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Abstract

Reduced functional loads cause adaptations in organs. In this study, temporal adaptations of bone-

ligament-tooth fibrous joints to reduced functional loads were mapped using a holistic approach. 

Systematic studies were performed to evaluate organ-level and tissue-level adaptations in 

specimens harvested periodically from rats given powder food for 6 months (N = 60 over 

8,12,16,20, and 24 weeks). Bone-periodontal ligament (PDL)-tooth fibrous joint adaptation was 

evaluated by comparing changes in joint stiffness with changes in functional space between the 

tooth and alveolar bony socket. Adaptations in tissues included mapping changes in the PDL and 

bone architecture as observed from collagen birefringence, bone hardness and volume fraction in 

rats fed soft foods (soft diet, SD) compared to those fed hard pellets as a routine diet (hard diet, 

HD). In situ biomechanical testing on harvested fibrous joints revealed increased stiffness in SD 

groups (SD:239-605 N/mm) (p<0.05) at 8 and 12 weeks. Increased joint stiffness in early 

development phase was due to decreased functional space (at 8wks change in functional space was 

−33 µm, at 12wks change in functional space was −30 µm) and shifts in tissue quality as 

highlighted by birefringence, architecture and hardness. These physical changes were not observed 

in joints that were well into function, that is, in rodents older than 12 weeks of age. Significant 

adaptations in older groups were highlighted by shifts in bone growth (bone volume fraction 

24wks: Δ-0.06) and bone hardness (8wks: Δ−0.04 GPa, 16 wks: Δ−0.07 GPa, 24wks: Δ−0.06 

GPa). The response rate (N/s) of joints to mechanical loads decreased in SD groups. Results from 

the study showed that joint adaptation depended on age. The initial form-related adaptation 

(observed change in functional space) can challenge strain-adaptive nature of tissues to meet 

functional demands with increasing age into adulthood. The coupled effect between functional 

space in the bone-PDLtooth complex and strain-adaptive nature of tissues is necessary to 

accommodate functional demands, and is temporally sensitive despite joint malfunction. From an 
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applied science perspective, we propose that adaptations are registered as functional history in 

tissues and joints.

1. INTRODUCTION

Functional loads arise from every day activities and are the primary environmental factors 

responsible for guiding tissue and organ development and growth [1,2]. From a 

developmental standpoint, stiffness gradients due to passive stretch in matrices are thought 

to play a role in cell polarity, differentiation, organization, migration, and contribute to the 

synthesis and turnover of organic and inorganic constituents [3]. Subsequently, during 

growth, tissue maturation through increasing number of crosslinks in organic matrices and 

phase changes in mineral [4] occur based on functional cues throughout the lifespan of an 

organism [1].

In a bone-periodontal ligament (PDL)-tooth fibrous joint, the primary functional loads are 

enabled by the muscles of mastication, including the masseter, temporalis, medial pterygoid, 

and the upper/lower lateral pterygoid [5,6]. Magnitudes and frequencies of functional loads 

are dependent on many intrinsic and extrinsic factors [7], including muscle efficiency (e.g. 

higher in men vs. women, higher in younger vs. older [8–10]), diet hardness (e.g. softer 

foods and/or liquid diet vs. harder foods [11,12]), and other forms of behavioral loads (e.g. 

nail biting, tongue trusting, jaw clenching, bruxism [13,14]). As a result, functional loads 

within the oral cavity are categorized as physiologic (e.g. food chewing), pathogenic (e.g. 

bruxism), and therapeutic (e.g. orthodontic loads). Hence, it is conceivable that a change in 

magnitude of functional loads due to one or more of these factors can change the axial and 

lateral loads on a tooth and its relative position within the alveolar socket. In this study, 

functional adaptation by evaluating overall changes in biomechanics of a fibrous joint and 

adaptation of the respective tissues the makeup the joint were investigated by modulating 

chewing forces and frequencies through hardness of food given to rats.

Functional (i.e. overload, disuse, and directional load) adaptations in bone, cementum, and 

the PDL are often evaluated systematically using small-scale animal models, such as 

rodents. Studies focusing on muscle activity have noted a decrease in muscle contraction 

and an increase in contraction rate with a decrease in magnitude and an increase in loading 

frequency when hard pellet diet (HD) normally given to rats is replaced with either liquid, 

pudding, or powder soft diets (SD) [15,16]. Studies leveraging the load-mediated response 

have mapped changes in mass of alveolar bone [17,18], bone architecture [19], and PDL 

orientation and turnover rates. A previous study from our laboratory reported changes in 

hardness of alveolar bone and cementum, and mineral profile changes across the bone-PDL-

cementum complex harvested from rats subjected to SD [20].

Considering the fibrous, hygroscopic, vascular, and innervated nature of the ligament 

between the tooth and the vascularized alveolar socket, the bone-PDL-cementum complex 

contains biophysical and biochemically graded fibrous PDL-bone and PDL-cementum 

entheses [21]. Early investigators isolated and performed biomechanical studies on 

transverse sectioned blocks of the bone-PDL-tooth complex and focused on the PDL’s 

intrusive, extrusive and related viscoelastic/viscoplastic characteristics [22–26]. 
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Subsequently, by using an in situ mechanical loading device coupled to an x-ray 

microscope, biomechanical studies on intact bone-PDL-tooth fibrous joints, and geometric 

relationship of tooth with the alveolar socket in humans [27] and other mammalian models 

under normal [28–30] and diseased conditions [31] were performed.

In this study, following reduced chewing forces on bone-PDL-tooth complexes of rats for a 

period of 20 weeks (24 weeks total age), the questions that were asked included: 1) is there a 

shift in biomechanics of fibrous complex exposed to reduced functional loads? 2) Do 

adaptive properties of tissues, i.e. physicochemical properties of bone, cementum, and 

periodontal ligament in reduced-function and normal-function groups converge to similar 

patterns with the age of the mammal? 3) What is the clinical significance in adaptive 

properties (physicochemical) of softer and harder tissues within the joint under prolonged 

reduced function? These questions were explored by designing experiments to identify shifts 

in stiffness of fibrous joints from HD and SD groups and correlating the shifts to tissue-level 

adaptations in respective groups. Hence the objective of the study was to use a holistic 

approach (as opposed to commonly adopted reductionist approach), in that, insights into 

tissue adaptations in rats aged 6 to 24 weeks were evaluated and discussed within the 

context of overall biomechanics of intact joints. Results demonstrated an altered 

biomechanical response of the fibrous joint through identifiable changes in: 1) joint 

reactionary response to in situ loading as seen by load-displacement and load-time 

relationships, and by comparing these readings to 2) changes in organization and structure of 

adapted hard/soft tissues and 3) bulk material properties of hard tissues.

2. MATERIALS AND METHODS

2.1. Reduced functional load animal model

All experimental protocols were compliant and followed the guidelines of the Institutional 

Animal Care and Use Committee (IACUC) [20]. Sprague Dawley male rats (N = 60; 

Charles River Laboratories, Inc., Willmington, MA) at 4 weeks of age were divided into 2 

groups and fed one of two nutritionally equivalent foods, which differed only in hardness, 

hard pellet food (Hard Diet = HD; N = 30) or soft powder chow (Soft Diet = SD; N = 30) 

(PicoLab 5058, LabDiet, Deans Animal Feeds, Redwood City, CA, USA).

To measure the effects of load-mediated changes due to food hardness across age groups, 

separate animals groups were grown to 8, 12, 16, and 24 weeks. Mandibles were harvested 

from sacrificed animals at each time point and separated into right and left hemimandibles 

(Fig. 1). Right hemimandibles were used to perform biomechanical testing using an in situ 

loading device coupled to a micro X-ray computed tomography/microscopy unit (Micro 

XCT-200, Carl Zeiss, Pleasanton, CA) (Fig. 1a and b). Specimens were stored in a tris-

phosphate buffer solution supplemented with 50 µg/mL of penicillin and streptomycin [32]. 

Left hemimandibles were processed for histology.

2.2. Biomechanical testing and in situ imaging of functional-space in intact fibrous joints

The harvested hemimandibles were prepared for in situ biomechanical testing as described 

previously [28,29]. Prepared specimens were loaded in situ (MT500CT, Deben UK Ltd, 
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Suffolk, UK) to several displacement rates (0.2, 0.5, 1.0, 1.5, 2.0 mm/min) and peak loads 

(5N, 6N, 8N, 10N, 15N) within the detectable ranges of the mechanical testing device (Fig. 

2). The load cell outputs of time, reactionary response to load, and displacement (Fig. 1d) 

were further processed to describe the biomechanical response of the dentoalveolar complex 

(stiffness and loading rate response) [28,29]. Joint stiffness (N/mm) was calculated by 

approximating the final 30% of the load vs. displacement graph [29,33,34] with a linear 

regression model (Fig. 1c). Reactionary response of the joint to loads was calculated by 

evaluating load rate (N/s) from load vs. time gradient similar to stiffness. Relationships 

between parameters were evaluated statistically across age and diet groups and across the 

gradient within the specimens using a mixed effects regression model with random 

specimen effects. To highlight the multivariable effects of our data, 3D surface plots relating 

joint stiffness against a two dimensional axis (age and displacement, age and peak load) 

were generated using a custom MATLAB code (MATAB, Mathworks, Natick, MA).

Specimens used for biomechanical testing were also imaged using X-ray microscopy (XRM) 

(Micro XCT-200, Xradia, Pleasanton, CA) to identify structural changes within the 

dentoalveolar complex. A virtual sagittal plane bisecting the distal and mesial lingual roots 

of the 2nd molar was selected from tomograms taken at no load to evaluate changes in 

functional PDL-space. Functional PDL-spaces were measured between tooth and bone 

specifically in the interradicular region and the data was compared within and across HD 

and SD groups.

2.3. Hardness of bone, cementum and dentin

Specimens were cut orthogonally to the occlusal plane (sagittal) of the molars into two 

halves and embedded in epoxy. The exposed surface containing the bone-PDL-tooth 

complex was polished using a series of fine diamond suspension slurries (Buehler Ltd., Lake 

Bluff, IL) [35]. Microindentation was performed on the secondary cementum (located at the 

apical 1/3 of the root) of the tooth, interradicular bone, and interdental bone of the alveolar 

complex using a Knoop indenter [35]. Rows of microindents (10 seconds, 20 gf, dry 

conditions) were arranged according to ASTM E384-99 [36].

3.3. 2.4. Collagen fiber birefringence and root-PDL directionality in adapted complexes

Histology sections containing an intact distal root from the 2nd molar were selected for PSR 

staining (n=3 at all time points and diet groups) [31]. Stained slides were analyzed using a 

directionality function of Fiji (Jean-Yves Tinevez, [37]) to compute PDL directionality. PDL 

directionality measurements of the mid-root were taken on the mesial and distal sides and 

were analyzed for age and diet trends. Quantification of orientation through birefringence 

was performed by rotating the specimen stage until the region of interest illustrated 

maximum birefringence. Average intensities over tissue area were calculated in the 

following regions: interradicular bone (IR-B), interradicular PDL fibers (IR-PDL), and 

oblique PDL fibers along the root (R-PDL).

2.5. Bone Volume Fraction (BVF) of interradicular bone

Bone volume fraction (BVF) was calculated using XRM tomograms of specimens. Sub-

volumes containing IR bone were isolated (Fig. 6), and bone volume fraction [38] equal to 
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bone volume (BV) divided by the total volume (TV) (total volume (TV) = bone volume 

(BV) + endosteal space) (Fig 6b) was calculated. The BV was isolated by using image 

segmentation (Avizo 8.1, FEI, Hillsboro, Oregon). Due to the complex geometry of the 

interradicular space, the total bone volume was identified by applying a morphological 

closing algorithm to the bone volume space, effectively including the endosteal spaces. This 

method was chosen over sampling cube regions in order to reduce the risk of under 

sampling.

3. RESULTS

3.1. Changes in biomechanical response to in situ loads

The biomechanics of the bone-PDL-tooth joints from respective groups was evaluated for 

different permutations of displacement rates and peak loads within the detectable ranges of 

the loading device. Load-displacement relationships (Figs. 1 and S1) were used to calculate 

joint stiffness by relating the displacement of the tooth within the socket to peak loads (Fig. 

2a). Stiffness vs. displacement relationships revealed distinct regions based on the peak load. 

Higher peak loads resulted in a shift to the right shown in 2D (stiffness vs. displacement: 

Fig. 2a) and 3D (stiffness vs. displacement vs. age Fig. 2b and c). While both HD and SD 

groups demonstrated an overlap (Fig. 2b–d), fibrous joints from HD had an increased 

displacement response compared to SD for the same load (Fig. 2a–c).

Shifts in stiffness due to SD were plotted as a function of age and peak load with separate 

plots generated for different displacement rates (Fig. 2d). Mixed linear regression models 

identified significant shifts in stiffness (SD-HD) as a result of reduced functional loading in 

younger groups (8 weeks and 12 weeks) and at higher loads (peak load = 15N, disp. rate = 

0.2 mm/min) (Fig. 2d). However, comparisons at older ages and at other loading schemes 

showed no statistical difference between diet groups (Fig. 2d).

3.2. Functional space at interradicular regions of the complex

Functional spaces using tomograms were compared between HD and SD groups across all 

ages (Figs. 3, S1, S2). In younger age groups (8, 12, 16 weeks), PDL functional space 

between and around the tooth furcation was significantly decreased in SD compared to HD 

group (p< 0.05; Student’s t-test) (Fig. 3b). At older ages, functional space continued to 

decrease, but no statistical significance (p>0.05; Student’s t-test) was observed between HD 

and SD starting at 20 weeks of age.

3.3. Collagen fiber birefringence and root-PDL directionality in adapted complexes

Overall, oblique fibers of the root PDL (R-PDL) were well-aligned and exhibited the most 

birefringence under polarized light microscopy (Fig. 4c and d). Within this region, the 

interfaces between the PDL and bone and cementum tended to have a higher birefringence 

compared with regions within the PDL per se. The PDL near the interradicular regions of 

the tooth furcation were spongy in nature and showed a significant decrease in birefringence 

compared with R-PDL fibers (Fig. 4c). Birefringence patterns within bone revealed distinct 

circular patterning of birefringence around the endosteal spaces (Fig. 4c).
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Birefringence intensity values of IR-PDL or bone regions did not correlate with age using 

our method; however the intensities increased as a function of age in both HD and SD 

groups within the R-PDL regions. At 8 weeks, intensities were significantly higher in HD 

groups compared to SD groups in R-PDL (p<0.05) (Fig. 4c). With an increase in age, the 

overall fiber angulation of the distal R-PDL decreased for both HD and SD groups (Fig. 4e).

3.4. Mechanical properties of secondary cementum, and interdental and interradicular 
bones

Within each specimen, the Knoop hardness of IR-bone was greater than that of interdental 

bone, which in turn was greater than secondary cementum (Fig. 5). Age-related trends for 

both HD and SD groups showed an increase in hardness for all tissues harvested from rats 

between 8 weeks and older. However, after 12 weeks of age, the hardness did not increase 

significantly with age. Tissues belonging to HD groups were harder than SD groups at 12, 

16 and 24 weeks for both IR and interdental bone (p<0.05 two-way ANOVA/Bonferroni ad 

post hoc test). Cementum from HD group was harder than cementum from SD groups at 12 

and 16 weeks.

3.5. Interradicular Bone Volume Fraction (BVF) as a function of age and diet

Within IR bone, bone separated from the endosteal space via segmentation is shown by 

comparing segmented endosteal space from IR-bone (Fig. 6a and b) and comparing identical 

sub-volumes of IR-bone, the apparent decrease in endosteal space (or increase in BVF) was 

seen (Fig. 6c). Volumetric measurements of segmented alveolar bone, showed an increase in 

BVF as a function of age (Fig. 6d). HD groups illustrated a significantly higher BVF 

compared to SD groups (p<0.05) at 24 weeks.

3.6. Reactionary load rates of the dentoalveolar joint

Reactionary load response patterns of the joint increased with age for both HD and SD 

groups (Fig. 7a). In younger groups, SD groups had a slightly increased reactionary response 

compared to HD groups (Fig. 7b). However, with an increase in age, reactionary response 

was greater in HD groups compared with SD groups (Fig. 7b).

4. DISCUSSION

The novel aspect of this study is demonstrated by mapping function-mediated adaptation of 

intact dentoalveolar complexes harvested from rats fed hard and soft diets respectively. The 

study seeks a multiscale approach, in that, stiffness of a macroscale fibrous joint and 

subsequently the physical properties of microscale regions within tissues that makeup the 

joint were evaluated and correlated.

The structural and chemical integrity of tissues is essential for joint function. In the case of a 

dentoalveolar fibrous joint, the cyclic chewing forces are absorbed and distributed to the 

surrounding tissues including the PDL, bone and cementum. The mechanically strained 

extracellular matrices will continue to signal cells and prompt changes in quality and 

architecture of respective tissues until an equilibrium is reached to meet functional demands. 

This is also known as functional adaptation and highlights strain-adaptive remodeling [39], 
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in that, the physicochemical properties of tissues that makeup the dentoalveolar joint change 

to accommodate functional demands. Results of this study will demonstrate this concept by 

1) identifying a shift in joint stiffness due to reduced functional loads, and 2) by correlating 

the shift in joint biomechanics to a shift in physicochemical properties of tissues that 

makeup the joints exposed to reduced function. The experimental approach involved 

biomechanical testing of harvested joints at combinations of low to high displacement rates 

of low to high peaks loads using an in situ compression loading device. The experimental 

parameters to determine joint biomechanics are acceptable to identify differences in joint 

stiffness within and across groups, but do not mimic in vivo function.

The effect of reduced functional loads (SD group) on overall joint biomechanics was noted 

by decreased tooth displacement in the alveolar socket and was complemented by an 

increased joint stiffness upon compression of the tooth into the alveolar socket (Fig. 2 and 

S1). Since there was a relationship between the tooth displacement and joint stiffness, we 

turned our attention to the functional space within the dentoalveolar complex. In general, the 

functional space between IR bone and its respective tooth is the least when compared to any 

other anatomical locations [29, 31]. As such, IR bone is the first contact region, as the tooth 

pivots about IR bone when under function, and from a biomechanics perspective is an area 

where strains are predominantly concentrated [29, 31]. Given that the unopposed tooth-

molar model indicated cementum accretion [40], it is conceivable that IR cementum growth 

due to reduced functional loads prompted an earlier contact between tooth and bone (Fig. 3, 

Fig. S2). However, the significant decrease in functional space as well as an increase in 

stiffness between the groups was only observed in the younger groups (8 and 12 weeks) with 

no observable changes in the older groups (16, 20, 24 weeks). Within the aforementioned 

argument lies a confounding factor, in that, it is plausible that the eruption rate of molars in 

the SD group was lower due to slower maturity of the rats. Hence rats belonging to both 

groups were weighed periodically (Fig. S1). No significant differences in body weights of 

rats were observed at earlier ages, and significant differences were observed at ages 16 

weeks and older (Fig. S1). Contrasting the body weight patterns were the observed 

significant differences in joint stiffness at earlier ages. Hence, should the differences in joint 

stiffness be correlated to differences in growth rate of cementum in SD and HD groups, 

further scanning of the interradicular site at a higher resolution to visualize and measure 

cementum width is warranted.

Joint stiffness is a manifestation of shifts in adaptive physicochemical properties of bone, 

cementum, and the PDL. In this study, insights into the interplay between form and function 

at multiple length-scales were established by first coupling load response of joints harvested 

from SD group to tooth-bone association and subsequently to individual properties of tissues 

in the complex by contrasting with controls (joints harvested from HD group). The current 

model in dentoalveolar biomechanics is that compressive loads displace the tooth into the 

socket by first causing deformation in the softer ligament [29, 31]. Increased compressive 

loads on the tooth can cause hardening of the ligament prior to deforming mineralized 

tissues, primarily bone. The PDL, like many other soft tissues, from a biomechanical 

perspective can be modeled as a two phase system: solid and semisolid. The solid phase is 

composed primarily of fibrillar proteins and nonfibrillar matrix proteins, including 
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proteoglycans which are fundamental structural elements that interact with each other and 

water [41,42]. The semisolid phase of the tissue is composed of bound interstitial fluid in the 

PDL. The mix of the two provides the characteristic feature, that is the load response rate of 

the organ [29, 31]. However, joint response can continue to change due to functional 

adaptation of the PDL as a result of altered turnover rate of various types of collagen which 

can be related to respective birefringence.

The architecture of the mesial PDL is significantly different from the distal PDL. This 

difference is due to the presence of large vasculature predominantly at the PDL-bone 

enthesis, passive strain due to innate hydrostatic pressure and the electrochemical activity of 

the glycosaminoglycans that prompt water retention and tension within the tissue. Hence 

birefringence using PSR staining is specific to anatomical location within the complex and 

along a root. In general the architecture of IR-PDL is heterogeneous compared to the 

polarized architecture of the oblique fibers of R-PDL. Heterogeneous organization of the IR-

PDL could explain its lower birefringence regardless of magnitude and frequency of 

functional loads. Relatively, the PDL fibers in mesial and distal complexes illustrated higher 

birefringence (Fig. 4c); a semi-quantitative marker resulting from collagen orientation, 

collagen quality (crosslink density) and type of collagen. Hence, the changes in intensity 

could be related to functional adaptation of the PDL (Fig. 4c) as a result of a change in 

natural turnover rate of PDL due to a change in functional load. However, a confirmatory 

result for functional adaptation of the PDL should be addressed using spectroscopy 

techniques similar to that used for cartilage degeneration [43].

The birefringence pattern in strained interradicular bone was illustrated by a circumferential 

pattern surrounding the endosteal spaces (Fig. 4c). Over time, it is likely that these regions 

will become osteons and can be termed as strain-induced adaptation underlined by 

circumferential collagen orientation interspersed with mineral as responsive events during 

remodeling [44]. These patterns increase with age as a result of increased birefringence in 

HD groups compared with SD groups. It is plausible that the formation of the observed 

birefringent rings is a response to function-mediated fluid flow over time. However, true 

birefringence of concentric circular or elliptical motifs (based on how the specimen was 

sectioned) is a challenge to measure quantitatively as polarized light is unidirectional in 

nature and can only capture a restricted angular range. Additional limitations include 

measurement sensitivity due to interfering structures within a 5–6 micron thick histology 

section and sectioning plane dependence of structural motifs.

Tissue structure in addition to ratio of organic to inorganic contents can affect its hardness. 

Rats experiencing reduced functional loads had significantly decreased hardness (Fig. 5) at 

older ages (12wks+) and corroborated with our previous study [20]. In particular, the 

hardness of IR bone was greater than interdental bone and cementum, with cementum 

illustrating the least hardness (Fig. 5). These shifts in mechanical properties of bone can be 

attributed to mechanosensitive osteocytes [45] in IR-bone.

It has long been said, that shifts in functional loads will also affect the shapes (form) of bone 

[46] and more recently was explained as an altered dynamics between blastic-and 

clasticcellular activities [47,48]. The resulting morphology can be a deviation in both the 
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total volume and shape of the bone as indicated by a change in bone volume fraction (BVF) 

(Fig. 6). Since large-scale morphological changes are evident long-term effects in tissues, 

BVF shifts were only statistically significant at 24 weeks (Fig. 6). Altered fluid flow due to 

altered functional loads could have caused a change in the number and shape of the alveoli 

to total bone volume. It is important to note the shift in indicators with age, that is, from 

joint stiffness at an earlier age to a change in tissue hardness and morphological features at a 

later age. Results demonstrate the capacity of form-induced strain in older animals, 

compared to the dominance of materialinduced differences in younger animals when 

compared to controls. The cumulative effect of form and material changes are better 

explained by illustrating a proof-of-concept on the decreased ability of joints from SD to 

react to simulated loads compared to HD which can react at a faster rate. Therefore, we 

hypothesize that softer tissues could be more sensitive to shifts in mechanical strain caused 

by a shift in velocity. It should be noted that the shift in kinetic energy can be a dominant 

factor in maintaining the needed turnover rate of the ligament to meet functional demands. 

The results imply a higher risk of fracture and mechanical failure in SD adapted complexes 

compared to HD joints for the same loads and velocities (Fig. 7).

From a biomechanics perspective, the joint stiffness and reactionary response to load altered 

with age. Morphometric changes within the joint space included an increase in BVF and a 

decrease in the joint space, resulting in a restricted tooth movement in the alveolar socket. 

Tissue specific changes included an increase in hardness within IR-bone, ID-bone and 

cementum, and an increase in collagen organization within the oblique fibers of the root 

PDL. These changes can be collectively seen as an adaptation to prevent joint damage when 

chewing harder foods. When analyzing changes due to the soft diets, the measurement of 

shifts in outcomes related to functional adaptation are best done by revisiting the two growth 

phases encapsulated within this study (rapid growth and mature stages) (Fig. 8a). Within the 

earlier time points when the rat is undergoing rapid growth, shifts due to the soft diet 

included a decrease in functional space as well a decrease in collagen organization of the 

root PDL. Since strain (%deformation) has been shown to be essential for tissue 

homeostasis, the comparative reduction of functional space may be an attempt to maintain 

normal physiological strain within the region (Fig. 8b and c) in response to the 

environmental signal. It is interesting to note that the observed growth patterns in cementum 

and alveolar bone are opposing, indicating differing mechanisms for mechanotransduction 

and/or the growth of these respective tissues (Fig. 8d). As the rat matures, shifts in joints 

stiffness as seen at earlier ages are not significant with age. It is suspected that the reduction 

in magnitude of functional loads might not be significant for continued joint adaptations 

albeit prompting changes in tissue architecture. Future experiments would need to be 

explored if a stronger stimulus (e.g. hypofunction) would produce stiffness changes in older 

rats. The focused timeframe of our study encapsulates observations over the period that is 

normally considered an active phase of laboratory rat (at and after 6 months these animals 

are normally retired and are minimally used for experiments).

In this study, experimental biomechanics under ex vivo conditions does not account for the 

hydrostatic pressure due to an active circulatory system [49]. However, biomechanical 

testing under ex vivo conditions can detect shifts in joint biomechanics. These shifts can be 
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due to form, material properties and reactionary responses of tissues to mechanical loads 

despite shifting the joint toward malfunction.

5. CONCLUSIONS

A reduction in functional loads resulted in short term shifts in joint biomechanics. The 

effects on joint stiffness are short-lived and were not observed with rapid growth and as it 

plateaus with age. The fact that this study showed that joint adaptation is dependent on age 

and that the initial form-related adaptation (observed change in functional space) can 

challenge tissues to meet the functional demands with increasing age well into adulthood has 

important clinical implications. Additionally, the coupled effect between shape and tissue 

properties is necessary to accommodate functional demands, and that the shifts in shape as 

determined by the change in functional space and bone volume fraction, and tissue 

properties as determined by hardness and semi-quantitative analysis of collagen 

birefringence are temporally sensitive despite shifting the joint to malfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Organ-level function-mediated changes are linked to morphology at a younger 

age and subsequently to physicochemical properties of tissues.

• Biophysical and biochemical adaptations in bone and PDL could be similar, but 

could inversely affect cementum to meet functional demands.

• Functional adaptation of bone, cementum, and the periodontal ligament are 

dependent on age.

• Adaptations are registered as functional history in tissues and joints.
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Figure 1. In situ loading device coupled to a XRM system to image tooth motion relative to the 
alveolar socket
a) Hemimandibles were prepared with composite buildups for mechanical testing and were 

placed in the load cell as shown. b) To ensure a parallel surface between the anvil and the 

composite buildup, occlusal marking paper was used (not shown) to mark uniform area of 

contact. c) The output of load displacement curve was analyzed by comparing the change in 

load (Δ Load) vs. the change in displacement (Δ Disp). d) 2D virtual section relating tooth to 

the alveolar socket. Please note that 1d is a GIF file and should be viewed under slide show.
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Figure 2. Stiffness values for fibrous joints obtained from those fed hard and soft diets 
respectively
a) The nonlinear plot illustrate joint stiffness values from all age groups when individually 

tested at different speeds (0.2, 0.5, 1.0, 1.5, 2.0 mm/min) and when loaded to 5 N (triangles 

– open and filled) and 15 N (squares – open and filled) respectively. Data for 6, 8, and 10 N 

are not shown but showed similar trends. The graph illustrates an increased range in 

displacement of the teeth from the HD group compared to displacement of teeth from SD 

group. 3D surface plots illustrate different spread of stiffness values with age (wks) and 

displacement (mm) when tested for peak loads of 5, 6, 8, 10, and 15 N in (b) HD groups and 
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(c) SD groups. d) Statistical differences between stiffness values calculated from load-

displacement relationships were analyzed using a mixed effects regression model and 

plotted as a function of age of the mammal. From the resulting 95% confidence intervals 

(blue – upper bound, green – lower bound, red – zero plane) the notable difference is that the 

joints from younger animals (8 and 12 week) in soft diet group were significantly stiffer than 

the joints from hard diet group under hard diet load-simulation conditions (higher load, 

lower displacement rate).
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Figure 3. XRM tomography measurements of interradicular PDL-space
a) Representative tomogram illustrating a bone--PDL-tooth complex. Functional space was 

measured within the interradicular region (white dotted box). b) At younger groups, a 

narrower interradicular space was observed in soft diet groups compared with hard diet 

groups. However, with an increase in age, the difference between hard and soft diet groups 

became less significant.
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Figure 4. Collagen birefringence and PDL directionality across groups and age
a) Histology sections were stained with picrosirius red. b) Imaging was primarily focused 

around the furcation and root-PDL (R-PDL) surrounding the distal root of the 2nd molar. c) 

Birefringence signal was measured in the following regions: interradicular bone (IR-B), 

interradicular periodontal ligament (IR-PDL), and R-PDL. IR-PDL revealed a sponge-like 

configuration while R-PDL illustrated an increased collagen fiber orientation. Under 

polarized light, collagen orientation was quantified within IR-PDL, IR-B, and R-PDL. White 

bars are 100 µms. Trends show increased birefringence as a function of age within PDL 
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regions and a decrease in birefringence as a function of age within interradicular bone. 

Statistical significance in birefringence between SD and HD is indicated with an (*) 

(p<0.05) and was only observed in the PDL of 8 week old. Graphical representation of 

averages and standard deviations show no age-related trends for both hard and soft diet 

groups. (d) Images using polarized light microscopy show regions of distal (yellow box) and 

mesial (red box) regions used to calculate fiber orientation. Representative histogram 

distributions of fiber orientation in (e) hard diet and (f) soft diet are shown for 8, 16, and 24 

weeks with total group average and standard deviations are shown. g) As a function of age 

trends included a decreasing difference in distal- and mesial-PDL orientation within and 

across hard and soft diet groups with age.
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Figure 5. Microindentation and interradicular functional space of bone-PDL-tooth complexes
Microindentation was performed on cementum, interdental bone and interradicular bone. In 

general, interradicular bone was always harder than interdental bone which was always 

harder than cementum. While age-related trends were not found, hard diet groups illustrated 

an increased interradicular bone hardness compared to bone from rats on a softer diet. 

Additionally, interradicular functional space was measured by taking standard virtual 

sections between the distal and mesial buccal roots. Results show that interradicular space 

decreased in younger rats fed softer diet. *indicates statistical significant difference 

(p<0.05).
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Figure 6. Comparison of bone volume fraction (BVF) of interradicular alveolar bone by using 
XRM tomography
(a) Digitally reconstructed structure of tooth in the alveolar socket illustrate the volume of 

interest in alveolar bone. (b) Bone volume fraction is illustrated as the ratio between bone 

volume to total volume (bone volume + endosteal volume (c)). (c) Endosteal volume 

decreased with age in both groups. However, greater endosteal volume in interradicular 

bone from those fed softer diet were observed. (d) BVF of HD was significantly higher than 

that of SD at 24 weeks.
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Figure 7. Comparison of reactionary responses of joints to loads
a) Higher reactionary response to load for HD older group was observed. b) Although 

similar trends were seen to a certain extent, the obvious trend was that the younger group fed 

SD demonstrated a higher reactionary response compared to its HD counterpart. Similar 

trend was not observed with an increase in age.
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Figure 8. Postulated load-mediated adaptation of the dentoalveolar complex
a) Experimental workflow showing different food consistencies given to control (HD) and 

SD groups and changes in observed biological responses. (b) The fibrous joint compensates 

through decreased PDL-space through ingrowth of cementum and decreased orientation and 

organization of the collagen fibers. The shift in input signal prompts a shift in adaptive 

properties of tissues as indicated by site-specific measurements. However, if normal 

functional loads are placed on adapted tissues belonging to the SD diet group, they would 

likely be seen as traumatic loads prompting a damage response (yellow start bursts). (c) 
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Shifts in outcomes due to load-mediated adaptations can be divided into two phases; early 

ages focused around the tissues within the PDL space, and shifts seen at later ages primarily 

as changes in bone mineral content and internal structure. (d) Normally chewing loads are 

accommodated by the dentoalveolar complex through compression of supporting tissues 

(PDL, bone, cementum) causing physiological strain due to tissue deformation (mixed-

mode) and fluid flow from interstitial fluid movement. Mechano-responsiveness of localized 

cells in the regions of higher fluid flux and mechanical strain regulate a shift in tissue 

turnover in bone and the PDL morphology and material properties accordingly. A reduction 

of functional loads net a decrease in strain and is felt by the supporting tissue away from the 

physiological strain. Within bone, atrophy of tissue is usually seen, however, the opposite 

effect (growth) has been reported within cementum tissues.
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