
ORIGINAL ARTICLE

G. R. S. Naveh

S. Weiner
Initial orthodontic tooth movement

of a multirooted tooth: a 3D study

of a rat molar

Authors' affiliation:
G. R. S. Naveh, S. Weiner, Department of

Structural Biology, Weizmann Institute of

Science, Rehovot, Israel

Correspondence to:
G. R. S Naveh

Department of Structural Biology

Weizmann Institute of Science

76100 Rehovot, Israel

E-mail: dr.naveh@gmail.com

Naveh G. R. S., Weiner S. Initial orthodontic tooth movement of a

multirooted tooth: a 3D study of a rat molar

Orthod Craniofac Res 2015; 18: 134–142. © 2015 John Wiley & Sons A/S.

Published by John Wiley & Sons Ltd

Structured Abstract

Objective – To elucidate the 3D interactions in the tooth–PDL–bone com-

plex immediately after application of orthodontic forces and their implica-

tions on tooth movement and function.

Methods – A special visualization method using microCT allows us to

directly image in 3D the movements of a multirooted molar tooth inside

the alveolar bone as well as the collagenous network of the PDL. Using

fresh, unstained rat mandibular 1st molar under mesial loads of 0.5–1 N,

we address basic concepts in orthodontics during the initial stages of

orthodontic movement.

Results – We show that immediately after the application of orthodontic

load, direct distinct contacts between the tooth and the bone form in the

furcation area. These contacts limit tooth movement and interfere with

whole body translation. Only localized sites of highly compressed PDL

between the root surfaces and the bone were observed. In general, the

collagenous network of the PDL appeared loose and not densely packed

in the compressed side. On the tension side, the fibers maintained their

overall orientation without any significant extension of the fibers.

Conclusions – Localized direct contact areas between the tooth roots

and the bone at the furcation already form within a few minutes of ortho-

dontic tooth movement. This direct and localized bone involvement

guides the movement trajectory and provides a mechanism for the

miscorrelation found between force levels and tooth movement during

the initial stages of an orthodontic tooth movement.

Key words: initial orthodontic movement; microCT; molar; multirooted

tooth movement; PDL

Introduction

Tooth movement is an important strategy for tooth survival in

response to loads (1, 2). Orthodontic tooth movement on the
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other hand intervenes with natural tooth func-

tion. Ideally, the orthodontically moving tooth

should maintain its basic functionality. How-

ever, the instantaneous change in the tooth

location at the first moment of force application

in the orthodontic treatment already affects

tooth function. This study aims at elucidating

the mechanism of tooth movement by tracking

the structural changes in the tooth–PDL–bone

complex during the initial stages of orthodontic

load application in a multirooted tooth model.

This sheds light on how orthodontic treatment

may affect tooth function. We use a unique 3D

visualization technique inside a microCT to

visualize in 3D the in situ fresh tooth–PDL–bone

complex in its native state without fixation, slic-

ing, or staining with contrast enhancement

agents (3, 4).

There is consensus that orthodontic tooth

movement is directly associated with bone

remodeling, as first suggested by Sandstedt and

Oppenheim (5–7). However, the trigger for such

remodeling is still debated (6). One hypothesis

is the creation of tension and compression

forces inside the PDL and is based on the

assumption that no direct contacts are formed

between the tooth root and the alveolar bone

(5, 7).

Baumrind suggested another mechanism trig-

gering bone remodeling: the bone-bending

hypothesis (8). M€uhlemann was probably the

first to prove that direct involvement of bone

deformation during tooth physiological function

exists (9). In an in vivo experiment, he pro-

duced force-displacement curves for a re-

implanted incisor that lacked the PDL tissue, as

well as for the adjacent intact incisor of a young

human male. The difference between the curves

was only at the initial stage due to the absence

of the PDL. Direct contact between the tooth

root and alveolar bone during orthodontic tooth

movement was also shown by Gottlieb (10).

Gottlieb stated that the contact with the bone,

during the initial stages of tooth movement, is

the limiting factor for any further tooth move-

ment. Baumrind subsequently proposed that

the bone does not fully stop the movement, but

undergoes deflection during orthodontic tooth

movement (8). Direct evidence for the forma-

tion of specific contact areas between the root

surface and the alveolar bone under physiologi-

cal functional loads was obtained in a 3D study

using a rat 1st mandibular molar (M1) (11).

Determination of the optimal force for the

most efficient orthodontic movement has been

the aim of many studies. To date, no such value

is known. Reasons for this are our lack of under-

standing of the mechanism that guides the

movement and the 3D changes that occur to the

tooth–PDL–bone complex due to the orthodontic

force. Moreover, the 3D structures of a single-

rooted tooth and a multirooted tooth are very

different; an issue barely addressed in the litera-

ture. Clinically, bone resorption in the furcation

area of multirooted teeth is known to be an indi-

cator for early stages of periodontal disease as

well as for overload on teeth and parafunction.

The involvement of the furcation in orthodontic

movement, however, has not been addressed. It

was shown (11) that under vertical functional

loads, localized contact areas between the tooth

and the bone are formed at the furcation. The

furcation therefore serves as a fulcrum on which

the tooth rotates. We hypothesize that the furca-

tion has a central role in orthodontic tooth

movement as well.

Here we address three questions relating to

initial orthodontic movement of a multirooted

tooth: 1) Does direct tooth–bone contact form

under orthodontic loads? 2) What is the 3D

movement of a multirooted tooth under initial

orthodontic force? 3) What happens to the col-

lagenous network arrangement under orthodon-

tic loads?

Materials and methods
Animals

The study was approved by the IACUC at the

Weizmann Institute of Science. Twelve 15-

week-old Wistar rats (Harlan Laboratories,

Israel) were fed a diet of hard pellets with

water ad libitum. They were sacrificed by

decapitation to ensure minimal changes to the

PDL tissue. The mandible was immediately
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excised and cut at the fibrous mandibular

symphysis into two hemi-mandibles. Each

hemi-mandible, containing three intact molars

and one incisor, was kept in a sealed humidi-

fied tube. Within 30 min after the sacrifice, the

hemi-mandible was mounted inside the mi-

croCT.

Loading procedure and micro-computed tomography

(microCT)

A custom-made computer-controlled loading

device was used. For details, see Naveh et al.

(11) (Fig. 1A). Briefly, the device is composed

of a fixed stage and a vertically moving anvil

inside a cylindrical humidity chamber that is

inserted into a microCT. The freshly dissected

hemi-mandible was bonded to the fixed stage

inside the humidity chamber using a dental

restorative composite material, Z100TM (3M

ESPE, compressive yield strength 470 N/mm2).

Then a short tomographic scan was made

prior to the orthodontic loading in order to

obtain 3D structural information regarding the

tooth–PDL–bone complex prior to applying the

orthodontic load. The scan time was reduced

to 66 min to minimize tissue deterioration

changes. To produce a mesial movement, a

copper round wire with a diameter of 0.25 mm

was slotted between the mandibular M1 and

M2 and wrapped around the M1. The wire was

connected to either an orthodontic NiTi spring

(Forestadent, Germany) (Fig. 1B,C) or to an

elastic power chain (American Orthodontics,

Wisconsin, USA) (Fig. 1D). The orthodontic

spring or elastic power chain was then

stretched and anchored to the mandibular inci-

sor (Fig. 1B–D) producing a mesial load of

0.5 N (power chain) or 1 N (NiTi coil). Then,

the crown of the M1 tooth was bonded to the

upper anvil resulting in mechanical stabiliza-

tion of the tooth and the PDL network, pre-

venting any further movement or changes in

the tooth-PDL-bone complex. A high-resolution

long scan was then carried out. In order to

verify that no drastic changes occurred to the

tissues during the short scan, four long scans

were conducted without the preliminary short

scans. Note too that any movement or struc-

tural deformation during the scan, within the

scan’s spatial resolution, will result in a blurred

image which cannot be reconstructed or ana-

lyzed. The presented results had no distortions

during the scans and therefore represent the

changes in the tooth–PDL–bone complex that

occurred from the time of the mesial load exer-

tion until the hemi-mandible was mounted to

the chamber (approximately 5 min).

A B

C

D

Fig 1. (A) The loading apparatus

inside the microCT. Inset: (A)

view through the clear window of

the chamber. (B) Top view of the

hemi-mandible bonded to the

stage after activation of the ortho-

dontic NiTi spring. (C) A side pro-

jection at 0.59 magnification of

the hemi-mandible with the NiTi

spring. (D) Specimen with an

orthodontic elastic chain.
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Data collection and analysis

An XRadia MICRO XCT-400 (Zeiss, California,

USA) was used. A short low-resolution scan was

carried out for orientation of the unloaded tooth.

This was followed by a long high-resolution

scan. No X-ray source filter was used.

Short scan: The microCT source was set to

40 kV and 200 lA, and 400 projection images

were recorded with an exposure time of 10 s for

each image. Long scan: The microCT source was

set to 40 kV and 200 lA. 2500 projection images

were recorded with an exposure time of 20 s for

the 49 magnification lens. 25 s for the 109 mag-

nification and for the 209 magnification 38 s.

The 3D volume was reconstructed using a

back projection filtered algorithm (XRadia). Once

the reconstruction of the volume was completed,

3D image processing and analysis were carried

out using Avizo� software (FEI, Oregon, USA).

Manual segmentation was carried out for the

tooth and bone creating 3D objects. The PDL

fibers were not individually segmented but were

visualized using the voltex and slice tools. Regis-

tration of the scans before and after loading was

made manually by overlapping the 3D seg-

mented objects of the alveolar bone, which

showed no difference when loaded in respect to

the unloaded state.

Results

The orthodontic load was applied to the M1 by

wrapping a copper wire around the molar just

above the furcation level and pulling the tooth

A B

C D

Fig. 2. M–mesial, D–distal all subfigures are oriented in the same directions. (A) 2D sagittal view from a tomographic scan (49 mag-

nification, 3.8 lm voxel size) of the rat M1 tooth (t) inside the alveolar bone (b) under a mesial orthodontic force showing the

mesial and distal roots (white arrow shows the direction of the force). Note the difference in the PDL width on the mesial sides of

the roots (compression side) in relation to the distal sides of the roots (tension side). Black arrowhead – a direct contact area

between the tooth and the bone. (B) sagittal plane at 109 (1.53 lm voxel size) focusing on the furcation of the M1 showing a direct

contact area between the tooth and bone (black arrowhead), as well as areas of close proximity, where dense non-fibrillar soft tissue

separates the tooth and the bone (white arrowhead). Inset: 2D sagittal slice of a 49 scan of a M1 before loading. (C) 2D transverse

view of the mesial root (109 magnification, 1.53 lm voxel size) showing close proximity without contact between the tooth and the

bone at the mesial aspect of the root (white arrowhead). (D) 2D sagittal view of the close proximity area at the furcation (209 magnifi-

cation, 0.77 lm voxel size). This image clearly shows the dense soft tissue separating the tooth (t) and the bone (t) (white arrowhead).
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mesially with a force of 0.5 N or 1 N. The results

presented were consistent for both force levels

and for all the experimental specimens. In gen-

eral, the M1 crown moved in the mesial and lin-

gual directions. The PDL thickness changed, as

expected, along the entire length of the roots

(Fig. 2A – loaded and 2B inset – before loading).

Direct contacts between the tooth and the alveo-

lar bone were observed at specific areas on the

furcation surface without any PDL tissue in

between (Fig. 2A,B black arrowhead). Without

external loads, such direct contacts do not exist

(Fig. 2B inset). These contacts clearly restrict the

movement of the tooth. Other larger areas, but

still distinct, were also observed where the tooth

roots and alveolar bone were in close proximity,

but not in direct contact. Interestingly in these

areas of close proximity, a particularly dense soft

tissue separates the tooth and the bone (Fig. 2B–

D white arrowhead).

Three dimensional analysis of the 3D tooth

movement was carried out by segmenting the

tooth and bone before and after loading and

then manually overlapping the 3D images. The

bone serves as the registration reference. This

method shows the relative tooth movement

caused by the orthodontic load. The 3D ren-

dered models (Fig. 3) show a rotation move-

ment toward the mesial and lingual directions

(Fig. 3A,B). By comparing the correlated 2D

slices of the tooth before and after loading, we

noted that although the entire tooth moves in

the mesial direction, the extent of the move-

ment is larger on the coronal side than the api-

cal side (a controlled tipping movement).

Figure 3C,D shows that the apex of the distal

root hardly moved, whereas the furcation area

moved about 50 microns toward the mesial

direction until a contact between the tooth and

the bone formed (Fig. 3C,D red arrows). This

movement indicates that a controlled tipping

movement of the tooth occurred with a center

of rotation around the apical region of the distal

root.

Using our custom-made visualization setup

(4), we were also able to track the PDL collage-

nous network deformation that occurred imme-

diately after mesial movement of the M1 in situ,

A B

C D

Fig. 3. 3D volume rendering of

the tooth before movement (yel-

low) and after movement (pur-

ple). (A) Top lingual view showing

that the crown moves much more

in the mesial direction than the

root apices. (B) Buccal view dem-

onstrating the differential lingual

and mesial movements of the

tooth. The curved arrow shows

the overall direction of tooth

movement. (C) 2D view in the

sagittal plane (as drawn in A)

demonstrating a contact area (red

arrow) at the furcation near the

lingual root. (D) 2D overlapping

views before (gray levels) and

after mesial (purple) loading.

Here, a wire (marked with aster-

isks) was slotted inside a canal

drilled within the tooth at the

distal aspect and serves as a refer-

ence. Note the minimal move-

ment of the distal root apical

aspect and the evident movement

of the crown demonstrated also

by the change in the wire loca-

tion. Note the contact area

formed at the furcation (red

arrow).
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without the use of any sectioning, fixation, or

staining, that is, in its native state. Figure 4A

shows the buccal root of the rat M1 five minutes

after application of the mesial load. Note the rel-

atively narrow PDL space on the mesial side

(compression side, white arrowhead) when com-

pared to the distal side (tension side, black

arrowhead). A comparison of the overall collage-

nous network orientation without loading

(Fig. 4B) and after loading (Fig. 4C) shows the

presence of a dense network of collagenous

sheets on the compressed side. On the tension

side, however, the collagenous network structure

is similar to the unloaded state. A scan at higher

magnification of the mesial PDL space shows

that the PDL collagenous fibers in the com-

pressed side are loose and not densely packed

(Fig. 4D,E).

Discussion

We investigated the initial orthodontic tooth

movement of a multirooted rat M1. We also

visualized in 3D the structural changes of the

tooth-PDL-bone complex immediately after

orthodontic loading of 0.5 N and 1 N. Note that

the rat M1 has a crown-apex length of about 3

mm and an M-D crown length of about 2.5

mm, which is about therefore can be estimated

as 1/7 the size of a human M1 (12) and not

1/50 as previously claimed (13). Taking into

consideration the fact that the rat M1 has 4

roots as opposing to 2 roots in a human molar

and a mean PDL width of about 100 microns

which is about third of that of the human PDL

(14), a load of about 0.5–1 N is definitely within

the orthodontic force range for this specimen

(15). We show that both magnitudes of the

orthodontic force result in direct contacts

between the tooth and the alveolar bone similar

to those that appear under higher vertical func-

tional loads. These direct contacts prevent fur-

ther gross movement of the tooth, as was

previously assumed by Gotlieb (10) and Baum-

rind (8) and explain the fact that an increase of

orthodontic forces does not result in a greater

tooth movement (16, 17).

A B

C D

E

Fig. 4. (A–D): 2D sagittal views of the buccal root. (A) Black

arrow shows the direction of the mesial force. Note the narrow

PDL space at the mesial aspect of the root (white arrowhead)

and the relatively wide uniform PDL space on the distal aspect

of the root (black arrowhead). T–tooth, B–bone. (B) Unloaded

tooth, showing the PDL collagenous networks: sparse network

on the right and dense network on the left. (C) Loaded tooth,

showing the PDL collagenous networks: dense network on the

left which is also the compression side. The sparse network is

located on the right. (D) Higher magnification scan (209,

0.77 lm voxel size) of the area marked in A with a rectangle.

This shows the fiber orientations in the compression side.

Note the loose form of the fibers. (E) 3D volume rendering of

the tooth and the bone in the compression side.
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The role of the furcation

A previous study of the rat M1 (11) showed

that a vertical compression load moved the

tooth until it contacted the alveolar bone at the

furcation. Localized specific contact areas

between the roots and the bone were observed

in the furcation when the force exceeded 10 N.

Therefore, the furcation has an important role

as it functions as a limiting factor for tooth

movements under functional loads and serves

as a fulcrum around which the tooth rotates.

Here we show that under much lower loads of

0.5 N and 1 N but applied in a mesial direc-

tion, similar contact areas form between the

tooth and the bone in the furcation. We also

show that despite the mesial direction of the

applied force, no direct contacts between the

roots and the bone are observed along the

mesial sides of the roots. Therefore, it can be

said that the furcation has a unique role in

guiding and limiting the tooth movement both

in physiological and orthodontic loading.

In this study, we were careful to dissect the

mandible in the fibrous symphysis and therefore

leave the hemi-mandible structurally intact. In

addition, the samples were fresh and loaded

within minutes after sacrifice. The major draw-

back of the experimental system used is the lack

of blood pressure. However, previous studies

showed that the values of blood pressure in

the PDL resistance are as small as 1 mmHg

(1.35 g/cm2) (18), which are negligible in relation

to forces of 0.5 N or 1 N on a surface area of

about 50 mm2 (100–200 g/cm2) used here and in

orthodontics in general. We are therefore of the

opinion that also in vivo, the orthodontic forces

result in direct contact between the tooth and

bone at the furcation. This overload at the furca-

tion might lead to an inflammation similar to that

encountered during traumatic occlusion. This

possibility should be further investigated. In our

study, contact areas along the roots were not

observed. However, we did observe areas where

the root and bone surfaces were in close proxim-

ity immediately after initial movement. With

additional mastication loads, the areas of closest

proximity may become direct contact areas. The

additive influence of functional and habitual

forces to the areas of contact and areas of close

proximity is therefore crucial in orthodontic tooth

movement and should also be further investi-

gated. The alveolar bone at the furcation is clearly

not compact, but is surprisingly porous compared

to the other areas of the alveolus. It will be inter-

esting to understand the detailed structure of this

bone, as well as a possible sensing function by the

cells in this area. Moreover, an important ques-

tion regards the fate of the cells and the collage-

nous network at sites of direct contact should be

addressed in future studies, as well as whether

there is a correlation between the contact areas

and the hyalinization phenomenon (area which

lacks cells and collagen fibers).

Movement direction

Whole body movement of a tooth was defined by

Reitan as a movement where the whole ‘side’ of

the root moves (19) and therefore the force that is

transferred to the bone is distributed over the

entire ‘side’ of the root. Here our 2D observations

show a uniform change in the width of the PDL,

which is characteristic of whole body movement.

The analysis of the 3D movements, however,

reveals that the tooth is not translating and is in

fact tipping toward the mesial and lingual direc-

tions. We show that in an initial orthodontic

movement of a multirooted tooth, using a round

wire, pure translation of the tooth does not occur

and estimation of tooth movement based on 2D

images is questionable. Moreover, here the distal

root apex serves as a pivot around which the tooth

rotates—the center of rotation. We surmise that

after the contact at furcation is formed, the center

of rotation is located in the furcation area. Studies

investigating strains in the PDL during orthodon-

tic tooth movement, mainly based on finite ele-

ment analysis (FEA) (20, 21) showed a non-

uniform stress distribution along the root. Some

studies concluded that the cervical region is a

high stress bearing area (22, 23). However, no

study to date relates to the furcation as a load-

bearing area. It would be interesting though to

analyze the 3D movement of a multirooted tooth

moved with a coupled force device that is
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designed to generate a root torque or pure bodily

movement of a tooth. We assume that even then

contacts between the tooth and the bone will

form in the furcation and a uniform distribution

of the load never occurs. This should be also fur-

ther investigated in relation to surgical methods

for accelerated orthodontic tooth movement.

PDL

An examination of the PDL collagenous network

on the compressed side, namely themesial aspects

of the roots, shows that the collagen fibers are

loose and not packed against each other. However,

in very localized areas of close proximity between

the tooth and bone, an X-ray dense extracellular

matrix was seen between the tooth and the bone.

There the dense tissue does not exhibit a fibrillar

structure, although it is conceivable that the tissue

is composed of densely packed collagen fibrils.

Thus, compression might be transferred from the

tooth to the alveolar bone directly through contact

areas or indirectly through a condensed PDL extra-

cellular matrix. However, in both cases, the com-

pression is localized in distinct compression sites

rather than a compression side or surface. An

interesting question arises from this finding

regarding the fate of the fibers that are no longer in

between the tooth and the bone in the contact

areas. Studies show that collagen fibers are most

suitable to function in tension and might be elon-

gated 50% or more from the initial stage (12, 24).

As no significant changes were observed in the col-

lagenous networks before and after loading in the

tension side, it is not clear whether tension of the

collagen fibers transmits a significant tensional

force to produce any deformation of the bone at

these force levels. It is noteworthy to mention that

during physiological vertical loading, the collagen

fibers were notably stretched and arranged in par-

allel oblique stacks (3).

Conclusions

This study elucidates the mechanism underlying

the first stages of the orthodontic movement of

a multirooted tooth, minutes after load applica-

tion. We show that:

• Direct contact areas between the tooth and

the bone occur under orthodontic loads. The

bony furcation serves as the limiting factor of

the tooth displacement and therefore clearly

shows why different levels of orthodontic

forces result in the same extent of tooth

movement. We suggest that the furcation area

serves as the main force bearing area and thus

might serve as a sensing and remodeling cen-

ter throughout the orthodontic treatment.

• Whole body translational movement of a multi-

rooted tooth, at least in the initial stages of an

orthodontic movement, does not occur due to

the contacts generated between the tooth and

bone at the furcation.

• We demonstrate that under orthodontic

forces, the PDL collagen fibers do not radi-

cally change their overall structure, neither in

the so called tension side nor in the com-

pression side which might lead to some

questions regarding the existence of bone

bending due to stretching of the collagen

fibers. We do show that at least in the initial

stages of an orthodontic movement compres-

sion is generated in the PDL. The site of

compression is, however, localized and spe-

cific to the furcation area and the cervical

region of the tooth.

Clinical relevance

The current knowledge on orthodontic tooth

movement is based mainly on single-rooted

tooth models. A multirooted tooth is signifi-

cantly different from a single-rooted tooth, and

therefore, our understanding of the mecha-

nisms underlying multirooted tooth movement

is deficient. This study shows that the furca-

tion area is a major contributor to tooth move-

ment both in direction and extent. Moreover,

by elucidating the mechanisms underlying

tooth movement, we address basic concepts in

orthodontics such as the correlation between

tooth movement and force, as well as PDL col-

lagen network changes.
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