estimated by micro-computerized tomography (micro-CT) in this study

Parameters Abbreviations Definitions

Trends during

osteoporosis

Bone mineral density BMD BMD was defined as the

volumetric mineral density in

the region of interest (ROI)

and represented the apparent

bone mineral density of trabecula

Decrease

Bone volume fraction BVF BVF was calculated from bone

volume (BV) and total

volume (TV) as BV/TV

Decrease

Bone trabecular thickness Tb.Th Tb.Th was calculated by

applying the distance

transformation by filling

maximal spheres in the

bone structures

Decrease

Trabecular separation Tb.Sp Tb.Sp was calculated by

applying the distance

transformation by filling

maximal spheres in the

nonbone structures

Increase

Trabecular number Tb.N Tb.N was taken as the

inverse of the mean distance

between the mid-axes of the

observed structure under

observation

Decrease

A B

C D

Fig. 3. Surface-reconstructed images of the alveolar bone on day 28. Representative images

are shown from (A) the unligated side of saline group A, (B) the ligated side of group A, (C)

the ligated side of group B (daily administration of 0.83 mg/kg of nicotine) and (D) the

ligated side of group C (daily administration of 1.67 mg/kg of nicotine).
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3D alveolar bone model showed that in

all groups the BMD, BVF, Tb.N and

Tb.Th values of the ligated side were

significantly lower than those of the

nonligated side, whereas the Tb.Sp of

the ligated side was significantly higher

than that of the nonligated side. The

increase in the dose of nicotine corre-

lated well with decreased values of

BMD, BVF, Tb.Sp and Tb.Th on

both the ligated and nonligated sides,

which clearly indicated an association

between nicotine and periodontal bone

microstructure deterioration. This

finding illustrates that nicotine deteri-

orates the microstructure of trabecular

bone, and this process is difficult to

detect using conventional methods.

The results of our experiment are

consistent with a clinical study showing

that smoking had a negative effect on

alveolar bone, as assessed radiograph-

ically in a group of well-motivated

young adults without periodontitis

(22). Together these data demonstrate

a close relationship among smoking,

nicotine and periodontitis.

In conclusion, the present study

described the 3D quantification of

alveolar bone loss during the process

of periodontitis in rats. Our results

confirmed that ligature could cause

significant changes in the trabecula of

alveolar bone, and daily administration

of nicotine resulted in further bone loss

and microstructure deterioration in a

dose-dependent manner.
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Table 2. Linear correlation of parameters on day 28

Parameter Tb.Th Tb.N Tb.Sp BMD BVF

Side Left Right Left Right Left Right Left Right Left Right

N 18 18 18 18 18 18 18 18 18 18

Correlation )0.866** )0.730** )0.141 )0.212 0.657** 0.623** )0.725** )0.709** )0.710** )0.781**
p-value 0.000 0.000 0.512 0.320 0.000 0.001 0.000 0.000 0.000 0.000

**p < 0.001.

BMD, bone mineral density; BVF, bone volume fraction; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular

thickness.

A B

C D

E F

Fig. 4. Linear measurements of alveolar bone height loss and volumetric measurements of

trabecular bone changes among group A (control), group B (daily administration of 0.83 mg/

kg of nicotine) and group C (daily administration of 1.67 mg/kg of nicotine). (A) Alveolar

bone height loss, (B) bone mineral density, (C) bone volume fraction, (D) trabecular

thickness, (E) trabecular number, (F) trabecular separation. 14L, left/ unligated side on day

14; 14R, Right/ ligated side on day 14; 28L, left/ unligated side on day 28; 28R, Right/ ligated

side on day 28.
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