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Abstract
This study investigates bone-tooth association under compression to identify strain amplified sites
within the bone-periodontal ligament (PDL)-tooth fibrous joint. Our results indicate that the
biomechanical response of the joint is due to a combinatorial response of constitutive properties of
organic, inorganic, and fluid components. Second maxillary molars within intact maxillae (N=8)
of 5-month-old rats were loaded with a μ-XCT-compatible in situ loading device at various
permutations of displacement rates (0.2, 0.5, 1.0, 1.5, 2.0 mm/min) and peak reactionary load
responses (5, 10, 15, 20 N). Results indicated a nonlinear biomechanical response of the joint, in
which the observed reactionary load rates were directly proportional to displacement rates
(velocities). No significant differences in peak reactionary load rates at a displacement rate of 0.2
mm/min were observed. However, for displacement rates greater than 0.2 mm/min, an increasing
trend in reactionary rate was observed for every peak reactionary load with significant increases at
2.0 mm/min. Regardless of displacement rates, two distinct behaviors were identified with
stiffness (S) and reactionary load rate (LR) values at a peak load of 5 N (S5 N=290–523 N/mm)
being significantly lower than those at 10 N (LR5 N=1–10 N/s) and higher (S10N–20 N=380–684 N/
mm; LR10N–20 N=1–19 N/s). Digital image correlation revealed the possibility of a screw-like
motion of the tooth into the PDL-space, i.e., predominant vertical displacement of 35 μm at 5 N,
followed by a slight increase to 40 μm at 10 N and 50 μm at 20 N of the tooth and potential tooth
rotation at loads above 10 N. Narrowed and widened PDL spaces as a result of tooth displacement
indicated areas of increased apparent strain within the complex. We propose that such highly
strained regions are “hot spots” that can potentiate local tissue adaptation under physiological
loading and adverse tissue adaptation under pathological loading conditions.

1. INTRODUCTION
The bone-tooth fibrous joint is a dynamic organ that responds to several extrinsic factors to
maintain occlusal function (Herring, 2012; Ten Cate, 1998). One prominent extrinsic factor
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is functional load (Herring, 2012; Popowics et al., 2009). Loads within physiological
threshold limits permit soft and hard tissue turnover and maintain optimum periodontal
ligament (PDL)-space between the tooth and bone (McCulloch et al., 2000; Niver et al.,
2011; Ten Cate, 1998). However, changes in PDL-space can be caused by aberrant loads,
eliciting a positive feedback that perpetuates mineral forming and/or resorbing areas in both
vascularized bone and cementum. Changes to the adjacent mineralized tissues can increase
and/or decrease PDL-space, eventually altering the ability of the PDL to optimally transmit
occlusal loads. (Graber and Vanarsdall, 1994; Hurng et al., 2011; McCulloch et al., 2000).
As such, mechanical loads on the fibrous joint could induce local strains within the bone-
PDL-cementum complex that can generate site-specific physiological changes to maintain
the PDL-space or pathological tissue adaptations if loads exceed physiological threshold
limits (Bartold, 2012; Wolff, 1986).

Over time, organ-related biomechanics, including tooth deformation, have been investigated
using strain gauges (Jantarat et al., 2001; Popowics et al., 2009; Popowics et al., 2004),
photoelasticity (Asundi and Kishen, 2000, 2001), Moiré interferometry (Wang and Weiner,
1998; Wood et al., 2003), electronic speckle pattern interferometry (Zaslansky et al., 2005;
Zaslansky et al., 2006), digital image correlation (DIC) (Qian et al., 2009; Zhang et al.,
2009), and in situ loading devices coupled to X-ray microscopes (Naveh et al., 2012).
However, strain maps using photoelastic, finite element, and numerical methods are limited
due to assumptions of constitutive properties of tissues and their interfaces (Cattaneo et al.,
2005; Komatsu et al., 2004). Among other technique-related problems, Moiré and ESPI are
surface-sensitive and do not provide bone-root association unless the organ is sectioned to
expose internal structures. In addition, observed PDL mechanics have been predominantly
limited to transverse block sections of the bone-PDL-cementum complex (Chiba and
Komatsu, 1993; Komatsu et al., 2004). The approach presented in this study exploits
technology to date by using a mechanical testing device coupled to a high resolution X-ray
microscope (Lin et al., 2012; Naveh et al., 2012) and subsequent use of DIC to identify
displacement fields within the bone-tooth fibrous joint.

The objective of this study is to identify the mechanical response of an intact, healthy bone-
tooth fibrous joint to simulated compressive loads. Mechanical response of the bone-tooth
fibrous joint will be discussed in three steps: 1) mapping the displacement response of the
tooth within the alveolar socket in relation to compressive load; 2) correlating the load-
displacement curves to the bone-tooth association qualitatively and quantitatively; 3)
mapping local displacements within the bone-PDL-cementum complex by digitally
correlating 2D virtual cross sections (2D sections taken from 3D tomographic data sets) at
no-load and loaded conditions. This experimental approach allows performing higher
resolution imaging without disturbing the loading scheme and the organ. Using DIC as a
post processing tool and eliminating the need for sample preparation (Qian et al., 2009;
Ziegler et al., 2005) opens a new area of investigation in understanding dynamic processes
of different complexes under various loading scenarios (Dickinson et al., 2012; Okotie et al.,
2012). Through a hierarchical study from joint function to tissue-level strains, strain
concentrated and amplified regions will demonstrate “hot spots”. By analyzing these hot
spots, we can predict dominant tensile, compressive, and/or shear strains within soft and
hard tissues, including the PDL-bone and PDL-cementum interfaces of the fibrous joint.

2. MATERIALS AND METHODS
All animal experiments conducted in this study were housed in pathogen-free conditions in
compliance with the guidelines of the Institutional Animal Care and Use Committee
(IACUC) of UCSF and the National Institute of Health (NIH). Eight five-month-old male
Sprague Dawley rats (Charles River Laboratories, Inc., Wilmington, MA) on a hard-pelleted
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diet (hard-pellet diet is the normal diet for rats) and bred within a germ-free environment
were used. The intact maxillae were freshly harvested after euthanasia and stored in Hank’s
balanced salt solution (HBSS) with 0.2% sodium azide (Carvalho et al., 1996) for
compression tests.

2.1. In situ compression stage
Following specimen preparation (Fig. 1) for compression testing (see Supplemental
Information including Fig. S1 for evaluation of compression stage stiffness), contact with
the occlusal composite was ensured by initiating a compression load of 0.2N. The second
molar was loaded at various displacement rates (velocities) of 0.2, 0.5, 1.0, 1.5, and 2.0 mm/
min (Hiiemae, 2004; Thomas and Peyton, 1983) until various peak reactionary load
responses of 5, 10, 15, and 20 N (Nies and Ro, 2004) were detected by the transducer.

2.2. Analysis of load-displacement curves
Stiffness (S in N/mm) was determined by using a linear regression model fit to the last 30%
of the load/displacement data of each compression cycle (Fung, 1993; Popowics et al., 2009)
(see Supplemental Information, Fig. S2). Loading rate (N/s) was also calculated in a similar
fashion, but by using the load–time data (see Supplemental Information, Fig. S2).
Specifically, the loading curve was used as we are interested in the response of the fibrous
joint to compressive loads during mastication (represented by the loading curve) rather than
to its recovery. Strain rates as a result of displacement rates for loading and unloading can be
different accounting for different rates of interstitial fluid during efflux and influx.

2.3. Micro-X-ray computed tomography (μ-XCT) analysis of the loaded fibrous joint
Before scanning, the tooth was displaced at a constant rate of 2.0 mm/min to a peak
reactionary load of 5 N, 10 N, and 20 N respectively. The specimens were scanned with X-
rays after the load equilibrated (Fig S2). X-ray imaging was performed using a tungsten
anode with a setting of 75 KVp at 8 W at binning 2 and a quartz silica (SiO2) filter designed
specifically for biological specimens. The second molar and bone was kept within the field
of view by using a 4x lens. 1800 projections were collected at an exposure time 6 s for each
projection.

2.4. Digital Image Correlation (DIC)
The DIC method enables identification of tooth displacement with respect to the alveolar
bone by using equivalent mesial–distal and buccal–lingual virtual sections, respectively, at
no load (0N) and loaded conditions (5, 15, 20N). 2D virtual sections at respective loads were
selected from μ-XCT tomographs. Virtual sections were digitally correlated using
commercial software VEDDAC (CWM GmbH, Chemnitz). The software calculates the
displacement of the tooth relative to the adjacent bone by comparing the two images with an
image processing correlation algorithm while correcting for rigid body movement.

3. RESULTS
3.1. Fibrous joint response to compressive loads

The stiffness of the mechanical testing device was significantly higher than the experimental
specimen under investigation (Fig. S1). Representative displacement-time curves confirm
the sensitivity of the compression stage in detecting changes in displacement based on
varied loading velocities as inputs for compression of the second maxillary molar within an
intact maxilla (Fig. 2a). Representative load-time curves showed that load rate response
increased as the velocities increased (Fig. 2b). With increased velocity, load-displacement
curves continued to exhibit a nonlinear biomechanical response of the fibrous joint (Fig. 2c).
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For each given displacement rate, load-displacement curves at all peak reactionary loads
overlapped (Fig. 1d). No significant differences in load–displacement response of the
fibrous joint were observed with changes in velocity (Fig. 2c) or peak reactionary loads.
Reactionary load rates at 5 N were significantly lower than reactionary load rates at peak
reactionary loads greater than and including 10 N (Student’s t-test with unequal variance,
P<0.05). At velocities of 1.5 mm/min and 2.0 mm/min, reactionary load rates at 10 N were
significantly lower than those at 15 N (Student’s t-test with unequal variance, P<0.05).
There were no significant differences in reactionary load rates between 15 N and 20 N
across all displacement rates (Fig. 2d).

At each peak reactionary load, a positive correlation between stiffness and displacement rate
was observed (Fig. 2e). Across all displacement rates, two distinct groups of stiffness values
were identified. The stiffness values at 5 N were significantly lower than those at 10, 15, and
20 N (Student’s t-test with unequal variance, P<0.05). Stiffness values at 10 N were
significantly lower than stiffness values at 15 N at displacement rates of 0.2 mm/min and 2.0
mm/min (Student’s t-test with unequal variance, P<0.05). No significant differences in
stiffness values between 15 N and 20 N across all displacement rates were identified, but
stiffness values at 15 N and 20 N converged with increasing displacement rates.

3.2. Bone-PDL-tooth association using an in situ loading device coupled to a μ-XCT
The fibrous joint response to compression was visualized in 2D mesial-distal and buccal-
lingual virtual sections through the lingual roots and distal roots, respectively (Fig. S3a, b;
please open movies with QuickTime™). Comparisons between no load, 5, 10, and 20 N peak
reactionary loads were made by maintaining the alveolar bone as a reference. Overall, the
lack of identical sections through the crown and roots when under load, showed that the
tooth displaces out of the sectional plane presumably due to out-of-plane rotation and/or
displacement normal to the virtual section. The tooth exhibited predominantly vertical
displacement into the PDL-space and interradicular bone at 5 N and 10 N (Fig. S3). With
increasing compressive load above 10 N, minimal vertical tooth movement was observed. In
the coronal regions, decreased PDL-space adjacent to the distal and buccal surfaces of each
root and increased PDL-space adjacent to mesial and lingual surfaces of each root were
observed (Fig. S3a, b). Apical regions exhibited opposing effects with decreased PDL-space
adjacent to the mesial and lingual surfaces of each root and increased PDL-space adjacent to
distal and buccal surfaces of each root.

3.3. Digital imaging correlation illustrates tooth displacement relative to bone
The rigid body motion in Figures 3a, 3b, and 3c was corrected by using an extra tool,
VEDDAC, where all calculated displacements were made relative to bone. Figures 3a and
3b show DIC results of the displacement in occlusal (Y) direction in mesial-distal and
buccal-lingual virtual sections at different loads to which rigid body correction was applied
(30 μm at 5 N, 40 μm at 10 N, and 50 μm at 20 N). The colored regions represent areas that
were digitally correlated. The colors were selected such that a displacement range of almost
10 μm is visualized by the same color. The areas which did not move during loading are
colored yellow and correspond to a displacement of −5μm to 5μm. DIC on mesial–distal
sections (Fig. 3a) illustrated approximately half of the displacement for a quarter of the
maximum load, where both roots moved equally in the Y-direction. No significant
displacement in X-direction was found in the mesial-distal section at a load of 5 N (not
shown) and for an increased load of 10 to 20 N. However, when loaded to 10 N the buccal
root moved more in the Y-direction than the lingual root, indicating rotation of the tooth
(Fig. 3b, c). This rotation was confirmed by a displacement in the X-direction as shown at
20 N in the buccal-lingual section (Figure 3c).
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4. DISCUSSION
This study seeks to predict areas of “heightened” adaptive potential within a bone-tooth
organ by investigating: 1) the mechanical response of the intact fibrous joint, 2) the degrees
of freedom of tooth movement in relation to the alveolar socket, and 3) the resulting areas of
increased PDL and/or mineralized tissue compression. It has been suggested that the
mandible during mastication rotates upward and protrusively along an elliptical path,
resulting in the upward and forward movement of mandibular molars during mastication
(Hiiemae, 1971; Hiiemae, 1967; Hunt et al., 1970). Therefore, the opposing maxillary
molars are speculated to displace both vertically into and mesially within the alveolar
socket. As such, specimens were loaded uniaxially – a principal component of in vivo
occlusal loads. Results illustrated an in situ behavior of the PDL and a 3D relationship of the
root surface with the inner surface of the alveolar bone in an intact fibrous joint.

Cellular responses due to function-induced strains promote PDL-turnover (Beertsen et al.,
1997; Berkovitz, 1990; McCulloch et al., 2000), perpetuate bone remodeling and modeling
(McCulloch et al., 2000; Roberts, 1999), and control cementum growth (Luan et al., 2007;
Niver et al., 2011). Strain-related tissue changes are dependent on both the diet hardness
(magnitude of load) and the frequency of loading (Niver et al., 2011). In this study, it is
plausible that frequency of chewing loads is comparable to loading rates of the tooth in the
alveolar socket (Fig. 2a), and diet hardness is comparable to the magnitude of reactionary
loads (Fig 1d). As a result, the rate at which the tooth is displaced into the alveolar socket
and the reactionary loads that are felt are dependent on the dominance of an individual
constituent or a combinatorial effect of polyphasic constituents that make up and act as key
players within the tissues and the complex.

Periodontal tissues and their interfaces contain various stress and strain relieving
components such as mineral; fibrillar proteins including collagen, fibronectin, elastin;
globular proteins, such as glycoproteins and polyanionic proteoglycans. The globular
proteins interact with fibrillar proteins, interstitial fluid (including bound and unbound
water) and blood (Embery et al., 2000; Ho et al., 2005; Nanci and Bosshardt, 2006; Ten
Cate, 1998). These components with respective constitutive properties could have different
load-bearing responses individually or combinatorially depending on the rate of loading
(Papadopoulou et al., 2011). This effect is evident in Figures 2b–2e, which highlights
varying reactionary loads depending on the rate at which the tooth is displaced in the socket.
Although these measurements are not significantly different, the upward trends of increasing
range of reactionary load rates with increasing velocities are noticeable (from 1.0–2.0 mm/
min at 0.2mm/min to 8.0–18.5 mm/min) (Fig. 2). This is because, at lower velocities, such
as 0.2 mm/min, unbound interstitial fluids within the joint could have enough time to move,
resulting in a similar reactionary rate response (Fig. 2d). Hence, if a virtual scan were to be
performed at a displacement rate of 0.2 mm/min, regardless of the peak reactionary loads,
the corresponding root association with bone would be similar. This is because the energy
due to displacement of the tooth and resulting PDL compression at a displacement rate of
0.2 mm/min, regardless of reactionary loads (5–20 N), could manifest into shear between
different components in addition to fluid flow through the organic network and blood vessel
channels within PDL and bone. Interestingly, with an increase in velocity, the rate at which
reactionary loads are sensed increases (Fig. 2d). Increased reactionary response from 0.5
mm/min and above could be due to inadequate time for fluid flow (Fig. 2b). As such, higher
velocities could manifest into a strain hardening-like characteristic contributed by both the
viscous and elastic constituents, making the complex apparently elastic in nature. These
effects are observed at loads greater than 10 N.
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Despite the linear behavior between velocity and reactionary load rate (Fig. 2d), it should be
noted that the effect from viscous constituents is highlighted by the nonlinear behaviors of
load with time (Fig. 2b) and load with displacement (Fig. 2c) regardless of the displacement
rate. Hence, it can be argued that the load bearing nature of the bone-PDL-tooth complex in
this study at and above 10 N is dependent on a combinatorial response of all phases
equivalent to an elastic response. This equivalent elastic response is echoed by the
statistically significant lower range of stiffness (S5N = 290–523 N/mm) and reactionary load
rate (LR5N = 1–10 N/s) values at 5 N, compared to 10N and higher (S10N-20N = 380–684 N/
mm; LR10N- 20N = 1–19 N/s) across all displacement rates (Fig. 2e). In between peak
reactionary loads of 5 N and 10 N, the viscous constituents could play a dominant role. It
can also be argued that the interdependency of the viscous and elastic contributions can be
decoupled within appreciable limits by removing the effect of the viscous constituents using
enzymes to digest PGs, elastin, and/or collagen (Ho et al., 2005; Komatsu, 2010; Ujiie et al.,
2008). However, a lack of the viscous component would imply decreased strain relaxation,
dampening mechanism, and fracture resisting characteristics, of the tooth and bone. The lack
of significant differences in the stiffness values across displacement rates for each peak
reactionary load (Fig. 2e) is most likely due to the lower range of displacement rates that the
instrument offers for which the fibrous joint was tested (Fig. 2c). This argument is further
reinforced by previous studies that have confirmed a significant change in the load-
displacement behavior of greater ranges of displacement rates of 1–104 mm/24 hours
(Komatsu and Chiba, 1993).

Effects of strain relaxation and as a result the association of the root with the bone were
identified in our virtual sections. Before scanning the specimen under loaded conditions, it is
necessary to bring the system to an equilibrium state, i.e. under static load. During this
process, we were able to map the decay of peak reactionary loads (Fig. S2) and, as a result,
displacements (Fig. 3) within the complex. For a higher peak reactionary load of 20 N,
higher strain relaxation was observed (Fig. S2c). Following an equilibrated position, the
relative position of the root to the bone was analyzed using DIC. It should be noted that
while the load-displacement curves provided the total displacement of the tooth into the
alveolar socket at any given instance of time, the displacement observed using DIC was
equivalent to the equilibrated condition at the time of scanning the specimen. During the
time taken to equilibrate which is equivalent to 1 hour, it is only inevitable that complex
could have recovered to a displacement equivalent to a reactionary load of 16–17 N (Fig.
S1a). As such, we suspect that DIC calculations of tooth position would be more accurate
under loading conditions at 0.2 mm/min, during which there is decreased strain hardening
(Fig. S2c – decay curves for a peak reactionary load of 20 N compared to 5 N), and resultant
delayed tooth movement.

Lack of identical tooth sections despite having identical AB sections illustrated a seminal
biomechanical response of the tooth relative to the bone. Results illustrate that in response to
uniaxial loading, the tooth could initially undergo vertical displacement predominantly in
the first 5 N (Fig. 3, 4a.1.) of reactionary load, during which uncrimping of collagen (Miller
et al., 2012) and partial pumping of interstitial fluid into endosteal and bone marrow spaces
could occur (S5N = 290–523 N/mm) (Bergomi et al., 2010). Upon increased loading, strain
hardening of collagen and hydrostatic pressure of tissues could play a significant role (Fig.
4a.2.), with contribution from mineralized tissues coming into play at loads above 10 N
(S10N-20N = 380–684 N/mm; Fig. 4a.3). Fracture of alveolar bone was observed in some
specimens at 15 N and 20 N of load response (Fig. 4a.4.). The increase in hard tissue
influence at intermediate loads (10–15 N) and fracture of bone at higher loads (15–20 N)
could have contributed to the lack of significant differences in stiffness and reactionary load
rate between 15 N and 20 N of peak reactionary load. As such, 15 N is the suggested upper
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limit for future studies on fibrous joint mechanics of rat maxilla with the loading system
used in this study.

Based on DIC results, compressive loads can promote a see-saw like motion about the
interradicular fulcrum coupled with torsion (i.e., screw-motion) (Fig. S3a, b; Supplemental
Videos 1 and 2, please open movies with QuickTime™) (Chattah et al., 2009; Christiansen
and Burstone, 1969). Hence, the downward screw-motion can promote opposing strain
fields within the complex. These can be compression and tension fields within local regions
that occur as “hotspots” within the bone-PDL-cementum complex depending on the
direction in which the tooth rotates and translates (Fig. 4b). As a result, it is likely that cyclic
loading due to chewing can promote a compression zone opposing a tension zone within the
same complex. While the rotation could be in excess of load-direction and also depends on
the morphology of the bone-PDL-tooth joint, results presented in the manuscript arguably
should be viewed as a condition indicative of natural tooth biomechanics in the animal. The
in vivo horizontal force vectors on the maxillary molar could promote a greater rotational
displacement within the socket than seen in our predominantly axial loading experiments,
and in turn can increase the number of experimentally observed “hot spots”. Regardless,
compression-based strain fields are known to promote resorption in bone, while tension-
based strain fields are known to promote mineral formation. As such, with cyclic chewing
loads, it is expected that tension-based and compression-based strain fields in the complex
can promote subsequent cellular response for continuous physiological remodeling and
maintenance (Beertsen et al., 1997; Herber et al., 2012) or pathological adaptations leading
to function impairment (Bartold, 2012; Hurng et al., 2011; Wolff, 1986).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Specimen preparation for in situ mechanical testing
(A) A hemimaxilla secured on to a steel stub with poly(methyl methacrylate) (PMMA) and
with occlusal buildup on the second maxillary molar for uniform loading and compression
by using an in situ loading device. (B) A μ-XCT radiograph shows the relationship of the
leveled-composite surface with the opposing anvil (inset). (C) Uniform loading on the
occlusal build-up is indicated by the contact area marked with ink sprayed on the anvil
surface (green, inset). (D) A representative output of loading and unloading load-
displacement curves for various peak reactionary loads.
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Figure 2. Fibrous joint response to compression as represented through load rate and load-
displacement
Representative graphs illustrate load response vs. time (A), displacement vs. time (B), and
load vs. displacement (C) for each displacement rate. Averages of reactionary load rates (D)
and stiffness values (E) for each peak reactionary load are also plotted against displacement
rate. Shaded regions illustrate upper and lower limits within one standard deviation of
average reactionary load rates (D, blue – 5 N, yellow – greater than 10 N) and stiffness
values (E, blue – 5 N, yellow – greater than 10 N) across all experimental
conditions. a,b,c,d,e,f,g Indicates significant difference (Student’s t-test, P<0.05).
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Figure 3. Digital imaging correlation (DIC) used for displacement mapping of the second
maxillary molar (tooth) in relation to alveolar bone (AB) at 4x magnification
2D virtual mesial-distal (A) and buccal-lingual (B,C) sections indicate regions analyzed at 5
N (a, d), 10N (b, e), and 20 N (c, f, and C) of peak reactionary load. All comparisons were
made against conditions of no load (0 N). Color-coded regions indicate areas analyzed for
changes in horizontal (x shift) and vertical (y shift) displacement fields.
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Figure 4. Biomechanical response model of a rat molar within the AB socket
Soft (red box) and hard (blue box) tissue responses are demarcated within a representative
load-displacement curve derived from compression testing. Numbered segments within the
curve represent different stages of the progression of tooth movement within the alveolar
socket. The response of the fibrous joint is illustrated in the subsequent images: (1) response
to initial tooth movement up to 5 N response to uniaxial load, (2) increasing tension and
compression of PDL with strain hardening effects along with (3) possible deformation of
hard tissues within the tooth and AB under higher loads, and (4) fracture of the alveolar
bone and/or tooth under increased loading. (B) Proposed concentrated areas of strain within
PDL are illustrated in blue.
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