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Abstract: The serious health risks posed by bone fractures create a growing need for accurately diagnosing fracture risk. 

The Reference Point Indentation instrument (RPI) directly measures key mechanical properties in vivo to assess bone 

fracturability. There is a wealth of information that could be obtained from measuring cryopreserved bone samples with 

the RPI. Since it is unknown how freezing affects these key mechanical properties, measuring a cryopreserved sample 

gives no indication of the sample’s original fracturability. Although there is research on how freezing affects the various 

mechanical properties of bone, this is the first paper to show how freezing effects the RPI’s measurement of fracturability. 

Bovine femur and human tibia were tested using the RPI before freezing (-20°C, up to 20 days) and after thawing. The 

effect of freeze-thaw cycles varied depending on the type of the bone, but in most cases, was not measureable. When 

degradation did occur, the effect of freezing on the mechanical properties was smaller than the natural variation of those 

properties across a sample before freezing. Degradation of the mechanical properties, as measured by the RPI, was always 

found to be 15% or less. Subsequent freeze-thaw cycles had no effect on further degradation of the bone samples. In cases 

where degradation occurred, the effect from the twenty-day duration of freezing was negligible compared to the effects 

from phase-change. Furthermore, significant evidence was found supporting the theory that freezing degrades the organic 

components of the extracellular matrix. 

Keywords: Cryopreservation, freezing, storage techniques, reference point indentation, bone diagnostic instrument, bone 
fracture. 

1. INTRODUCTION 

 The serious health risks posed by bone fractures create a 
growing need for accurately diagnosing fracture risk. 
Applications of diagnosing fracture risk include determining 
the efficacy of osteoporosis medications. As the crucial work 
of Allen and Burr have shown, biopsies, which can be tested 
mechanically, are necessary to fully understand the effects of 
a medication on the fracturability of bone [1]. Currently 
available methods for directly testing the mechanical 
properties of bone require invasive bone sampling [2], 
making routine use in clinical settings unfeasible. In 
addition, a crucial report by Bouxsein shows that it is not 
clear which mechanical properties are most important to 
diagnosing fracture risk [3]. In a concerted effort to develop 
a reliable method to directly quantify fracture risk in living 
patients in a noninvasive manner, we have developed a new 
diagnostic instrument, the Reference Point Indentation 
Instrument [4] (RPI) (aka. Tissue Diagnostic Instrument [5], 
Bone Diagnostic Instrument [6-8], and Osteoprobe [9]) that 
uses a controlled indentation protocol to investigate the 
micro-mechanical response of the tibia to a defined loading 
regime. Clinical trials by Diez-Perez have shown the RPI to 
be successful at discriminating between patients with and 
without fragility fracture [4]. 

 Preliminary results with the RPI have shown that an 
individual's susceptibility to fracture can be measured by 
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indentation tests in which bone is forced, on a microscopic 
scale, into the same types of failure - separation of 
mineralized collagen fibrils - that is the root event of bone 
fractures. The RPI does this by using a probe assembly that 
can be inserted through the skin of a living patient and 
pressed up against the medial section of the tibia. The RPI 
can then measure the mechanical properties of bone by 
creating microscopic fractures in an indentation on the 
surface of the bone. The RPI obtains the displacement of the 
indenting probe as a function of the force applied and uses 
this information to calculate key parameters that are highly 
correlated with fracturability [4]. We believe that these 
parameters reflect the bone’s ability to resist the growth of 
micro-cracks that can ultimately result in bone fracture.  

 With this novel instrument, we were able to study the 
effects of freezing on the mechanical properties of bone. 
Freezing is the preferred method for preserving bone used 
for transplantation [10] and thus understanding the effects of 
freezing is of crucial importance. At low temperatures, 
biological and biochemical processes slow down or stop 
completely [11]. Most enzymes of normothermic animals 
show a 1.5 to 2 fold decrease in metabolic rate for every 
10°C decrease in temperature [11]. Many biological samples 
are preserved at low temperatures for these reasons [11]. 
Semen and embryos have been stored at cryogenic 
temperatures for years, then used successfully after thawing 
[12, 13]. Generally speaking, subzero temperatures are used 
for preserving cells, whereas hypothermic temperatures are 
used for preserving organs [11]. Cowin suggests that 20 °C 
is an optimal temperature for bone preservation

 
[10]. As for 

the effect of freezing on the mechanical properties of bone, 
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previous experiments have found no difference after freezing 
[14, 15], while others have found significant differences after 
freezing [16, 17]. These experiments incorporated a variety 
of mechanical tests, which include hardness, bending, and 
compression tests. As critical work by Schaffler et al has 
shown, discrepancies can stem from researchers’ inability to 
characterize the full spectrum of mechanical properties that 
govern fracturability [18]. This is the first report on the 
effects of freezing using Reference Point Indentation, which 
provides measurements previously correlated to 
fracturability in vivo [4], therefore this is the first study to 
examine how freezing affects mechanical properties directly 
correlated to in vivo fracturability. 

 The extracellular matrix (ECM) is approximately 20% 
water by weight [19]. Water crystallization may create nano-
fractures in the cortical bone’s extracellular matrix and thus 
may decrease bone strength [10]. This study is designed to 
quantify the effects from the duration of freezing, as well as 
to quantify the effects from phase change. Furthermore, we 
use the RPI to examine if freezing affects the organic part of 
the ECM differently than the inorganic part by comparing 
the effects of freezing on thermally degraded bone, which 
has a damaged organic ECM [20], to the effects of freezing 
on native bone. 

2. METHODS 

2.1. Loading Regime and Key Measurements 

 The RPI uses a custom hypodermic needle as a reference 
probe that rests on the surface of the bone. The test probe 
cycles in and out of the reference probe as it indents the 
surface of the bone. The loading on the test probe increases 
linearly from 0 to 11 N in 1/3 of the indenting cycle. The 
load stays at 11 N for the next 1/3 of the cycle. Then the load 
decreases linearly from 11 to 0 N for the last 1/3 of the cycle. 
20 indentation cycles are used per measurement at a rate of 2 
Hz. 

 Clinical trials reveal that large values of Indentation 
Distance Increase (IDI) and Total Indentation Distance (TID) 
are highly correlated with patients who have had bone 
fractures [4]. IDI is defined as the distance between the test-
probe’s displacement at maximum force on the 1

st
 cycle to 

the displacement at maximum force on the 20
th

 cycle. We 
hypothesize that this is a measure of how well the bone can 
resist the growth of a fracture. TID is defined as the total 
distance the test-probe indents into the bone. This may 
represent how well a bone can resist the start of a fracture as 
well as resist the growth of that fracture. We have chosen to 
omit unloading-slope data because we are uncertain of the 
relationship between unloading-slope and bone 
fracturability. 

 The same probe assembly was used to eliminate any 
possible systematic errors that are associated with changing 
probe assemblies in the middle of an experiment. A Zeiss 
Axioskop with 400x magnification was used in conjunction 
with a reticle to measure the probe radius before and after 
each testing session. The radius of the probe tip was always 
less than 2.5 microns. In addition to monitoring the tip 
radius, a calibration material, Polymethyl Methacrylate 
(PMMA), was measured before each testing over the course 
of the experiment to ensure proper instrument calibration. 

2.2. Sample Preparation 

 Five bovine femur diaphyses were obtained from a local 
butcher. The bovine femur was de-fleshed and cut into 
approximately 3x2 cm pieces. The pieces were mixed 
together and half of the pieces were selected at random for 
heating at 150°C for two hours (thermally degraded), while 
the other half were used for control. Since thermally 
degraded bone has a significantly weakened organic ECM 
[20], comparing the degradation of native bone to thermally 
degraded bone may give us insight into the effects of 
freezing on the organic ECM. Bovine bone was chosen for 
testing because its cortical bone is of the fibrolamellar type 
[10]. We hypothesize that this type of bone should exhibit 
greater changes due to freezing because of its woven bone 
layers, while still maintaining quintessential mechanical 
properties of cortical bone due to its laminar bone layers. 

 Two unfrozen human tibiae from women ages 71 and 83 
were obtained from the University of California, Irvine 
(UCI) Willed Body Program. Although the exact date and 
time of death of the donors are unknown to us, the tissue had 
been preserved at hypothermic temperatures for up to an 
estimated four weeks before control tests were performed. 
The samples were kept hydrated but were not embalmed. 
Mechanical degradation may have occurred during this 
hypothermic storage period. Samples were obtained from the 
mid-shaft of the anterior tibia to simulate in vivo 
measurements, which are made on the tibia [9]. Samples 
were cut into approximately 3x2 cm pieces.  

 All samples were frozen at -20°C. Samples were always 
hydrated from the moment they were de-fleshed by being 
gauzed wrapped in Hank’s balanced salt solution (HBSS) 
[21] to ensure no degradation due to dehydration and to 
simulate in vivo conditions. Samples were thawed by 
placement in 22°C HBSS. Samples were tested in a small 
holding-vice that was placed in a plastic container filled with 
HBSS. The samples were placed lengthwise into the vice so 
that the flat (cut) ends were in contact with the vice plates.  

 All samples were sanded flat and then polished using a 
South Bay Technologies Model 900 polisher using 
sequentially finer polishing film followed by a 5-micron 
aluminum lapping film. All sanding and polishing was done 
under water flow and performed before freezing. The 
legitimacy of polishing bone samples was examined by 
measuring IDI and TID values of unpolished samples 
(periosteum removed), then polishing the samples and then 
re-measuring the IDI and TID values. It was found that 
measurements on the polished samples had approximately 
the same mean, but half the standard deviation of the 
unpolished samples. Polishing helped the study gain more 
statistical power, without increasing the sample size, by 
removing any irregularities and remaining soft tissue on the 
surface of the bone.  

2.3. Mechanical Testing on Bovine Femur 

 Five native bovine bone samples were used. Four of the 
native bovine bone samples had a control test and a test after 
each freeze-thaw cycle (three freeze-thaw cycles in total). 
These samples were frozen for four days between tests. Each 
test is comprised of a row of 10 measurements (a single 
measurement gives both IDI and TID values). Each 
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measurement was spaced 0.05 inches from the last 
measurement through the use of an X-Y translation stage. 
Rows of measurements are spaced at least 0.1 inches apart. 
Since the RPI indents are visible without the aid of optical 
instruments, spacing the rows was easy to accomplish with 
the X-Y translation stage.  

 To understand the effects from the duration of freezing, 
rather than the effects from phase change (freeze-thaw), we 
limited the freeze-thaw cycles to one, and varied the duration 
of freezing from four to twenty days. While four samples 
had a freeze-thaw test after four days, a fifth sample had a 
freeze-thaw test after twenty days. By comparing how the 
first four samples changed after the first freeze-thaw cycle (4 
days in the freezer) to how this fifth sample changed after its 
first freeze-thaw cycle (20 days in the freezer), we can 
measure the effect from the duration of freezing. 

 Four thermally degraded bovine bone samples were used. 
Three thermally degraded bovine bone samples had one 
control test and a test after each freeze-thaw cycle (three 
freeze-thaw cycles in total). These thermally degraded 
bovine bone samples were frozen for four days between 
tests. The fourth thermally degraded bovine bone sample had 
one control test and one freeze-thaw cycle test after twelve 
days of being frozen. Again, this sample is used to measure 
the effect from the duration of freezing. There were ten 
measurements per row and each measurement was spaced by 
the same method used for the native bovine bone samples. 

2.4. Mechanical Testing on Human Tibia 

 On each sample there were three rows of measurements 
made before the freeze-thaw cycle and three rows of 
measurements made after the freeze-thaw cycle. There were 
ten measurements per row and each measurement is spaced 
by the same method described in section 2.3. Rows extended 
lengthwise down the long axis of the bone sample. Control 
and freeze-thaw rows were staggered in an effort to offset 
the effect of variation in the bone’s mechanical properties 
across the sample. 

2.5. Statistical Analysis 

 For bovine bone experiments, the control test 

measurements from every sample were grouped together. 

Another group is made from combining all of the first 

freeze-thaw measurements, and another group from the 

second freeze-thaw measurements, etc. For analyzing the 

effect of freeze-thaw cycles, the control group was compared 

against every freeze-thaw group using a two-tailed, 

heteroscedastic t-test. For analyzing the effect of duration, 

the difference in IDI and TID measurements from control to 

the first freeze-thaw cycle of the samples frozen for 4 days 

were grouped together and was compared, using a two-

tailed, heteroscedastic t-test, to the difference in IDI and TID 

measurements from the control to the first freeze-thaw cycle 

from the sample frozen for 20 days. This statistical method 

was used for both native bovine bone and thermally 

degraded bovine bone. For human samples, the control test 

measurements from every sample (four samples, n=120 

measurements) were grouped together and were compared, 

using a two-tailed heteroscedastic students test, to the freeze-

thaw measurements from every sample (four samples, n=120 

measurements). P values of 0.05 or less are considered 

statistically significant. 

3. RESULTS 

3.1. Freeze-Thaw 

 For native bovine bone, there was no statistically 
significant change in TID from freezing. TID measurements 
increased by 1.0% (p = 0.72), 0.2% (p = 0.92), and 4.0% (p 
= 0.10) between control and freeze-thaw cycle one, two and 
three, respectively (Fig. 1). IDI measurements increased by 
15.1% (p=0.0008) after one freeze-thaw cycle. The mean 
increased from 14.1 to 16.3 microns from control to first 
freeze-thaw cycle, with standard deviation 2.67 and 2.75 
microns, respectively. Further freeze-thaw cycles had no 
statistically significant effect on IDI as IDI decreased by 
1.9% (p = 0.52) and 0.3% (p = 0.94) between freeze-thaw 
cycle one and freeze-thaw cycle two and three, respectively 
(Fig. 2).  

 

Fig. (1). Degradation of mechanical properties, as measured by 

TID, of thermally degraded compact bovine femur due to multiple 

phase-changes. Standard error is shown. Phase-change had no 

statistically significant effect on Total Indentation Distance on 

native (p = 0.72, 0.92, 0.10) and thermally degraded bone (p = 0.52, 

0.12, 0.48) from control to freeze-thaw cycle 1, 2, and 3, 
respectively. 

 

Fig. (2). Degradation of mechanical properties of compact bovine 

femur, as measured by IDI, of thermally degraded and native bone 

due to multiple phase-changes. Standard error is shown. Thermally 

degraded bone has no statistically significant change in IDI with 

multiple freeze-thaw cycles. Native compact bovine femur shows a 

minor degradation, the IDI increased by 15%, after the first freeze-

thaw cycle (p = 0.0008). Subsequent freeze-thaw cycles show no 

further statically significant degradation (p = 0.52, 0.94), as 

measured by IDI.  
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 Human tibia showed an average 2.6% increase in IDI and 
an average 2.6% decrease in TID from control measurements 
to freeze-thaw cycle one measurements (Fig. 3). The changes 
in IDI (p = 0.34) and in TID (p = 0.42) were not statistically 
significant (n=105). 

3.2. Duration 

 Measurements from native bovine bone samples that 
were frozen for four days (n = 40) and twenty days (n = 10) 
had a 15.1 and 16.3 % increase in IDI, respectively, from 
control to freeze-thaw cycle one (Fig. 4). This difference in 
increases (1.2%) of IDI between the two durations of 
freezing is minimal compared to the increase in IDI (15.1%) 

due to phase-change on this time-scale. Furthermore, the 
difference in increases is not statistically significant (p = 
0.74). Therefore all the changes in IDI are wholly or 
substantially due to phase change. 

3.3. Thermally Degraded Bone 

 Freezing did not have a statistically significant effect on 
thermally degraded bovine bone. For IDI measurements, 
freeze-thaw cycles 1, 2, and 3 were not statistically different 
(p = 0.38, p = 0.70, p = 0.84) from the control 
measurements. For TID measurements, freeze-thaw cycles 1, 
2, and 3 were not statistically different (p = 0.52, p = 0.12, p 
= 0.48) from the control measurements (Figs. 1, 2). 

4. DISCUSSION 

 The RPI did not measure any statistically significant 
changes in IDI or TID due to freezing at -20°C on the 
compact bone on the surface of human tibia, which is in 
close agreement with previous work. Research by Weaver 
found that freezing at -20°C for 48 hours had no effect on the 
hardness of the cortical bone of human tibia [22]. Sedlin 
used bending to test human femoral cortical bone and found 
that freezing at -20°C did not have a statistically significant 
effect on ultimate fiber stress, modulus of elasticity, or 
energy absorbed to failure [15]. Guidoni et al found that 
freezing at -15°C did not affect the elastic modulus of 
compact bovine bone as measured by nanoindentation [23]. 
Cowen’s survey of the effects of freezing on the mechanical 
properties of bone found that two thirds of the studies found 
no change with freezing, and that in most cases where 
changes were found, the samples were from rats and frozen 
at -70°C or below [10]. 

 While there was no statistically significant change in TID 
in native bovine bone, IDI had a statistically significant 
change (15.1%, p = 0.0008) after the first freeze-thaw cycle. 
However, no degradation was seen in thermally degraded 
bovine bone. This is in close agreement with Cowen’s 
summary of previous work on freezing, noting that when 
changes were seen, they were on the order of 10-25% [10]. 
This increase in fracturability is smaller than the natural 
variation across a sample (19%), as calculated by the average 
standard deviation in IDI normalized by the mean IDI. 
Furthermore, previous results with RPI indicated that 
patients with fractures have, on average, a 47% larger IDI 
than patients that have not experienced fractures [4]. 

 Measurements from a sample cryopreserved for longer 
periods of time showed similar degradation as measured 
using IDI, (16.3%), to those preserved for a shorter period of 
time (15.1%), and this difference was not statistically 
significant (p= 0.37). This suggests that the degradation due 
to the duration of freezing was found to be negligible 
compared to the degradation due to phase-change on the time 
scale of 20 days. The post-freeze-thaw bone, or “dead bone,” 
is most likely depleted of cellular and enzymatic activity and 
therefore the results agree strongly with theory. However, 
even if cellular and enzymatic activity remains after freezing, 
we would not expect much degradation on the time scale of 
20 days because biological processes substantially slow 
down or completely stop at cryogenic temperatures [11]. 
“Dead bone” exhibited no further degradation after the first 
freeze-thaw cycle. 

 

Fig. (3). Changes in mechanical properties of human tibia cortical 

bone, as measured by IDI and TID, due to freezing. Standard error 

is shown. Freezing caused IDI measurements increased by an 

average of 2.6% and TID decreased by an average of 2.6%. The 

changes in IDI (p = 0.34) and TID (p = 0.42) were not statistically 
significant. 

 

Fig. (4). Degradation of the mechanical properties of cortical 

bovine femur due to duration of freezing of as tested with the RPI. 

Measurements (N=10) from a bone samples frozen for five weeks 

at -20 °C exhibited no statistically significant difference (p = 0.74) 

in mechanical properties (as measured by IDI) compared to 

measurements from four samples frozen for 1 week (N=40) at the 

same temperature. Error bars represent standard error. 
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 It has been established that the heating of bone to 150˚C 
significantly degrades the extracellular organic matrix [20]. 
When thermal degradation or freezing are applied to bovine 
bone individually, the bone has an increased fracturability as 
measured by IDI. Since it was found that freezing does not 
significantly alter the IDI of thermally degraded bone, but 
does alter the IDI of native bone, results from this study 
suggest the process of thermal degradation alters bone in the 
same way freezing does. It follows that freezing degrades the 
organic ECM. However, the degradation due to freezing was 
significant enough to be measured in bovine bone but not 
significant enough to be measured in human bone. 

 Bovine bone was chosen because its cortical bone is of 
the fibrolamellar type [10]. The fibrolamellar structure 
maintains quintessential mechanical properties of laminar 
cortical bone due to its laminar bone layers. However, it may 
have exhibited degradation because of it’s woven bone 
layers, which have a higher water content [24]. Bovine bone 
degrading due to excess water content (as compared to 
cortical bone) would suggest that water crystallization is a 
primary cause for increased bone fracturability in 
cryopreserved bone. 

 Native bovine bone, after the first freeze-thaw cycle, no 
longer became more fracturable with consequent freezing 
and thawing as measured by the RPI. Results from this study 
suggest the organic ECM reaches saturation degradation due 
to phase change after a single freeze-thaw cycle (at least on 
the order of 5 freeze-thaw cycles). Minimal crystallization 
damage to the organic portion of the ECM, or the cortical 
bone as a whole, is expected considering the results of 
Weaver, Sedlin, and Guidoni et al., and noting that bone 
collagen is only barely soluble [20].  

 It is interesting to note that in native bovine bone, TID 
remained constant but IDI increased after freezing. Because of 
how IDI and TID are calculated, one can deduce that the probe 
displacement during the first indentation cycle is reduced after 
freezing. However, the total distance the probe moves after the 
final cycle is the same. This may suggest the ability of native 
bovine bone to resist crack propagation has been reduced after 
freezing. If this pattern is seen in future experiments, it will 
most likely be useful in discovering the length scale at which 
the crystallization is breaking up the ECM. 

 Significant degradation may have occurred during this 
hypothermic storage period or during the life to death 
transition. Brown et al found that within 96 hours post-
mortem, the elastic modulus decreased exponentially as it 
asymptotically reached ~40% of the initial value [25]. The 
exact post-mortem effects on IDI and TID are unknown and 
therefore this study is investigatory and further work is 
necessary. However, frozen samples could still be used to 
qualitatively compare the effects of different pathologies on 
the mechanical properties of bone. Following hypothermic 
preservation, hydrated cryopreservation at 20 ºC has very 
minimal effects on the mechanical properties of bone. 
Therefore researchers should strongly consider freezing as a 
suitable preservation technique. 
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