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A B S T R A C T   

This study sought to 1) investigate the spatial distribution of mineral density of dog dentin using µ-CT and 2) 
characterize the relationship between the elastic modulus and mineral density of dog dentin using nano
indentation and µ-CT. Maxillary canine teeth of 10 mature dogs were scanned with a µ-CT then sectioned in the 
transverse and vertical planes and tested using nanoindentation. Spatial distribution of mineral density and 
elastic modulus was quantified. Results demonstrated significant spatial variation in mineral density and elastic 
modulus. Mineral density and elastic modulus generally increased from the dentin-pulp interface to the dentino- 
enamel junction and from the crown base to the crown tip. Significant site dependent correlations between 
mineral density and elastic modulus were determined (0.021 > R2 > 0.408). The results of this study suggest that 
while mineral density is a mediator of elastic modulus, other mediators such as collagen content may contribute 
to the mechanical behavior of dog dentin.   

1. Introduction 

The tooth is a functional biocomposite composed primarily of two 
hierarchical, mineralized tissues: enamel and dentin. Dentin, with its 
heterogeneous arrangement of dentinal tubules within a matrix of hy
droxyapatite crystals, supports the overlying enamel and contributes to 
distribution of stress and dissipation of crack energy from the enamel 
into dentin (Nanci, 2013). Dentinal tubules vary in diameter, with wider 
tubules at the dentin-pulp interface (DPI) than at the dentinoenamel 
junction (DEJ). (Hernández et al., 2010; Robb et al., 2007). Although 
dentin contributes to impressive failure resistance, excessive mechanical 
loading can cause failure especially when micro- and macro-structure is 
altered. Thus, better understanding tissue structure is a necessary step in 
modeling, predicting and understanding failure. 

Computational models provide a mechanism to accurately model 
biological tissues with complex morphology and can elucidate the in
fluence of structural and mechanical features of failure behavior across 

scales. While prior modeling efforts have proven useful in determining 
stress distribution within teeth and improved our understanding of 
dental mechanics, most models failed to account for material and 
structural heterogeneity and anisotropy (da Silva et al., 2013; Hubsch 
et al., 2002; Jiang et al., 2018; Maceri et al., 2009; Matson et al., 2012; 
Vilela et al., 2019). Material heterogeneity and anisotropy is expected to 
provide more accurate results and therefore higher clinical relevancy, 
particularly when considering patient-specific modeling (Thiagarajan 
et al., 2017). Similarly, site-dependent variability in mineral density has 
been observed in human molar dentin (Clementino-Luedemann & 
Kunzelmann, 2006). Quantifying the mineral density gradient 
throughout the entire volume will improve our understanding of dentin 
heterogeneity as it relates to material properties. Determining hetero
geneous and patient-specific material behavior requires a three- 
dimensional understanding of mechanical properties and how they 
correlate with tissue mineral density. 

Correlating tissue structure with functional material properties to 
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inform patient-specific diagnoses and treatment strategies is a focus of 
basic and medical research. Decreases in x-ray attenuation coefficient in 
carious dentin are highly correlated to decreases in mineral density 
(Angker et al., 2004; Neves Ade et al., 2010). Our previous work 
demonstrated poor to moderate relationships between dentin mechan
ical properties and tissue microstructure (Soukup et al., 2022).This 
suggests that other material tissue phases, such as mineral density, may 
contribute to elastic behavior more than tissue microstructure. Simi
larly, there is a strong correlation between mineral density and elastic 
modulus (E) in human carious dentin (Djomehri et al., 2015). In addi
tion, mineral density is understood to be a key driver of mechanical 
behavior (Djomehri et al., 2015). Thus, volumetric mapping of mineral 
density in dentin is an important step in appreciating both tissue 
anisotropy and mechanical behavior. 

Computed tomography (CT) provides a convenient mechanism to 
establish meaningful correlations between mineral density and me
chanical properties. Empirical relationships between CT-acquired x-ray 
attenuation coefficient, mineral density and tissue mechanical proper
ties enable the prediction of mechanical properties in a patient-specific, 
non-destructive way (Helgason et al., 2008; Schreiber et al., 2011). Over 
the last 3 decades, substantial work has been produced evaluating the 
relationships between elastic modulus and mineral density (elasticity- 
density relationship) in cortical and trabecular bone (Helgason et al., 
2008; Knowles et al., 2016; Wirtz et al., 2000). Developing elasticity- 
density relationships requires an understanding of various definitions 
of density (Table 1): equivalent radiological density (ρQCT), ash density 
(ρash), and apparent density (ρapp). Elasticity-density relationships in 
bone, and their accuracy, vary, with a near ten-fold inter-study differ
ence in predicted elastic modulus from cancellous bone density (Hel
gason et al., 2008; Knowles et al., 2016; Wirtz et al., 2000) (Linde et al., 
1992). This large scatter may be due partly to the complexity of the 
experimental techniques and partly to the structural complexity of the 
tissue evaluated (Helgason et al., 2008). Nevertheless, establishing and 
refining these relationships in bone remain of significant interest. In
vestigations into the elasticity-density relationships in dental tissue are 
similarly of interest but have been minimally explored. 

Given that, like bone, dentin is a three-phase composite material, 
techniques used in bone to establish a relationship between mineral 
density and elastic modulus should prove useful. To our knowledge, 
elasticity-density relationships in healthy dentin have not yet been 
established. Therefore, the aims of this study were to: 1) Investigate the 
spatial distribution of ρQCT (as a CT-calibrated measure of mineral 
density) of dog dentin using µ-CT and 2) Characterize the relationship 
between the elastic modulus and ρQCT of dog dentin using nano
indentation and µ-CT, thereby providing a non-destructive method for 
elastic modulus estimation. We hypothesize that 1) there is a mineral 
gradient present in dog dentin with mineral density increasing from the 
DPI to the DEJ and 2) the elastic modulus of dog dentin is significantly 
and strongly correlated to mineral density. 

2. Methods 

2.1. Sample acquisition 

Ten maxillary canine teeth, used in a previous study (Soukup et al., 
2022), were extracted from individual dogs after euthanasia for reasons 
unrelated to the study (Table 2). Sample size was determined based on 
practical implications and example studies from the literature (Helgason 
et al., 2008; Knowles et al., 2016). Teeth were wrapped in gauze satu
rated with Hanks’ balanced salt solution, vacuum sealed and stored at 
− 20 ◦C. Teeth were thawed at ambient temperature for 24 h prior to 
complete imbedding in a self-curing epoxy resin to create a tooth block 
(Fig. 1), which were allowed to cure in a vent hood for 24 h. 

2.2. µ-CT acquisition and reconstruction 

Tooth blocks were scanned with a Siemens Inveon µ-CT (Siemens 
Medical Solutions USA, Inc., Knoxville, TN). All scans were acquired 
with the following parameters: 80 kVp, 1000 µA current, 850 ms 
exposure time, 220 rotation steps with 500 projections, medium-high 
magnification, and binning factor of 2 using a 0.5 mm aluminum filter 
(to reduce beam hardening artifacts) (Verdelis & Salmon, 2019). Raw 
data were reconstructed with filtered back-projection applying the 
Shepp-Logan filter using the high-speed COBRA reconstruction software 
(Exxim Computing Corporation, Pleasanton, CA) yielding isotropic 
voxels of 39.7 µm. To further reduce the effects of beam hardening, all 
data were reconstructed with published coefficients (Mohapatra, 2012) 
represented by a third order polynomial. 

2.3. Radiodensity 

DICOM files for each of the ten teeth were imported into a dedicated 
medical imaging processing and analysis software program (Inveon 
Research Workplace; Siemens Medical). All samples were digitally 
sectioned according to their corresponding sections utilized for nano
indentation (Figs. 1 and 2). Specifically, five transverse µ-CT images and 
three vertical µ-CT images corresponding with transverse sections and 
vertical sections, respectively, were identified with a series of mea
surements in the software program. A detailed description of this process 
can be found in supplemental material. Subsequently, spatial distribu
tions of radiodensity were evaluated. In each transverse section, 10 
cuboid regions of interest (ROI) were manually delineated (five in the 
vestibulo-oral (VO) direction and five in the disto-mesial (DM) direc
tion). In each vertical section, 6–12 cuboid ROIs were created from the 
crown base to the crown tip (Figs. 1 and 2). All ROIs corresponded to 
locations for nanoindentation evaluation. The mean ROIs size was 1550 
voxels. In each ROI, the mean, median and variance of radiodensity in 
Hounsfield units (HU) were obtained. 

Table 1 
Definitions of common densitometric methods used in determining elasticity- 
density relationships in mineralized tissues.  

Term Symbol Definition 

Equivalent 
radiological 
density 

ρQCT density from CT-acquired x-ray attenuation 
coefficient converting to mineral density 
utilizing a mineral density phantom (e.g., 
hydroxyapatite) 

Ash density ρash ash weight (acquired after burning off non- 
mineral tissue) divided by the volume of 
mineralized tissue 

Apparent density ρapp wet weight (including non-mineral tissue) 
divided by the total sample volume 

Ash/Apparent 
density ratio 

ρash/ 
ρapp 

Ratio of ash density to apparent density  

Table 2 
Breed, age and sex of dogs from which teeth included in the study were obtained. 
(F = female; M = male; FS = spayed female; MN = neutered male).  

Breed Age (yrs) Weight (kg) Sex 

Border collie  3.8 19 FS 
Labradoodle  11.6 34.7 MN 
Labrador retriever  1.5 30 M 
Labrador retriever  12.4 37 MN 
Golden doodle  7.0 37.2 FS 
Miniature pinscher  15.6 3.2 MN 
Siberian husky  11.1 21.8 FS 
Labradoodle  12.2 31.5 FS 
Vizsla  11.7 23.6 MN 
Labrador retriever  11.5 43 MN  
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2.4. µ-CT calibration and ρQCT 

To counteract any instrument fluctuation between samples, one must 
calibrate radiological density measurements by measuring the CT 
scanner’s response to a density calibration phantom. A calibration 
phantom containing four certified hydroxyapatite (HA) solution inserts 
of 0, 50, 250, and 750 mg/cc (Siemens Medical Solutions, Inc., Malvern, 
PA) was imaged with the same CT settings as the tooth samples. A 2.3 
mm3 cylindrical ROI was segmented in each HA insert at three separate 

locations (25%, 50% and 75% of insert length) and the mean radio
density (HU) was recorded for each location. Regions of interest 
excluded the interface between HA and carrier material to avoid partial 
volume effects. The mean radiodensity (HU) of each HA insert was 
recorded and plotted against the HA mineral density (mg/cc). The 
resultant linear relationship (Fig. 3), defined by ρQCT = m× HU +

intercept, where m = slope, was used to convert radiological density at 
each tooth sample ROI to a calibrated measure of tissue mineral density; 
equivalent radiological density (ρQCT). 

Fig. 1. Overview of experimental design. Blue boxes represent transverse sections and red boxes represent vertical sections. Orange triangles represent locations of 
nanoindentation data and orange squares represent ROIs for radiodensity measurement. P = pulp; D = dentin; E = enamel; E = elastic modulus; ρQCT = equivalent 
radiological density. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.5. Nanoindentation 

Nanoindentation data were acquired for a previous study and the 
protocol for sectioning and testing was described in detail (Soukup et al., 
2022). In brief, five teeth were sectioned with a Leica SP1600 high- 
precision, diamond histological saw into five transverse crown sec
tions each. The crowns of the remaining 5 teeth were sectioned into 
three vertical crown sections each (Figs. 1 and 2). All sections were 
ground with 400, 600, 800 and 1200 grit silicon-carbide sandpaper on a 
water-cooled, low-speed benchtop grinder/polisher (Ecomet III, Beuh
ler, Lake Bluff, IL). Sequential polishing with 6, 1 and 0.25 µm diamond 
suspensions and a polishing cloth was then performed. Between pol
ishings, all samples underwent a 1 min rinse with distilled water. 
Nanoindentation was performed in locations corresponding to the ROIs 
described above with a TI 950 Triboindenter (Bruker, Minneapolis, MN). 
(Figs. 1 and 2) All indentations were made with a TI-0083 high-load 
Berkovich indenter (Bruker, Minneapolis, MN) on a high-load trans
ducer using a controlled displacement of 5000 nm with a 5 sec load and 
5 sec unload time. Load and displacement were continuously recorded at 
200 Hz. Load-displacement curves were used to derive elastic modulus 
using the Oliver-Pharr method (Oliver & Pharr, 1992, 2004). 

2.6. Statistical analysis and elastic modulus-ρQCT correlation 

The statistical assessment of correlation involved fitting linear mixed 
effects (LME) regression models with one variable of interest (elastic 
modulus) as the outcome and fixed effect predictor (ρQCT). Correlation 

was then estimated as the coefficient of determination (R2) from the 
LME model. The assumed mirrored distribution pattern (based on un
derstanding of microstructure) for elastic modulus in the transverse 
sections between the VO and DM directions was confirmed by the data. 
Subsequently, analogous positions in the VO and DM directions were 
combined for statistical analysis. Estimation of mean (95% CI) for each 
Section required fitting individual mixed effects ANOVA models with 
elastic modulus and ρQCT as the outcome, Section as a fixed factor var
iable, and Tooth as a random effect. A similar analysis method was used 
for estimating mean (95% CI) for each Position with Position as the fixed 
factor variable and the rest of the model structure staying the same. This 
process was done separately in both the transverse and vertical di
rections. If the ANOVA p-value was significant (p < 0.05) then two-way 
post-hoc analyses with Tukey’s family-wise correction was used through 
the implementation of the emmeans function in R. A post hoc analysis 
was then performed to evaluate the effect of transverse position on the 
correlation. All analyses were conducted in R for statistical computing 
v4.0. 

3. Results 

3.1. ρQCT 

ρQCT varied between 1.09 g/cc and 2.06 g/cc. As hypothesized, a 
mineral density gradient was seen in dog dentin with a decrease in ρQCT 
as a function of distance from the DEJ to the DPI (Fig. 4) and from the 
crown tip to the base (Fig. 5). Significant differences between sections 

Fig. 2. Larger view of cross sections from Fig. 1 to show nanoindentation and radiodensity locations with numbering and orientations. Blue boxes represent 
transverse sections and red boxes represent vertical sections. Orange triangles represent locations of nanoindentation data and orange squares represent ROIs for 
radiodensity measurement. P = pulp; D = dentin; E = enamel; DEJ = dentino-enamel junction; DPI = dentin-pulp interface. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Plot of linear regression model used to convert radiological density at each tooth sample ROI to ρQCT. Relationship is represented by y = 2.9769x – 210.47 (R2 

= 0.999). 
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and positions were found in both transverse and vertical sections. A 
substantial decrease in ρQCT was visible near the DPI (Fig. 4) and a 
substantial increase in ρQCT was visible at the crown tip (Fig. 5). 

3.2. Elastic modulus 

Results of elastic modulus evaluation were previously published 
(Soukup 2022). To appreciate the elastic modulus gradient in dog dentin 
and the visual relationship between elastic modulus and ρQCT distribu
tions, the spatial distribution of elastic modulus is described in brief 
here. Like ρQCT, elastic modulus decreased as a function of distance from 
the DEJ to the DPI and from the crown tip to crown base (p < 0.001). 

3.3. Correlation between e and ρQCT 

A visual relationship in the spatial distribution of elastic modulus 
and ρQCT can be appreciated (Figs. 4 and 5). In most specimens, a 
decrease in ρQCT consistently reflected a decrease in elastic modulus. In 
vertical sections elastic modulus increased from the DEJ to the DPI 
whereas ρQCT decreased (Soukup et al., 2022). The elastic modulus/ρQCT 
linear regression model yielded significant correlation when all (trans
verse and vertical) data points were considered together (R2 = 0.206; p 
< 0.001). The correlation improved (R2 = 0.408; p < 0.001) when the 
transverse section data was separated from the vertical section data. 

(Fig. 6) Correlation between elastic modulus and ρQCT for the vertical 
section data was also significant (R2 = 0.284; p < 0.001). (Fig. 6) When 
the influence of volumetric location on the relationship between elastic 
modulus and ρQCT was considered, variance in the relationship was 
noted. (Figs. 7 and 8) Correlations between elastic modulus and ρQCT 
generally had steeper slopes and higher correlation coefficients closest 
to the DEJ. 

4. Discussion 

The aims of this study were to: 1) Investigate the spatial distribution 
of ρQCT, as a CT-calibrated measure of mineral density, of dog dentin 
using µ-CT and 2) Characterize the relationship between the elastic 
modulus and ρQCT of dog dentin using nanoindentation and µ-CT. Our 
stated hypotheses were 1) there is a mineral gradient present in dog 
dentin with mineral density increasing from the DPI to the DEJ and 2) 
the elastic modulus of dog dentin is significantly and strongly correlated 
to mineral density. µ-CT demonstrated that mineral density of dog 
dentin was spatially variable, providing confirmatory evidence for our 
first hypothesis. Dentin mineral density (1.09 g/cc to 2.06 g/cc) 
measured in this study is consistent with prior measures for human 
dentin (Clementino-Luedemann & Kunzelmann, 2006; Djomehri et al., 
2015; Schwass et al., 2009). The spatial quantification, a novel contri
bution of this study, showed a mineral gradient throughout the dentin of 

Fig. 4. Plots representing mineral density values in the transverse plane. Mean and 95% confidence intervals for ρQCT as a function of combined transverse positions 
(A) and vertical section (B). These plots show the mineral gradient with ρQCT decreasing from DEJ to DPI. Significance between positions and sections is noted with 
solid bars. In panel A, data points per position were. position 1, n = 39; position 2, n = 39; position 3, n = 41; position 4, n = 45; position 5, n = 46. For panel B, 
sections 1, 2 and 3 represent n = 31, n = 56 and n = 41, respectively. 

Fig. 5. Plots representing mineral density values in the vertical plane. Mean and 95% confidence intervals for ρQCT as a function of vertical position (A) and 
transverse section (B). These plots show the mineral gradient with ρQCT decreasing crown tip to crown base. Significance between sections is noted with solid black 
bars in B. Significant differences for vertical positions (A) are. 1 vs 2–12; 2 vs 5–12; 3 vs 6, 7, 9–12; 4 vs 9–12; and 5 vs 9–11. In panel A, data points per position were. 
position 1 and 11, n = 12; positions 2, 4, 6, 7 and 12, n = 9; position 3, 5 and 9n = 13; positions 8 and 10, n = 10. In panel B, each transverse section represents n 
= 50. 
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the dog canine tooth. This gradient is intuitive based on dentin micro
structure: dentinal tubules radiate outward from the DPI to the DEJ 
within a matrix of mineralized tissue. Dentinal tubules measure 
approximately 3 µm in diameter near the DPI and decrease to approxi
mately 2.4 µm at the DEJ (Lopes et al., 2009; Robb et al., 2007). We 
recently showed that the tubule density decreases as a function of dis
tance from the DPI to the DEJ (Soukup et al., 2022). Thus, tubule content 
is maximized while mineral matrix is minimized near the DPI. Near the 
DEJ, tubule volume decreases and mineralized matrix volume increases. 
Additionally, the heterogeneity seen between the vertical and transverse 
sections was anticipated given that our previous work on microstructure 
and elastic modulus of dog dentin showed similar heterogeneity and 
anisotropy (Soukup et al., 2022). 

While our results show that mineral density in dog dentin is consis
tent with measures of mineral density in human dentin, there are some 
notable differences. The upper and lower ends of the density range are 

higher than reported in human dentin (Clementino-Luedemann & 
Kunzelmann, 2006). The maximum mineral density values in our study 
were in the position nearest the DEJ in the vertical sections. An increase 
in mineral density near the DEJ would be anticipated based on previous 
work showing that this area is generally devoid of dentinal tubules. In 
addition, some evaluators have shown that some dentin regions in 
human teeth have hypermineralized areas (Angker et al., 2004). Such 
may be the case in dog dentin. Studies correlating our results with 
mineral content (i.e., calcium and phosphorus) may be warranted. 

The relationship between ρQCT and elastic modulus was significant 
for transverse sections and when separated by distance from the DEJ, 
partially confirming our second hypothesis. Given the significant 
changes in tissue microstructure throughout the volume of dentin, it is 
reasonable to link this variation in correlation to the tissue microstruc
ture. However, we previously showed that microstructure alone was not 
highly correlated with elastic modulus. Thus, further investigation into 

Fig. 6. Linear regression plots depicting 
the correlation between transverse sec
tion elastic modulus and ρQCT (A) and 
between vertical section elastic modulus 
and ρQCT (B). For plot A, individual 
transverse sections are color-coded; 
black circles = section 1 (crown tip), 
red circles = section 2, yellow circles =
section 3, blue circles = section 4, green 
circles = section 5 (crown base). For plot 
B, individual vertical sections are color- 
coded; black circles = section 1 (near 
DEJ), green circles = section 2, red cir
cles = section 3 (near DPI). m = slope. 
(For interpretation of the references to 
color in this figure legend, the reader is 
referred to the web version of this 
article.)   
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the contribution of non-mineral, non-structural features of dentin such 
as collagen in mediating elastic behavior is warranted (Uniyal et al., 
2022). 

Our results showed moderate to poor correlation between ρQCT and 
elastic modulus in transverse and vertical sections, respectively, con
trary to our second hypothesis. Prior research has evaluated correlations 
between mechanical properties and back-scattered electron (BSE) 
microscopy-acquired mineral content of carious human dentin (Angker 
et al., 2004). Decreases in hardness and elastic modulus were strongly 
correlated with a reduction in mineral content, consistent with the 
current study, but with larger correlation coefficients than in the current 
study (R2 = 0.8975 for mineral content by weight, R2 = 0.8947 for 
mineral content by volume). The difference in correlation between the 
current study and the prior study may be due to methodology (BSE vs 
µ-CT) differences (Helgason et al., 2008). BSE can provide higher reso
lution than µ-CT, which may contribute to better correlation between 
elastic modulus and mineral density (Angker et al., 2004). In addition, 
the differences in estimates of mineral density between the BSE and µ-CT 
may lead to different correlations. Tissue microstructure differences 
between carious and healthy dentin would also be expected. The 
demineralization process in carious dentin preferentially attacks the 
hypermineralized peritubular dentin (Marshall, 1993). In addition, 
relative collagen content is higher. Thus, elasticity-density relationships 
in carious dentin may be mediated more by the less mineralized inter
tubular dentin and the collagen content relative to healthy dentin. 

There are several factors that may have caused the poor to moderate 
correlation found in this study. Evaluation of the intra-site variation in 
elasticity-density relationships revealed that the correlation changes 
based on cross-section location within the dentin. Since differences in 
microstructural architecture between the DPI and the DEJ are significant 

in dog canine dentin (Soukup et al., 2022), these results suggest that 
intra-site variation in tissue microstructure may be enough to disrupt the 
correlation between ρQCT and elastic modulus. This would be consistent 
with elasticity-density relationships that vary in bone across anatomical 
site (e.g., vertebrae vs femur), which has been attributed to variations in 
tissue architecture (Morgan et al., 2003). This work, and our previous 
work (Soukup et al., 2022), suggests that intra-site variation in tissue 
architecture is a major consideration when developing elasticity-density 
relationships in dog dentin. 

In addition, while mineral density was shown to decrease from the 
DEJ to the DPI, our previous work revealed an increase in elastic 
modulus from the DEJ to the DPI in vertical sections (Soukup et al., 
2022). This contributed to a lack of good correlation in the vertical 
sections. The cause for the pattern of increasing elastic modulus from 
DEJ to DPI was unexpected and not easily accounted for. It is possible 
that, due to the complex structure of dentin (e.g., sigmoid dentinal tu
bule path, variation in peritubular dentin content, etc.), indentations 
were performed in samples with varying microstructure which would 
have profoundly affected the elastic modulus and may have contributed 
to imperfect elastic modulus measurements. 

Another factor that may have impacted our results is the use of a 
polychromatic radiation source. Bench-top µ-CT systems utilize poly
chromatic radiation, which results in attenuation that is the summation 
of both mineral and organic phases (Djomehri et al., 2015). While it is 
likely that the organic phase of dentin is small enough that the contri
bution to the ρQCT result is negligible, perhaps using a monochromatic 
source of radiation (i.e., synchrotron) would improve the correlations 
between ρQCT and elastic modulus. 

In addition, the density used to define mineral density can influence 
results. While we used ρQCT, the literature on bone suggests that ρash or 

Fig. 7. Linear regression plots as a function of transverse position. Plots reveal the R2 value improves, and the slope (m) increases from the DPI to the DEJ.  
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ρapp provides the most accurate elastic-density relationships (Aiyangar 
et al., 2014; Helgason et al., 2008). Correlations between material 
properties and ρash or ρapp generally follow a power law relationship, but 
the relationships between properties and ρQCT were linear in this study. 
While relationships are established for bone, those between dentin ρQCT 
and ρash have not been established. In human vertebral and femoral 
bone, ρQCT is highly correlated with ρash, thus our assumption that ρQCT 
would be a meaningful measure of mineral density (Aiyangar et al., 
2014; Schileo et al., 2008). Further, directly acquiring ρash and/or ρapp 
requires tissue destruction and is technically challenging. Given the 
microstructural gradient previously shown in dentin (Soukup et al., 
2022) and the mineral gradient shown here, the establishment of a 
linear relationship between ρash and ρQCT would require sampling small 
dentin tissue throughout the entire volume of the tooth, which would be 

technically demanding. Nevertheless, future efforts to correlate dentin 
ρash with ρQCT should be made, particularly in light of our results. 

Various dog breeds and sexes were used in this study, both of which 
are known to have an influence on canine tooth size (Gittleman and van 
Valkenburgh, 1997). Although unanswerable within the limitations of 
the experimental design and data set, it is interesting to ponder what 
effect, if any, sexual dimorphism or dog/tooth size may have on any 
elasticity-density correlations. There is no evidence that sexual dimor
phism alone has effect on elasticity-density relationships in mineralized 
tissues. 

Several inherent limitations in measuring dentin mineral density for 
µ-CT were present and may have limited our ability to acquire strong 
correlation between ρQCT and elastic modulus. Although we corrected 
for beam hardening, it cannot be completely removed from the 

Fig. 8. Linear regression plots as a function of vertical section. Plots reveal the R2 value improves, and the slope (m) decreases from the DEJ to the DPI.  
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polychromatic radiation source utilized in bench-top μ-CT systems. 
Complete removal of beam hardening requires the use of a mono
chromatic radiation source, which have inherent accessibility issues. To 
avoid partial volume effects, all ROIs used for mineral density acquisi
tion were kept at least several pixels away from the enamel. However, it 
is possible that the volumetric nature of the ROI may have allowed an 
edge of the ROI cube to come close enough to the dentin-enamel inter
face such that mineral density may have been artificially increased. 

Some error in recreating nanoindentation position in digital sections 
was anticipated. Physical transverse and vertical tooth sections were 
created with a precision histological saw with a kerf of 300 μm. 
Assuming that the digital section was taken exactly at the midpoint of 
the saw kerf, the transverse digital sections may be offset by approxi
mately 150 μm in the vertical direction. Similar errors would be ex
pected in the vertical digital sections. This would be the largest source of 
error and one that should be corrected in future experiments. 

5. Conclusions 

Our results show that the mineral density of dog dentin is hetero
geneous. In addition, a mineral gradient is present that is consistent with 
reports in human dentin and consistent with the dentin microstructure. 
Dentin mechanical properties and ρQCT are moderately correlated with 
the best correlations found in data from transverse cross sections. It is 
possible that the changes in tissue microstructure throughout the vol
ume of the dentin contribute to intra-site variation. Continued efforts 
should be made to investigate other possible mediators of dentin ma
terial properties. 
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