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Abstract

Although low bone mineral density (BMD) is strongly associated with increased fracture risk, up 

to 50% of those who suffer fractures are not detected as high-risk patients by BMD testing. Thus, 

new approaches may improve identification of those at increased risk for fracture by in vivo 

assessment of altered bone tissue properties, which may contribute to skeletal fragility. Recently 

developed reference point indentation (RPI) allows for assessment of cortical bone indentation 

properties in vivo using devices that apply cyclic loading or impact loading, but there is little 

information available to assistwith interpretation of RPImeasurements. Our goalswere to use 

human cadaveric tibia to determine: 1) the associations between RPI variables, cortical bone 

density, and morphology; 2) the association between variables obtained fromRPI systems using 

cyclic, slow loading versus a single impact load; and 3) age-related differences in RPI variables. 

We obtained 20 human tibia and femur pairs from female donors (53–97 years), measured total hip 

BMD using dual-energy X-ray absorptiometry, assessed tibial cortical microarchitecture using 

high-resolution peripheral quantitative computed tomography (HR-pQCT), and assessed cortical 

bone indentation properties at the mid-tibial diaphysis using both the cyclic and impact-based RPI 

systems (Biodent and Osteoprobe, respectively, Active Life Scientific, Santa Barbara, CA). We 

found a few weak associations between RPI variables, BMD, and cortical geometry; a few weak 

associations between measurements obtained by the two RPI systems; and no age-related 

differences in RPI variables. Our findings indicate that in cadaveric tibia from olderwomen 

RPImeasurements are largely independent of age, femoral BMD, and cortical geometry. 

Furthermore, measurements from the cyclic and impact loading RPI devices are weakly related to 

each other, indicating that each device reflects different aspects of cortical bone indentation 

properties.

*Corresponding author at: Department of Bioengineering, University of Massachusetts Dartmouth, 285 Old Westport Road, 
Dartmouth, MA 02747, USA. Fax: +508 999 9139. lkarim@umassd.edu (L. Karim). 

HHS Public Access
Author manuscript
Bone. Author manuscript; available in PMC 2020 December 08.

Published in final edited form as:
Bone. 2018 January ; 106: 90–95. doi:10.1016/j.bone.2015.03.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Aging; Bone; Indentation

1. Introduction

Skeletal fractures are associated with increased disability and mortality and are highly 

prevalent among the elderly. Although low bone mineral density (BMD) is strongly 

associated with increased fracture risk, there are many who suffer from fractures despite 

having normal bone density. Up to 50% of thosewho experience a fracture are not identified 

as having osteoporosis by BMD testing [1]. It has been proposed that there are several other 

factors that contribute to skeletal fragility including altered bone microarchitecture and 

changes in tissue-level mechanical properties. A few techniques are available for non-

invasive assessment of bonemorphology andmicrostructure, and several clinical studies have 

demonstrated the contribution of bone microarchitecture to bone strength and fracture risk 

assessment using these methods [2]. However, there is little in vivo information available on 

the contribution of altered bone matrix properties to skeletal fragility in humans because 

until recently the biomechanical properties of the bone tissue could not be assessed non-

invasively. Prior studies have demonstrated altered bone matrix composition in those with a 

history of fracture, but required bone biopsies for analysis by Fourier transform infrared 

spectroscopy [3-6].

Recently developed reference point indentation (RPI) is a minimally-invasive technique that 

allows for assessment of cortical bone indentation properties via cyclic or impact based 

loading [7-10]. The bench-top Biodent system (Active Life Scientific, Santa Barbara, CA) 

measures the distance a test probe indents into bone using a specified load over multiple 

cycles, with a maximum load of 10 N (Fig. 1). Several variables, which are based on the 

force applied and indentation distance into the bone across one or all cycles, are calculated 

fromthese measurements [11]. Few data exist on this novel technique. One study by Gallant 

et al. combined indentation data collected from cyclic indentation of rat femurs, rat 

vertebrae, and dog ribs to demonstrate that indentation distance increase (increase in the 

indentation distance in the last cycle relative to that in the first cycle) is negatively correlated 

with apparent toughness estimated from whole bone biomechanical testing (r2 = 0.51) [12]. 

Two clinical studies using cyclic indentation of the mid-tibia demonstrated greater 

indentation distances in postmenopausal women with hip fractures compared to women 

without fractures [13,14].

In comparison, the hand-held Osteoprobe (Active Life Scientific, Santa Barbara, CA), 

designed for in vivo use in humans and large animals, measures the indentation distance 

following a single 30 N impact load (preceded by a 10 N preload, Fig. 2) [9]. A single 

variable, bonematerial strength index (BMSi), defined as the average indentation distance 

into bone due to the impact load normalized to the indentation distance measured on a 

polymethyl methacrylate (PMMA) reference phantom, is obtained from these measures. The 

Osteoprobe has been used to show that postmenopausal women with type 2 diabetes have 

approximately 10% lower BMSi than those without diabetes [15]. However, as emphasized 
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in a commentary by Jepsen and Schlecht [16], the two RPI systems have completely 

different loading profiles, and no studies have reportedwhether the variables acquired 

fromthese devices are comparable.

Moreover, there are limited data regarding the factors that may affect RPI measures and the 

age-related changes in RPI measures. For example, one study showed positive correlations 

between matrix mineralizationmeasures assessed by Raman spectroscopy and indentation 

distances and energy dissipation assessed by RPI in diabetic rats [17], while contrastingly, 

another study indicated that tissue composition did not account for differences in RPI 

measures in a rat model of chronic kidney disease versus controls [18]. One investigation 

showed that indentation distances and energy dissipation assessed by RPI decrease with age 

in porcine bone [11], whereas another showed that indentation distances were greater in old 

human bone compared to young bone [19]. Altogether, there is limited information onwhat 

factors influence RPI measurements in human bone, and how these properties change with 

age.

Hence, the goals of this study were to use human cadaveric tibias to determine: 1) the 

associations between RPI measurements and cortical bone density and morphology; 2) the 

association between indentation properties measured by the two systems and the inter-

correlations between the multiple parameters derived from the cyclic indentation testing; and 

3) age-related differences in RPI measurements. We hypothesized that indentation properties 

will be associated with cortical tissue mineral density and morphology, that cyclic and 

impact-based RPI measurements will be correlatedwith each other, and that 

RPImeasurements will worsen with age.

2. Methods

2.1. Specimen collection

We obtained 20 human tibia and femur pairs from female donors with an age range of 53 to 

97 years (average: 74.2 ± 14.6 years) (Anatomic Gifts Registry, Hanover, MD). Specimens 

were harvested fresh and frozen at −20 °C until testing. None of the donors had any history 

of diabetes, bone metabolic disorders, or bisphosphonate use.

2.2. Bone mineral density and geometry assessment

Total hip bone mineral density (BMD, g/cm2) was measured using dual-energy X-ray 

absorptiometry (DXA, QDR Discovery, Hologic Inc., Bedford, MA). During the scanning 

procedure, femurs were submerged in awater bath and fixed in a position similar to that used 

during in vivo DXA scans. We measured cortical tissue mineral density (Ct.TMD, mg/cm3), 

cortical thickness (Ct.Th, mm), and cortical porosity (Ct.Po, %) at the mid-tibia using high-

resolution peripheral quantitative computed tomography (HR-pQCT, XtremeCT, Scanco 

Medical AG, Bassersdorf, Switzerland). Briefly, 110 slices were obtained at 82 μm nominal 

resolution (X-ray tube current 95 mA, effective energy 60 kVp). The scan region was 

centered at the site of RPI measurements at themidshaft, defined as the exact midpoint 

between proximal and distal ends of the bone.
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2.3. Reference point indentation

Tibias were thawed overnight, kept hydrated with saline, and indented at the mid-diaphysis 

using both cyclic and impact loading devices (Active Life Scientific, Santa Barbara, CA). 

Indentations were made within a ~0.25 cm2 region to minimize site-based variation. For the 

cyclic loading device (Biodent), five separate indentation tests were performed ≥ 1 mm apart 

on the antero-medial surface of the tibia at 10 N maximum force, 2 Hz, for 20 cycles, and 

results from the five separate tests were averaged, following a protocol similar to other 

studies [13,14]. Indentations were made using a probe assembly consisting of a beveled 

reference probe with blunted end (~5 mm cannula length) and test probewith spherical tip 

(2.5 μmradius point) that tapers from a 90° cone shape to cylindrical shaft (BP2 probe, 

Active Life Scientific, Santa Barbara, CA). The following variables were measured (Fig. 1): 

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]), unloading slope (US, unloading slope of the first cycle [N/μm]), 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]). With 

the impact loading device (Osteoprobe), a minimum of eight separate indentation tests were 

performed ≥ 1 mm apart. More than 8 indentations were taken in the event that the 

Osteoprobe slipped or was not held perpendicular to the bone surface, and these instances 

were identified and confirmed by both the user and an accompanying assistant while 

conducting the measurements. These incorrectly obtained indentation measurements were 

discarded immediately during data collection and were not included in any analyses. An 

additional indentation measurement was taken in this case so that eight reliable data points 

were acquired. The indents were made on the antero-medial surface, while ensuring that 

previously tested regions were avoided. Each set of bone indentations was followed by five 

measurements on a PMMA reference phantom. BMSi was calculated as the average 

indentation distance into the bone normalized to the indentation distance into the PMMA 

reference phantom * 100.

2.4. Statistical analyses

We tested whether the data were normally distributed using Shapiro-Wilk W tests. 

Indentation distances, avg. ED, and Ct.Po were not normally distributed, whereas age, 

loading and unloading slopes, BMSi, total hip BMD, Ct.TMD, and Ct.Th were normally 

distributed. Thus, non-parametric Spearman correlations (rs) were used to determine 

associations between cyclic and impact-derived variables, and also between all RPI 

variables, BMD, geometry, and age. Pearson correlations (rp) were used in cases in which 

both variables being compared were normally distributed (e.g. avg. US vs. avg. LS). Partial 

correlation analyses were conducted to confirm the relationships observed between RPI 

variables, Ct.TMD, Ct.Po, and Ct.Th while controlling for age. Differences between 

variables assessed in middle aged (53–69 years, n = 8) and old aged (70–97 years, n = 12) 
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tibias were determined using unpaired Students t-test in the case of normally distributed 

variables and Mann-Whitney U tests in the case of variables with nonnormal distribution.

3. Results

Descriptive data for DXA, HR-pQCT, Biodent, and Osteoprobe variables are reported in 

Table 1. The mean age of the donors was 74.9 ± 14.6 years (range: 53–97 years).

RPI variables from cyclic indentation were variably correlated with each other (Table 2), 

with relationships ranging from weak to very strong. For example, ID in the first cycle of 

loading was very strongly correlated with TID (r2 = 0.96). In comparison, IDI was 

moderately correlated to TID (r2 = 0.37) and energy dissipation (r2 = 0.28), but unrelated to 

unloading slope measurements. Because of strong interrelationships between several 

variables (e.g. ID vs. TID, CID vs. avg. CID, US vs. avg. US, avg. US vs. avg. LS), we 

selected one from each pair of these variables to assess relationships with BMSi, age, and 

bone morphology (Figs. 3 and 4). Some cyclic indentation variables showed a trend to be 

weakly correlated with BMSi (Fig. 3), but none reached significance. Specifically, BMSi 

was negatively correlated to TID (rs = −0.36, p = 0.12), US (rp = −0.44, p = 0.053), and avg. 

US (rp = −0.41, p = 0.08), but was not associated with any of the other variables.

RPI measures were either unrelated or weakly related to cortical density, porosity, and 

thickness at the tibial midshaft (Fig. 4). For example, BMSi was moderately positively 

correlated with cortical TMD (rp = 0.44, p = 0.055) and moderately negatively associated 

with porosity (rs = −0.37, p = 0.08), but was independent of cortical thickness. None of the 

cyclically-derived indentation measurements were related to cortical TMD, porosity, or 

thickness. Partial correlation analyses indicated that after controlling for age, BMSi still had 

a trend of a positive correlation with cortical TMD (r2 = 16%, p = 0.09), but was 

independent of cortical porosity and thickness. Additionally, IDI was shown to be negatively 

correlated with cortical TMD (r2 = 18%, p = 0.06) and positivelywith porosity (r2 = 42%, p 

< 0.05), while average energy dissipation was positively correlated with porosity (r2 = 25%, 

p < 0.05). Total hip BMD was not related to any cyclically-derived variables, but was 

moderately negatively related to BMSi (r= −0.39, p = 0.09).

Therewere no age-related differences in cyclic indentation variables or BMSi. RPI 

variableswere similar in themiddle-age (53–69 years) and older (70–97 years) specimens 

even though cortical thickness was lower (−13.6%, p < 0.05) and cortical porosity higher (+ 

125.1%, p < 0.05) in the older group.

4. Discussion

In this study, we investigated the associations between RPI variables, cortical bone density, 

and morphology; the association between variables obtained by both two RPI methodologies 

and age-related differences in RPI variables. In contrast to our hypotheses, we found that: 1) 

BMSi was independent of cortical thickness and weakly correlated with total hip BMD, 

cortical TMD, and porosity, while cyclically-derived indentation variables were not 

correlated to femoral BMD or tibial cortical morphology; 2) measurements made with the 
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two RPI systems were either unrelated or very weakly related to each other; and 3) 

indentation measures were not associated with age.

The first goal of this study was to determine the associations between RPI measurements 

and hip BMD, cortical bone density and morphology. We initially found that BMSi was 

weakly to moderately positively correlatedwith total hip BMD and tibial cortical 

tissuemineral density, andweakly negatively correlatedwith tibial cortical porosity. Thus, it is 

implied that less mineralized bone tends to have less resistance to indentation which allows 

for larger indentation distances. However, partial correlation analyses showed that the 

relationship with TMD and porosity becameweaker or insignificant. Also while controlling 

for age, IDI was negatively correlated with cortical tissue mineral density, and both IDI and 

average energy dissipation were positively correlated with cortical porosity. However, these 

relationships were also weak and were driven by few data points. Because our results 

showed weak relationships between indentation variables and cortical porosity or thickness, 

it appears that microarchitecture does not have a major influence on indentation properties. 

Pilot studies conducted in our laboratory in a rat model also show that there are no 

relationships between cortical geometry and RPI variables, thus providing evidence that RPI 

variables reflect properties that are independent of bone morphology.

We also hypothesized that cyclic and impact-based RPI measurements would be correlated 

with each other. We found that impact-derived BMSi was unrelated or weakly related to 

indentation measures from cyclic loading. Importantly, in one instance (i.e., BMSi vs TID, 

Fig. 2), the correlation appears to be driven by a few data points with very high values of 

TID. These measurements with very high TID values were technically sound. Notably, 

however, these specimens were obtained fromdonors whowere wheelchair bound, had a 

history of glucocorticoid use, orwere noted in the donor history records as having “poor 

bone andmuscle.” This suggests that inclusion of a greater variety of donors (e.g. wide age 

range, variety of health problems) might provide additional insight into relationships 

between cyclic and impact-derived indentation measurements. However, based on our results 

obtained from women in an age group at risk for fracture, the relationships between 

indentation measures derived from cyclic and impact loading are weak or nonexistent. These 

findings further emphasize that ex vivo studies conducted using the cyclic loading may not 

translate directly to altered indentation measurements acquired in vivo via the impact 

loading device. These two systems likely measure different aspects of bone material 

properties. The measurements derived from Biodent's cyclic loading profile may illustrate 

creep or fatigue associated crack growth in the bone tissue whereas the measurement derived 

from Osteoprobe's impact loading profile may reflect energy dissipation due to a major 

crack created by a single high-velocity, high-energy load.

Our final aimwas to determine age-related related differences in RPI variables. RPI 

variableswere not worsewith increasing age, nor did they differ between the middle- and 

older-aged groups, suggesting that these measures are not sensitive to age-related changes in 

human bone in this particular age group. To further clarify these findings, future work will 

need to assess tissue level mechanical properties in these specimens to understand whether 

RPI measures are truly independent of age in women over age 50 or whether there are 

minimal differences in RPImeasures due to limited changes inmechanical properties in this 
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age group. Of note, a classic study by Burstein et al. illustrated that cortical bone specimens 

from human cadavers (21 to 86 years) showed a progressive deterioration in numerous 

mechanical properties (e.g. ultimate stress, ultimate strain, energy-to-fracture) with 

increased age in femurs and a deterioration in ultimate strain and energy-to-fracture with 

increased age in tibias [20]. These changes were evident even within the age group presented 

in our current study. Thus, it is possible that the RPI variables we measured did not differ 

with age in this age group despite known changes in tissue mechanical properties in human 

cadaveric bone.

There have been no previous studies that assessed age-related differences in BMSi in human 

bone, though Farr et al. reported lower BMSi values in postmenopausal women with 

longstanding type 2 diabetes [15]. One study using the indentation measurements from 

cyclic loading found that IDI, CID, TID, and average ED decreased with age while average 

US increasedwith age in porcine bone [11]. This study incorporated cortical bone ranging 

from1 to 48 months in age, which encompasses the full growth and development stages as 

well as mature stages in a porcine model [21]. The current study used bones from women 

aged 53 to 97 years, but did not include any younger individuals. This may explain, in part, 

why we did not detect any age-related differences in indentation variables—either a larger 

sample is needed to detect subtle age-related differences that occur in an older population, 

and/or specimens from much younger individuals are needed to identify possible differences 

in RPI variables across bone acquisition/ growth, adulthood, and aging.

In conclusion, we determined that RPI variables are only weakly associated with bone 

mineral density, and are independent of cortical thickness and age. Moreover, the cyclically-

derived and impact-derived indentation variables are weakly related to each other, indicating 

that they provide different information about cortical bone tissue properties. Thus, it is 

unlikely that patterns in ex vivo cyclic indentation measurements will be replicated directly 

by in vivo indentation measurements based on impact loading. Additional studies are needed 

to more fully define the utility of both cyclic- and indentation-based measurements for 

understanding skeletal fragility.
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Fig. 1. 
Force versus distance graph for a cyclic-based RPI test with 20 loading cycles. Variables 

derived from these curves include indentation distance (ID), total indentation distance (TID), 

indentation distance increase (IDI), loading and unloading slopes, and energy dissipation 

(ED). Average ED is calculated as the area within the test's hysteresis loop from the third to 

last cycle. The average slopes during loading and unloading are measured from the third to 

last cycle.

Karim et al. Page 10

Bone. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Force versus time graph for an impact-based RPI test. Indentation distance is measured at 

the time of impact (on the order of 1 ms duration) from impact-based RPI tests and is 

normalized to the indentation distance into a PMMA reference phantom * 100 to assess 

BMSi. Figure reprinted with permission from Bridges et al. [9].
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Fig. 3. 
Association between BMSi and cyclic indentation measurements.
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Fig. 4. 
Association between cortical tissuemineral density, porosity, and thickness at themid-tibia 

and indentation variables derived from cyclic and impact loading. Significant (p < 0.05) or 

near significant relationships are shown with a regression line and correlation coefficient.
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Table 1

Summary statistics of total hip BMD, tibial HR-pQCT measures, and RPI variables.

Average ± standard deviation (range)

DXA

Total hip BMD (g/cm2) 0.69 ± 0.15 (0.35–0.89)

HR-pQCT

Ct.TMD (mg HA/cm3) 1092 ± 34(1021–1156)

Ct.Po (%) 2.34 ± 1.96 (0.33–7.46)

Ct.Th (mm) 4.59 ± 0.80 (3.22–5.83)

Cyclic loading (Biodent)

ID (μm) 80.26 ± 20.01 (55.80–129.00)

CID (μm) 5.62 ± 1.57 (4.00–10.40)

Avg CID (μm) 1.54 ± 0.46 (1.00–2.80)

TID (μm) 88.61 ± 20.79 (64.20–134.60)

IDI (μm) 12.90 ± 3.89 (8.20–27.40)

US (N/μm) 0.60 ± 0.08 (0.50–0.78)

Avg US (N/μm) 0.64 ± 0.08 (0.53–0.83)

Avg LS (N/μm) 0.49 ± 0.05 (0.41–0.61)

Avg ED (μJ) 36.05 ± 7.70 (26.06–62.34)

Impact loading (Osteoprobe)

BMSi 83.06 ± 7.44 (68.44–93.63)
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