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Abstract

Elevation of bone fluoride levels due to drinking beverages with high fluoride content or other 

means such as inhalation can result in skeletal fluorosis and lead to increased joint pain, skeletal 

deformities, and fracture. Because skeletal fluorosis alters bone’s mineral composition, it is likely 

to affect bone’s tissue-level mechanical properties with consequent effects on whole bone 

mechanical behavior. To investigate this, we determined whether incubation with in vitro sodium 

fluoride (NaF) altered bone’s mechanical behavior at both the tissue- and whole bone-levels using 

cyclic reference point indentation (cRPI) and traditional 3-point bending, respectively. Forty-two 

ulnas from female adult rats (5–6 months) were randomly divided into 5 groups (vehicle, 0.05M 

NaF, 0.25M NaF, 0.75M NaF, and 1.5M NaF). Bones were washed in a detergent solution to 

remove organic barriers to ion exchange and incubated in respective treatment solutions (12hrs, 

23°C). Cortical tissue mineral density (TMD) and geometry at the mid-diaphysis were determined 

by microCT. cRPI was performed on the distal diaphysis (9N, 2Hz, 10 cycles), and then bones 

were tested in 3-point bending to assess whole bone mechanical properties. The incubations in 

vehicle (0M) up to 1.5M in vitro NaF concentrations achieved bone fluoride levels ranging from 

approximately 0.70 to 15.8 ppm. NaF-incubated bones had significantly greater indentation 

distances, higher displacement-to-maximum force, and lower estimated elastic modulus, ultimate 

stress, and bending rigidity with increasing NaF concentration compared to vehicle-incubated 

bones. cRPI variables were moderately correlated to whole bone mechanical properties such that 

higher indentation distances were associated with lower estimated elastic modulus, ultimate stress, 

and bending rigidity. In conclusion, in vitro NaF incubation mostly has a deleterious effect on 
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bone mechanical behavior with increasing NaF levels that is independent of bone turnover and 

reflected, in part, by less resistance of the tissue to cRPI-based indentation.
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1. Introduction

Skeletal fluorosis (SF) is a debilitating bone disease that affects millions of people 

worldwide specifically populations in south and east Asia (e.g., India, China, Japan), Africa, 

the Middle East, Argentina, and Australia [1, 2]. SF typically arises due to prolonged 

consumption of drinking tea or well water with fluoride concentration (F−) over 4 parts per 

million (ppm), although instances of SF have been identified in patients with exposure to F− 

levels below 4 ppm as well [3–6]. The World Health Organization has stated that the 

maximum safe limit of fluoride in drinking water is 1.5 ppm [7]. As a result of high fluoride 

ingestion, there is an excessive accumulation of fluoride in bone, which can disturb the 

delicate balance in bone turnover processes and consequently result in joint pain, muscle 

weakness, development of osteophytes, and other debilitating skeletal deformities [8–10]. 

Research has focused on treatment with vitamin D, vitamin C, and calcium to remedy SF, 

but these approaches have shown minimal efficacy [11]. Currently, the only method 

available to treat SF is to eliminate exposure to fluoride [12], which is a major challenge in 

geographical areas with high levels of fluoride exposure in water, tea, and volcanic rock in 

the environment. Therefore, it is important to improve our understanding of the effects of 

fluoride on the behavior of skeletal tissue in order to emphasize the necessity for clean 

drinking water worldwide and develop better treatments for those suffering from extreme 

fluoride exposure.

It is generally understood that fluoride exposure increases bone fracture incidence. 

Specifically, clinical trials using fluoride therapy for patients suffering from osteoporosis 

have shown that fluoride administration increases fracture rates and/or significantly reduces 

bone strength at the vertebra, iliac crest, and other skeletal sites [13–18]. It is also known 

that SF alters the bone formation process by activating osteoblasts in early stages to 

proliferate and lay down immature woven bone [19], which has a weaker collagen pattern 

than mature lamellar bone and may be a reason for the observed reductions in bone strength. 

However, very little is known about skeletal pathology and mechanical behavior due to SF at 

the micro- and nano-scale. A few studies have tested whole bone mechanical properties in 

animals provided extreme levels of fluoridated drinking water [20–22] and in murine bone 

subjected to a single concentration of in vitro sodium fluoride incubation [23]. However, 

none of these studies have assessed tissue-level mechanical properties at the micro-scale. 

Other studies investigating the effects of fluoride on bone have focused primarily on how 

fluoride treatment affects mineralization in bone but few have assessed mechanical 

properties [24–27].
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Thus, we aimed to investigate how increased fluoride content affects bone mechanical 

properties. Among the factors that can affect whole bone mechanical behavior are bone 

density, geometry, microarchitecture, and inherent tissue mechanical properties [28]. 

Although the influences of bone geometry and microarchitecture on whole bone strength 

and fracture risk are well documented, the contribution of bone tissue material properties is 

less well understood [29, 30]. A few investigations have been conducted to explore the effect 

of changes in bone tissue material properties on whole bone strength [30–33], but the exact 

nature of how nano- and micro-scale factors affect fracture resistance is still unclear. 

Additional investigations are needed to address whether mechanisms acting at the nano- or 

microscale in bone tissue influence whole bone mechanical behavior. Furthermore, 

assessment of some aspects of bone tissue material properties is now possible by cyclic 

reference point indentation (cRPI). cRPI is a type of microindentation, but does not require 

special surface preparation like traditional microindentation methods and measures the 

indentation distance traveled into the bone by a test probe relative to a reference probe on the 

bone surface over a number of cycles [34–41].

Importantly, to assess the effects of fluoride exposure, bone specimens can be altered with 

sodium fluoride (NaF) using an established technique in which bone specimens are 

incubated in vitro [42, 43]. NaF incubation leads to altered matrix mineralization and 

mineral crystal size due to substitution of the hydroxyl group of hydroxyapatite by fluoride 

[44, 45]. A few studies have shown that NaF incubation, which alters the physico-chemical 

structure of bone mineral [44–46], leads to increased bone mass, but worse bone strength 

and increased fracture incidence [47].

We aimed to understand how NaF affects bone mechanical properties at different length 

scales and provide further insight on how cRPI measurements relate to traditional 

mechanical properties. Here, we used cRPI and traditional 3-point bending to assess bone 

indentation properties and whole bone mechanical properties, respectively, in rat bone 

specimens that were subjected to in vitro NaF incubations to induce alterations to bone 

mineral. We hypothesized that in vitro NaF incubation would lead to deteriorated cortical 

bone indentation properties and whole bone mechanical properties with increasing NaF 

levels.

2. Methods

2.1. Specimen collection

Forty-two ulnae, which have a relatively straight geometry and are ideal for mechanical 

testing, were dissected from 21 female Fisher rats (5–6 months old). Ulnas were randomly 

divided into 5 groups: vehicle (VEH, n=8), 0.05M NaF (n=9), 0.25M NaF (n=8), 0.75M 

NaF (n=9), and 1.5M NaF (n=8).

2.2. In vitro sodium fluoride incubation

Bone specimens were incubated in vitro in NaF based on an established protocol used in 

whole rodent bone [23]. Bones were washed for 24 hours in a detergent solution (0.1% 

Tergitol NP-40) to remove any organic barriers to ion exchange before NaF incubations. The 
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bones were then incubated for 12 hours at room temperature with constant agitation in their 

respective incubation solutions. Incubation solutions consisted of phosphate buffered saline 

and calcium chloride (45 mg/L) with the corresponding molarity of NaF added to each 

group. Bones were then stored at −20°C in saline soaked gauze until further use.

2.3. Assessment of cortical geometry and tissue mineral density

After incubations were complete, each ulna was scanned at the mid-diaphysis (at 50% of the 

total length) using microcomputed tomography (microCT 40, Scanco Medical AG, 

Brüttisellen, Switzerland) at 12 microns voxel resolution, 70 kVP x-ray tube potential, 114 

uA x-ray intensity, and 200 ms integration time to determine bone’s geometry (e.g. Imax 

[mm4], Imin [mm4]), cortical thickness [mm], cortical porosity [%], and tissue mineral 

density [mgHA/ccm]. 204 slices were acquired, reconstructed overnight, fitted with a 

contour around the periosteal surface of midshaft, and segmented using a threshold of 0.71 

g/cm3 HA.

2.4. Assessment of cortical tissue properties via cyclic reference point indentation (cRPI)

The cyclic reference point indentation system (Biodent 1000 Hfc, Active Life Scientific, 

Santa Barbara, CA, USA) equipped with BP2 test probes with a 90° 2.5 μm cono-spherical 

shaped tip (Active Life Scientific, Santa Barbara, CA) was used to indent each ulna while 

hydrated on the posterior surface of the distal diaphysis at a maximum force of 9 N at 2 Hz 

for 10 cycles. The following variables were determined: indentation distance (ID, 

indentation distance measured in the first cycle [μm]), creep indentation distance (CID, total 

indentation distance during the hold step of the first cycle [μm]), average creep indentation 

distance (avg CID [μm]), total indentation distance (TID, total indentation distance across all 

cycles [μm]), indentation distance increase (IDI, increase in the indentation distance in the 

last cycle relative to that in the first cycle [μm]), average energy dissipation (avg ED, area 

enclosed by the test’s hysteresis loop from the third to last cycle [μJ]), average unloading 

slope (avg US, average unloading slope from third to last cycle [N/μm]), and average 

loading slope (avg LS, average loading slope from third to last cycle [N/μm]). For each 

bone, 3 indentation measurements were taken and averaged, and all 3 indentations were 

made outside of the region of 3-point bending tests.

2.5. Assessment of whole bone mechanical properties via 3-point bending

Ulnas were then tested in 3-point bending while hydrated using a micromechanical testing 

system (ElectroForce 3230; Bose Corporation, Framingham, MA) with WinTest 4.1 

software. Specimens were cleaned of all soft tissue and placed in a 3-point bending 

configuration with a span length of 18 mm. A preload of 0.4 N was applied, and then a 

loading rate of 0.03 mm/s was applied to the bone until failure. A custom made MATLAB 

script was utilized to calculate the following parameters from the force-deformation data: 

ultimate moment (Nmm), ultimate stress (N/mm2), estimated elastic modulus (GPa), 

displacement-to-maximum (mm), work-to-ultimate point (Nmm), and bending rigidity 

(Nmm2).
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2.6. Assessment of fluoride concentration

Fluoride concentration was measured to confirm the amount of fluoride uptake due to in 
vitro incubation. A portion (mass = 4.65 ± 1.21 mg) of each incubated and mechanically 

tested bone specimen was ashed at 550°C for 18 hrs. The ashed bone samples were then 

dissolved in 1mL 0.25M HCl, and the excess acid was neutralized with 0.125M NaOH. The 

solution volume was brought up to 5mL using deionized water. Bone fluoride content (ppm) 

relative to a fluoride standard curve was determined using a fluoride ion-selective probe 

(Thermo Scientific, Orion-9609BNWP).

2.7. Statistical analyses

Shapiro-Wilk analysis was used to determine normality for all variables. Majority of the 

variables were normally distributed except for a few (e.g. bending rigidity). Spearman 

correlation analyses were used to determine associations between variables. ANOVA with 

Dunnet post-hoc tests were used to determine differences between NaF-incubated groups 

and the vehicle control group for cortical tissue mineral density, cortical geometry 

properties, cRPI variables, whole-bone mechanical variables, and fluoride concentration. For 

variables that were not normally distributed (e.g. bending rigidity), Kruskal-Wallis tests 

were used to identify differences between groups; these tests showed the same results as 

ANOVA tests, which are reported in the text and tables. The Wilcoxon trend test was used to 

determine whether there were any trends in measured variables with increasing NaF 

concentration.

3. Results

Measured fluoride content was higher in specimens incubated in vitro in higher NaF 

concentrations (p≤0.05, Figure 1, Table 1), and Wilcoxon trend tests showed that there was a 

significant trend between NaF concentration and fluoride (p≤0.05). ID, IDI, CID, avg CID, 

and TID (measurements of indentation distance into the bone) and avg ED (amount of 

energy dissipated) all increased whereas avg LS and avg US (material stiffness during 

loading and unloading, respectively) decreased with increasing NaF concentration (Table 1), 

and Wilcoxon trend tests showed that there were significant trends between NaF 

concentration and all cRPI variables (p≤0.05). All NaF-incubated groups had greater 

indentation distance measures and increased avg ED than vehicle-incubated bones (p≤0.05, 

Figure 2). For avg LS, the 0.75M and 1.5M groups were significantly lower than vehicle 

controls. Although avg US followed the same trend, none of the NaF-incubated groups were 

significantly different from controls. Apparent elastic modulus, ultimate moment, and 

ultimate stress decreased while displacement-to-maximum load increased with increasing 

NaF concentration (Table 1, Figure 3), and Wilcoxon trend tests showed that there were 

significant trends between amount of NaF concentration and these mechanical testing 

variables (p≤0.05). Bending rigidity was also lower with increasing NaF concentrations 

compared to the vehicle group (p≤0.05) (Table 1).

Fluoride content was positively correlated with IDI (r = +0.62, p≤0.05), ID (r = +0.51, 

p≤0.05), TID (r = +0.53 p≤0.05), and CID (r = +0.52, p≤0.05) measured by cRPI, and with 

some but not all 3-point bending variables (i.e. displacement-to-maximum force (r = +0.60, 
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p≤0.05), work-to-ultimate point (r = +0.30, p≤0.05)) (Table 2). Fluoride concentration was 

negatively correlated with cortical TMD as assessed by microCT (r = −0.30, p≤0.05), with 

loading slope assessed by cRPI (r = −0.56, p≤0.05), and with several 3-point bending 

properties (i.e. elastic modulus (−0.62, p≤0.05), ultimate moment (r = −0.59, p≤0.05), 

ultimate stress (r = −0.60, p≤0.05), and bending rigidity (r = −0.59, p≤0.05)) (Table 2). 

Fluoride content, however, was not associated with Imax, Imin, cortical thickness, cortical 

porosity, or cRPI-assessed unloading slope (Table 2).

Cortical TMD was negatively associated with both IDI and CID, and its relationship with the 

other indentation distances trended in the same direction. Cortical TMD was negatively 

correlated with average ED and positively correlated with both average US and average LS. 

Cortical porosity was positively associated with indentation distances and average ED, and 

negatively associated with average LS. Cortical thickness was not significantly associated 

with any cRPI variables. Spearman correlation coefficients between cRPI variables and 

microCT properties are summarized in Table 2.

ID, IDI, CID, avg CID, TID, and average ED were negatively correlated with apparent 

elastic modulus, ultimate moment, ultimate stress, and bending rigidity, but positively 

correlated with displacement-to-maximum force and work-to-ultimate point (Table 2). 

Average LS was positively correlated with estimated elastic modulus, ultimate moment, and 

bending rigidity, but was negatively correlated with displacement-to-maximum force (Table 

2). Average US was positively correlated with estimated elastic modulus, but had no 

significant correlations with other whole bone mechanical properties (Table 2).

4. Discussion

Skeletal fluorosis (SF), which is generally caused by consumption of well water or tea 

containing fluoride concentrations in excess of 4 parts per million (ppm) [2], is known to 

cause bone lesions and joint pain [11, 48]. However, little data is available on how it affects 

bone’s tissue level mechanical properties. cRPI is a relatively new method designed to 

evaluate the intrinsic tissue mechanical properties of cortical bone. To date, there are few 

data showing the sensitivity of this technique to changes in bone’s extracellular matrix. We 

induced changes in rat bone matrix using controlled in vitro incubation with NaF that alters 

the bone mineral with fluoride. Our primary goal was to study the effect of in vitro NaF 

incubation on bone mechanical properties, as assessed by whole bone and tissue-level 

mechanical testing.

We aimed to determine whether cRPI can detect changes in rat cortical bone tissue induced 

by in vitro NaF incubation at various concentrations. We found that in vitro exposure to 

increased concentrations of NaF led to deteriorated cortical bone tissue-level mechanical 

properties. Specifically, NaF incubation led to greater indentation distances, indicating that 

the bone tissue was less resistant to a fracture in the cortex induced by a cono-spherical tip. 

We assessed fluoride content in bone specimens to confirm the amount of fluoride uptake 

due to in vitro incubation. The bone fluoride measurements confirmed that increased bone 

fluoride content was associated with increased indentation distances by cRPI. The 

observation of increased indentation distances with increased NaF concentrations supports 
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findings in another study that, although did not investigate skeletal fluorosis, showed a 

positive association between increased matrix mineralization and cRPI indentation distances 

[49]. Moreover, in vitro incubation in fluoride results in the hydroxyapatite being converted 

to a fluoroapatite, which alters the structure and overall stability of the mineral crystal [23, 

50, 51]. Consequently, the deeper indentation distances may result from the NaF induced 

altered mineralization, which can deteriorate whole bone mechanical properties. In support 

of this contention, our bending results showed that NaF-incubated bones had a lower 

estimated elastic modulus, bending rigidity, and ultimate stress compared to vehicle controls, 

and this was reinforced by the measurements of fluoride content.

Our results support several previous studies in animal models that indicated there was 

decreased elastic modulus and fracture load in femurs of growing rats treated with fluoride 

[20], decreased bending strength in sheep with high fluoride exposure in drinking water 

[21], and decreased femoral strength in rabbits that drank fluoridated water [22]. Studies in 

human bone also similarly showed that cortical bone had lower elastic modulus in SF tissue 

compared to healthy bone specimens [52, 53]. Additionally, several human studies indicated 

increased prevalence of skeletal deformities or higher hip fracture risk in those who consume 

fluoridated water or live in areas of high fluoride levels in the environment [54–63]. Only 

two of the aforementioned animal studies directly measured fluoride in bone specimens with 

F− levels ranging 620 – 8,150 ppm [20] and 1,151 – 7,893 ppm [22]. Both studies report 

extreme levels of bone fluoride content resulting from SF due to drinking fluoridated water 

with extremely high levels of fluoride (16 ppm [20] and 100 ppm [22], respectively) 

compared to the 1.5 ppm safe limit for fluoride in water as indicated by the World Health 

Organization [7]. Among the abovementioned human studies, one measured bone fluoride 

content ranging from 2,042 – 10,142 ppm in the ilium and rib from anthropologic specimens 

found in areas of extremely high environmental fluoride levels due to volcanic activity [58]. 

Our fluoride measurements were on the order of 1000x lower (ranging from ~2.36—15.8 

ppm) than in these previous reports in fluorotic bone. Despite having much lower overall 

fluoride levels, our findings still show that increased fluoride content can deteriorate whole 

bone mechanical properties. However, future work is still needed to determine the 

distribution of fluoride content across different bones and to understand how our in vitro 
results may compare to bone alterations due to skeletal fluorosis resulting from direct 

ingestion of fluoride. Our findings regarding estimated elastic modulus were in contrast to a 

previous study conducted in ovariectomized rats that reported increased elastic modulus in 

the femur due to in vivo treatment with fluoridated drinking water [64]. There were a 

number of differences between these studies, including in vitro treatment of ulnae from 

young healthy rats versus in vivo treatment in old osteopenic rats. We were unable to make 

any additional comparisons because bone fluoride content was not reported in the study by 

Giaveresi, et al. Further investigation is required to better understand these differences.

In addition to the trends observed in in vivo studies, our results are also similar to previous 

findings conducted in murine femurs subjected to in vitro incubation that showed in vitro 
1.5M NaF incubation resulted in reduced ultimate load and rigidity but increased 

deformation-to-failure (indicating a more ductile material) [23]. Another in vitro study 

conducted on bovine femoral cortical bone specimens also similarly showed that NaF-

incubated specimens had lower elastic modulus, yield and ultimate stress, and hardness, and 
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that these effects increased with increasing NaF concentration (0.145 M, 0.5 M, and 2.0 M) 

[46]. Thus, our findings regarding how increased bone fluoride content relate to bone 

mechanical properties are consistent with trends from reports utilizing both in vivo (i.e., 

drinking fluoride-treated water) and in vitro (i.e., incubating bone in fluoride) methods.

We also assessed the relationships between cRPI measures and cortical tissue mineral 

density and morphology. cRPI-assessed indentation distances were negatively correlated 

with cortical TMD (r2 = 9% to 10%), positively associated with cortical porosity (r2 = 10% 

to 12%), and not associated with cortical thickness. Thus, it is implied that less mineralized 

and more porous bone has less resistance to indentation, resulting in the observed larger 

indentation distances. However, the relationships were very weak, and these findings are 

similar to results in our recent study conducted on human cadaveric bone in which we 

observed very weak relationships between cortical geometry and cRPI variables [65]. Our 

results suggest that cRPI measurements are not, or are only very minimally, influenced by 

cortical microarchitecture.

Further, we investigated the relationship between cRPI variables and traditional mechanical 

properties. A few cRPI studies have been conducted that assessed relationships between 

cRPI variables and traditional mechanical properties. For example, experiments done in dog, 

rat, and human bone showed that there are negative relationships between IDI and toughness 

assessed from bending tests, suggesting that increased indentation distances are indicative of 

bone with deteriorated mechanical integrity [39, 66]. Our results support this concept as we 

identified moderate associations between cRPI measures and whole bone mechanical 

properties assessed by 3-point bending. Specifically, deteriorated whole bone mechanical 

properties (e.g. lower estimated elastic modulus, lower bending rigidity) was associated with 

lower loading (r2 = 17% to 28%) and unloading (r2 = 10%) slopes and increased indentation 

distances (r2 = 25% to 53%). We observed these relationships even with our cRPI measures 

having much lower variation compared to previous studies. With the various concentrations 

of NaF incubation, we observed that IDI measures ranged from 7.2 to 12.0 μm. In 

comparison, a study by Gallant, et al. reported an almost 3-fold IDI range from ~6.0 to 16.5 

μm and a study by Diez-Perez, et al. observed an even wider range with IDI values ranging 

from ~9.9 to 27.4 μm [37]. However, these studies used data from a combination of several 

animal models pooled together or from humans with a skewed age group (4 young donors, 1 

old donor), respectively.

In conclusion, our results illustrate that cRPI measurements can detect alterations in cortical 

bone tissue due to in vitro NaF incubations. Specifically, we found that the NaF incubation 

resulted in deteriorated tissue indentation properties, corresponding to detrimental effects on 

its overall mechanical integrity. This study lends support to the idea that cRPI may serve as a 

useful tool to measure material properties of bone in which the mineral matrix is altered. 

Thus, insights from this study will be useful in design of future studies aiming to identify 

underlying mechanisms of skeletal fragility due to SF. However, further work must first be 

done to confirm our findings from a rat model in healthy human bone and in bone from 

patients with SF to understand mechanical changes of the skeletal system due to excessive 

fluoride accumulation.
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Highlights

• High fluoride increases indentation distances and lowers elastic modulus and 

ultimate stress.

• cRPI indentation distances were inversely related to elastic modulus and 

ultimate stress.

• In vitro NaF incubation detrimentally affects bone’s mechanical behavior.
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Figure 1. Measured bone fluoride content vs NaF concentration.
Bone fluoride content increased with increasing NaF concentration. Asterisk denotes that the 

average value of the group is significantly greater than of the vehicle group (p≤0.05).

Rezaee et al. Page 14

Bone. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. cRPI-assessed indentation distances vs NaF concentration.
Indentation distances increased with increasing NaF concentration. Asterisk denotes that the 

average value of the group is significantly greater than of the vehicle group (p≤0.05).
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Figure 3. Whole bone biomechanical properties vs NaF concentration.
Whole bone stiffness, estimated elastic modulus, and bending rigidity all decreased while 

displacement-to-maximum increased with increasing NaF concentration. Asterisk denotes 

that the average value of the group is significantly greater than of the vehicle group (p≤0.05).
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