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ABSTRACT 

 

The purpose of this study was to assess the validity, as well as to test novel approaches to 

improving the reliability, of mechanical response tissue analysis (MRTA).  Twenty 

composite tibiae underwent MRTA testing on three separate days to determine intra- and 

inter-day reliability of bending stiffness.  The bones were then subjected to three-point 

bending tests to directly determine elastic modulus.  Within- and between-day reliability 

of tibial bending stiffness with MRTA was moderate (CV = 24%) and poor (CV = 74%), 

respectively.  No relationship was observed between the two testing methods due to the 

wide variation in tibial bending stiffness values with MRTA.  The second part of the 

study sought to determine within- and between-day reliability of MRTA in young women 

with the current testing protocol and compare the results with those from newly-designed 

protocols.  Twelve women (23 ± 2 yr, 162 ± 7 cm, 57 ± 7kg, 19 ± 4 % fat) were tested for 

tibial bending stiffness with MRTA over 5 days.  The current protocol was compared to 

protocols where day-to-day subject positioning was quantified, subjects were tested in a 

supine position, and various bending stiffness prediction models were used.  Within- (CV 

= 20%) and between-day (CV = 19%) reliability of tibial bending stiffness with MRTA 

was moderate using the original methodology.  Modifications to this protocol either 

resulted in similar or worse reliability. 
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CHAPTER 1 

INTRODUCTION 

Bone is a connective tissue with several roles in the human body including 

structural support, protection of vital organs, and regulation of calcium homeostasis.  

Although often thought of as inert, bone is actually dynamic in nature and adapts its 

structure based on the coordinated actions of osteoblasts and osteoclasts, the primary 

mediators of bone remodeling.  This process produces and maintains bone by renewing 

and replacing old bone with new lamellar bone.  Osteoclastic precursors are activated, 

which lead to osteoclastic bone resorption.  Osteoblast bone formation ensues to repair 

the deficit (Mundy, 1999).  When osteoclastic activity is greater than osteoblastic 

activity, bone loss ensues.  For women, loss of cortical bone, which comprises ~85% of 

total bone in the body, begins around 40 years and becomes dramatic at the menopause 

(Seeman, 2002).  Although trabecular bone makes up a small portion of the skeleton, 

remodeling imbalances generally begin at an earlier age (~35 years)(Mundy, 1999).  

Trabecular bone loss results in complete perforation and fragmentation of the individual 

trabeculae and compromises the structural integrity of bone.   

The skeleton is comprised of varying proportions of cortical and trabecular bone, 

depending on the anatomical site.  For example, the vertebrae, femoral shaft, and 

midradius have a trabecular bone composition of 40%, 25%, and 1%, respectively (Khan 

et al., 2001a).  Thus, loss of cortical bone increases the likelihood for fracture at the 

forearm and femoral shaft, whereas trabecular bone loss increases susceptibility for 

vertebral fracture. 
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Bone mass in old age is influenced by two primary factors, the peak bone mass 

attained during young adulthood and maintenance of bone mass through adulthood and 

menopause.  The majority of bone mass is accrued during the first two decades, with 

small gains observed through the third decade (Sowers, 2000).  Peak bone mass, or the 

highest level of bone mass achieved during the lifespan, is generally reached during this 

decade.  Between 30 years and the onset of menopause (~50 years), little bone mass is 

lost.  However, bone mass decreases 3-5% per year for the first 5 years of menopause, 

and ~1% per year thereafter (Ensrud et al., 1995).  Furthermore, fracture risk in women 

increases with age, independent of bone mass.  For example, a 70-year-old woman with 

the same BMD as a 20-year-old woman has a fracture risk 10-fold higher (Burr et al., 

1997).  If bone loss continues over time, osteoporosis may result.    

Osteoporosis is a common bone disease in adults, especially among the elderly, 

which is characterized by a diminished organic bone matrix caused by a remodeling 

imbalance where osteoblastic activity in the bone is depressed, osteoclastic activity is 

stimulated, or both (Organization, 1994).  Although osteoporosis is described as a silent 

disease, reductions in bone mass accompanied by advancing age increase the risk for 

fractures, especially at the vertebrae, hip, and distal forearm.  The economic and social 

impact of osteoporosis and related fractures is immense.  The disease currently afflicts 20 

to 25 million Americans, of whom 80 to 90% are women, and accounts for 1.5 million 

fractures per year, with the spine and hip accounting for ~ 75% of these fractures (Kenny 

& Prestwood, 2000).  In addition, osteoporotic fractures reduce quality of life, 

independence, and increase mortality.  Current estimates suggest that the annual medical 
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cost of hip fractures in the year 2050 will exceed $240 billion in the United States 

(Cummings, Rubin, & Black, 1990).  The prevalence of osteopenia and osteoporosis of 

the spine, hip, or forearm in the United States has been estimated to be 54% and 30% in 

Caucasian women, respectively (Melton, 1995).  When these groups are combined, the 

result is ~ 26 million women at increased fracture risk.  In fact, it has been estimated that 

54% of Caucasian women will experience an osteoporotic fracture in her lifetime 

(Chrischilles, Butler, Davis, & Wallace, 1991).  The total cost of treating these fractures 

is estimated to be 13.8 billion dollars, with hip fractures costs accounting for over 60% of 

this total (Ray, Chan, Thamer, & Melton, 1997). 

Osteoporosis is thought of as a silent disease because physical signs are generally 

not apparent unless a fracture occurs.  Spinal compression fractures may lead to kyphosis, 

e.g. a “dowager’s hump”, and loss of height.  However, hip fractures are more 

devastating and generally require surgery.  One-half of women cannot walk 

independently 1 year after a hip fracture and 60% cannot perform similar activities of 

daily living as before the fracture.  In fact, it has been reported that 18% of these women 

die within the first 6 months after fracture (Marottoli, Berkman, & Cooney, 1992).    

The World Health Organization (WHO) established criteria for the diagnosis of 

osteoporosis in 1994 (Organization, 1994).  These criteria utilize bone mineral density 

(BMD) measured with dual-energy x-ray absorptiometry (DXA) as a surrogate for bone 

mass.  Based on these criteria, individuals may be quantitatively classified into one of 

three categories.  “Normal” is defined as a BMD no more than 1 standard deviation 

below the average female peak BMD.  Osteopenia is defined as a BMD between 1 and 
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2.5 standard deviations below the average female peak BMD.  Osteoporosis is diagnosed 

when BMD falls below 2.5 standard deviations below the average female peak BMD.  A 

fourth category, severe osteoporosis, refers to women with osteoporosis per the WHO 

guidelines who also present with a fracture.  These criteria are not restricted to any 

particular skeletal site, although they are only applicable to postmenopausal Caucasian 

women.   

There are several methods used in clinical practice that may be used to estimate 

fracture risk and/or BMD, each with specific advantages and disadvantages.  These 

methods are described in detail below. 

 

Bone Mass Measurement Methods  

Singh Index 

The Singh Index is a qualitative morphometric technique that grades the 

disappearance of trabecular patterns in the proximal femur (Singh, Nagrath, & Maini, 

1970).  With early trabecular resorption, the principal compressive and tensile trabecular 

groups become accentuated.  With further resorption, the tensile trabeculae become 

reduced in number, eventually leading to the disappearance of the outer portion of the 

principal tensile trabeculae opposite the greater trochanter.  Resorption of all trabecular 

groups except the bony trabeculae in the principal compressive group follows, although 

in severe osteoporosis, even these latter trabeculae may be deteriorated partially or 

completely (Gyarmati, Gyarmati, Barabanova, & Vargha, 1978; Koot et al., 1996). 
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  This Index has been shown to weakly relate to fracture incidence (Karlsson, 

Sernbo, Obrant, Redlund-Johnell, & Johnell, 1996) and does not discriminate well 

between fracture and non-fracture cases (Heneghan et al., 1997).  Furthermore, the Singh 

Index does not correlate strongly with bone strength or elastic modulus in vivo (Krischak, 

Augat, Wachter, Kinzl, & Claes, 1999).  Due to the subjectivity involved in the 

evaluation, the use of the Singh Index in clinical practice is not as common as 

absorptiometry techniques.   

Single-photon absorptiometry 

Photon absorptiometry depends on the quantification of x-ray attenuation when it 

passes through the body.  The difference in tissue densities is responsible for the creation 

of images seen on an x-ray.  The denser the tissue, the more electrons it contains.  Thus, 

the number of electrons in a tissue determines the ability of that tissue to either attenuate 

or transmit the photon.  The difference in the attenuation of the photon by different 

tissues is responsible for the contrast, which is then quantified. 

The first densitometers measured BMD of the forearm with single-photon 

absorptiometry (SPA) (Cameron & Sorensen, 1963), which used a 125I radionuclide 

source to pass the photon through bone and soft tissue to a detector, which quantified 

BMD.  However, this single-energy beam can only penetrate small amounts of soft tissue.  

Therefore, the distal forearm is most often used for measurement.  Another disadvantage 

of this method is that the radioactive isotope decays, resulting in significant BMD drift 

over time, and must be replaced regularly. 
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Distal forearm fracture prediction with SPA is modest.  Using cadaveric radii, 

Myers et al. (Myers et al., 1991) and Muller et al. (Muller, Webber, & Bouxsein, 2003) 

showed a relationship between failure load and BMC, but not BMD, measured with SPA.  

Forearm BMD does not necessarily relate to BMD at other sites.  Because of this 

discordance in bone mineral levels among different sites, peripheral measurements 

should always be followed up with axial bone mineral measurements (Ryan, 2001). 

Dual-energy x-ray absorptiometry 

Dual-energy x-ray absorptiometry (DXA), introduced in 1987, uses two distinct 

kilovolt peak beams for BMD measurement.  However, DXA uses an x-ray instead of an 

isotope as the radiation source.  Advantages of DXA include increased precision, low 

radiation dose, stable calibration, and fast scan times.  Dual-energy x-ray absorptiometry 

is considered the gold standard method of BMD measurement today.  The two energies 

enable the areal BMD to be inferred from two different types of tissue, hydroxyapatite 

and soft tissue.  The accuracy of DXA is limited by the composition of the soft tissue 

since the attenuation of the x-ray differs between fat and lean tissue.  These differences 

can produce BMD measurement error of up to 6% (Svendsen, Hassager, Skodt, & 

Christiansen, 1995). 

In general, BMD measured with DXA has high short- and long-term precision 

when the same densitometer is used (Lees & Stevenson, 1992).  Bone mineral density of 

the spine and femur measured with DXA is also predictive of fracture risk (Kroger et al., 

1995).  However, there is much overlap of BMD in those with and without osteoporotic 

fracture (Nielsen, 2000), which greatly depends on the measurement site being assessed 
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(Stewart, Torgerson, & Reid, 1996).  Furthermore, DXA measures static properties of 

bone, but gives no insight to the characteristics of bone under active loading conditions. 

Quantitative computed tomography 

Quantitative computed tomography (QCT) assessment of BMD is unique in that it 

provides a three-dimensional image and reports BMD as true volume density 

measurements.  This method utilizes a reference standard that is scanned simultaneously 

with the patient.  The phantom contains varying concentrations of potassium phosphate 

and is placed underneath the patient during the study.  Then, an 8- to 10-mm thick slice is 

measured through the center of two or more vertebral bodies that are selected from the 

12th thoracic to the 3rd lumbar vertebrae.  A region of interest within the anterior portion 

of the vertebral body is analyzed for BMD and is reported as mg/cm3 potassium 

phosphate equivalents. 

 The advantage of QCT is its ability to isolate the area of interest from surrounding 

tissues.  For example, it can localize an area in a vertebral body of only trabecular bone 

leaving out the elements most affected by degenerative change and sclerosis.  

Disadvantages of this method include long scan times (~30 minutes), high radiation dose, 

i.e. 10 times that of DXA, and high cost.  The precision of QCT is similar to DXA 

(Braillon, 2002; Lang, Li, Harris, & Genant, 1999) and distinguishes osteoporotics from 

normals better than DPA (Sambrook et al., 1985) and similar to DXA (Kroger et al., 

1999).  Vertebral compression fracture incidence relates to vertebral QCT values, 

although weakly (r = 0.38) (Lafferty & Rowland, 1996).  Overall, QCT has limited value 

in osteoporosis detection considering its inability to assess BMD at the hip and forearm. 
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Peripheral BMD assessments 

Although DXA is the most common method of BMD assessment, limited 

availability and high cost poses a problem for many clinicians.  Portable, lower-cost 

devices that measure BMD at peripheral sites have gained popularity in recent years.  

Several methods exist for the peripheral assessment of BMD, the most common of which 

is quantitative ultrasound (QUS).  The main advantage of QUS is portability, which 

allows bone density assessments in a large portion of the population who otherwise 

would not be able to have a central bone density exam, due to cost or inaccessible 

facilities.  These devices also cost considerably less than central devices that measure the 

axial skeleton. 

Quantitative ultrasound measures the speed of sound (SOS) and the attenuation of 

the sound signal, or broadband ultrasound attenuation (BUA), through the calcaneus to 

estimate BMD.  Quantitative ultrasound predicts hip fracture as well as BMD 

measurements of the hip by DXA (He et al., 2000).  However, one of the drawbacks with 

QUS is that only one site is tested and low bone density in the hip or spine may be 

missed.  Although these peripheral devices are considered reasonably accurate, there 

have been doubts raised about their precision.  The reproducibility of QUS measures is 

not adequate (CV ≈ 4%) (Sosa et al., 2002) to monitor patients undergoing treatment for 

osteoporosis.  Frost and colleagues (Frost, Blake, & Fogelman, 2000) also determined 

that QUS does not improve discriminatory ability in conjunction with DXA.  At present, 

QUS is a good screening device because of portability, availability, and lower cost, but 
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patients may still require central bone mineral assessments, even in light of a normal 

peripheral test. 

Limitations of bone mineral density assessment 

Although there is a strong inverse relationship between BMD and fracture risk, 

considerable overlap exists between BMD in patients with versus without fracture 

(Nielsen, 2000).  Bone mineral density accounts for 40-90% of bone breaking strength 

(Cheng et al., 1998; Tabensky, Williams, DeLuca, Briganti, & Seeman, 1996; Wachter et 

al., 2002), while the remainder may be explained by other factors such as bone geometry, 

trabecular architecture and connectivity, and collagen fiber organization.  The mechanical 

effectiveness of a structure also depends on its material properties, the amount and 

distribution of the mass, and the cause of the deforming force.  Several authors have 

suggested that BMD may not be the best measure of bone strength (Bonnick, 2002; 

Nielsen, 2000).  The reasons for this are several.  First, areal BMD does not accurately 

reflect three-dimensional bone density.  The calculation of BMD from BMC divided by 

projected area assumes that BMC and projected area are proportional to one another, such 

that a 1% change in bone area is matched by a 1% change in BMC.  However, this is 

rarely the case.  The correlations observed between BMD and obesity, calcium intake, 

activity level etc. may be false, reflecting inadequate adjustment for bone area and body 

size (Prentice, Parsons, & Cole, 1994). 

Second, BMD does not always relate to bone strength and the discriminatory ability 

of BMD for fractures is modest.  When comparisons are made between those with 

fracture and normals, there is generally a large overlap of BMD values, which suggests 
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that fractures can occur at any BMD level and that other factors may be more important 

than BMD in determining fracture risk such as the load imposed on a bone, bone 

elasticity, and propensity to falls.   

Lumbar vertebrae BMD is frequently falsely elevated due to aortic calcification and 

osteophyte formation (Reid, Evans, Ames, & Wattie, 1991).  Many physicians do not 

measure lumbar vertebrae BMD after the age of 60 because the prevalence of these 

conditions frequently obscures true values.  In addition, small vertebral compressions, 

which are often observed in the elderly and difficult to detect with DXA, often give a 

falsely high BMD. 

Finally, inter-device comparisons are difficult to make due to great differences in 

BMD scores in the same patients on different devices.  Intra-unit variation between 

devices has been reported as high as 20% due to differences in calibration procedures, 

edge detection algorithms, and assumptions regarding fat distribution (Fischer & 

Kempers, 1993; Tothill, Avenell, & Reid, 1994). 

Although there is almost universal agreement that BMD is currently the best 

predictor of fracture risk, advances in technology may enable the creation of new devices 

that complement, or substitute for, DXA.  The intrinsic stiffness of a bone is strongly 

dependent on the arrangement of collagen fibers and the composition of collagen and 

ground substance, whereas bone mass plays only a minimal role (Feretti, 1998).  Devices 

that measure these properties may prove to be valuable tools in assessing osteoporotic 

fracture risk in women and pre-flight risk of fracture in astronauts.  One such device, 
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mechanical response tissue analysis (MRTA), shows promise in the assessment of bone 

quality and is the central focus of this research project.   

Mechanical response tissue analysis 

Mechanical response tissue analysis (MRTA) noninvasively assesses the 

mechanical properties of long bones in vivo, which include the elastic modulus and cross-

sectional moment of inertia (Steele et al., 1988b).  The amount of force required to 

deform a structure is termed its stiffness and is represented by the slope of the stress-

strain curve (Fig. 1), or the elastic modulus, which represents the inherent resistance of a 

bone to loading (Vincent, 1982).  Generally, a linear relationship exists between the 

imposed load and the amount of bone deformation until the bone reaches its yield point.  

The linear portion of the slope is known as the elastic region, where if the bone were 

unloaded, it would return to its original shape.  Beyond the yield point, the slope of the 

curve plateaus.  The area below this part of the curve is called the plastic region, where 

permanent deformation occurs.  If the load continues to increase through the plastic 

region, failure load may be reached, where the structure fails completely.   

The cross-sectional moment of inertia is a geometric property that relates to the 

distribution of material around its central axis.  A hollow cylinder provides the least mass 

and greatest strength during bending and torsional loading.  The further away the bone 

material distributes around its central axis, the greater is the resistance to bending and 

subsequent fracture.  In bending, both the cross-sectional area and the distribution of 

bone mass around a neutral axis affect the mechanical behavior of bone.  The cross-

sectional moment of inertia is represented mathematically as: (π/4) x (r1
4 – r2

4), where r1 
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= the outer radius of a cylinder and r2 = the inner radius of a cylinder.  Thus, a small 

increase in periosteal bone considerably increases the cross-sectional moment of inertia, 

as this measure is proportional to the fourth power of the radius.  In fact, cross-sectional 

moment of inertia explains more variability in resistance of bending loads than does bone 

mass or density (Kimmell, 1993). 

When combined, these attributes yield the bending stiffness of a long bone, which 

is the ratio of lateral force to displacement and is related to the composition, geometry, 

and internal architecture of the bone.  Although limited to measurements of long bones 

with little overlying soft tissue, e.g. tibia and ulna, MRTA may be valuable in assessing 

the true strength and fracture risk of these bones.    

The hardware that comprises the MRTA includes: (a) a dual-channel dynamic 

signal analyzer, (b) a permanent magnet vibration exciter, (c) an impedance head, (d) two 

charge amplifiers, and (e) a vibrating probe.  The vibrating probe is suspended from a 

metal support that is positioned at the midpoint of the tibia. The probe emits a 

transcutaneous, random vibration in the range of 60 to 1600 hertz (Hz). The MRTA probe 

contains the vibration exciter, as well as an impedance sensor that relays force and 

acceleration data to a signal analyzer. This information is then relayed to a 

microprocessor that fits the data to a tibial bending stiffness prediction model.  

The human tibia was first measured with MRTA by Arnaud et al. in 1991 (Arnaud, 

Steele, Zhou, Hutchinson, & Marcus, 1991).  Roberts and colleagues (Roberts et al., 

1996a) first validated the MRTA with reports of a close relationship (R2 = 0.95) between 

tibial bending stiffness measured in vivo and three-point bending stiffness ex vivo.  
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However, with the latest MRTA system, in which the probe is in a horizontal position, no 

validation studies have been performed.  Intra- and inter-day reliability of MRTA has 

been assessed by several investigators.  Steele et al. (Steele et al., 1988b) first reported on 

reliability of ulnar bending stiffness in humans and reported intra-test (without probe 

repositioning) and inter-test (with probe repositioning) variability to be 4.3% and 5.3%, 

respectively.  Kiebzak and colleagues (Kiebzak, Box, & Box, 1999) reported a coefficient 

of variation (CV) of 3% across 3 days for the ulna.  For the tibia, however, reliability 

trials have not been quite as promising.  Thorne (Thorne, 2000) reported a coefficient of 

determination between 0.62 and 0.84 on intra-test measures and inter-test error ranged 

from 1-18%.  Similarly, Kiratli et al. (Kiratli, Steele, Arnaud, & Perkash, 2001) found 

short-term precision error ranging from 2 to 30% for human tibia stiffness assessed with 

MRTA.  In order for MRTA to be used in a clinical setting for serial assessments of tibial 

bending stiffness, reproducibility must be improved. 

 

Specific Aims 

The purpose of this study was to examine the intrinsic and methodological 

limitations to the current protocol for tibial bending stiffness measurement with MRTA.  

These trials incorporated novel approaches to the methodology for tibial stiffness 

measurement in order to refine the technique for future research and clinical uses.  The 

primary objectives of this study are listed below: 
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1. Validity of tibial bending stiffness measured with MRTA was assessed by 

comparing data with elastic modulus determined from a three-point bending 

test using composite tibiae. 

2. Intra-test reliability of MRTA was assessed using eight successive 

measurements without repositioning. 

3. Inter-day reliability of MRTA was assessed by comparing the current 

protocol where the subject’s foot is subjectively positioned to a protocol that 

quantifies the foot and chair position. 

4. Inter-day reliability of MRTA was assessed by comparing the current 

protocol where the subject is seated upright to a protocol where the subject 

lies supine to minimize muscular tension and subsequent decreases in signal 

noise. 

5. Intra- and inter-day reliability was assessed by comparing different 

frequency ranges that are used to calculate tibial bending stiffness.  Since 

bone resonates over a broad range of frequencies (70-1000 Hz)(Steele et al., 

1988b), slight alterations to the weightings of these frequencies may 

enhance reliability. 

 

Assumptions 

1. Composite tibiae responded to active vibration loading similarly to human 

tibiae. 
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2. Composite tibiae were clamped in a position with a similar degree of 

tightness across days. 

3. Human subjects accurately reported age, previous fractures, and physical 

activity history. 

4. Human subjects abstained from severe physical activity the day before and of 

the MRTA test. 

5. Human subjects maintained consistent physical activity regimens throughout 

the testing period. 

6. The MRTA probe was placed at the same location of the tibiae on all days. 

 

Delimitations 

1. Composite tibiae were obtained with lengths of 375-405 mm and 

intermedullary canal diameters of 9-12 mm. 

2. Subjects were female volunteers between the ages of 18 to 26 years recruited 

from the campus of Virginia Polytechnic Institute and State University. 

3. Subjects had a body mass index of 18 to 26 kg/m2. 

4. Subjects had no prior or current fracture (stress fracture or otherwise) of the 

hip, leg, or foot. 
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Limitations 

1. Bending stiffness of the tibia may not relate to the mechanical properties of 

frequently fractured bones, such as the lumbar vertebrae and proximal femur, 

thus reducing the effectiveness of this measure to assess osteoporosis. 

2. Conclusions from this study may not be generalized to older women, under-

/overweight women, or males. 

3. For short-term precision studies, it is recommended that there be 30 degrees 

of freedom (df) when taking into account sample size and number of trials 

(Khan et al., 2001a).  For example, a precision study with 10 subjects tested 

on 3 separate days would have 20 df ((10 x (3-1)).  Although the sample size 

in the present study is adequate to assess precision across all five trials (df = 

48), there may not be enough power to accurately assess precision of each 

new protocol evaluation (df = 12). 

 

Research Hypothesis 

1. Elastic modulus measured with three-point bending and tibial bending 

stiffness measured with MRTA will be highly correlated (r > 0.7) in the 

composite tibiae. 

2. Intra-test reliability of tibial bending stiffness with MRTA will be high 

(CV < 5%). 

3. Inter-day reliability of tibial bending stiffness with the original MRTA 

protocol will be higher (CV < 10%) than in previous reports by Thorne 
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(Thorne, 2000) and Wootten (Wootten, 2001) because of the short period 

between testing sessions and use of advanced algorithms for calculation of 

tibial bending stiffness. 
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Definition of Terms 

 

1. bending stiffness – the ability of a bone to withstand external forces without 

permanent deformation 

 

2. bone mineral density – bone mineral content divided by bone area; expressed as 

g/cm2 

 

3. broadband ultrasound attenuation - a variable measured with quantitative 

ultrasonography that represents the attenuation of a sound pulse through the heel 

 

4. dual-energy x-ray absorptiometry – a technique that assesses bone mineral 

content by use of x-rays with two distinct energies 

 

5. mechanical response tissue analysis – a device that noninvasively assesses 

bending stiffness of long bones in vivo 

 

6. quantitative computed tomography – a technology that utilizes a conventional 

CT scanner with a calibration phantom to measure vertebral bone mass. QCT 

technology is the only bone mass measurement method that provides volumetric 

measurements, which permit isolation of the trabecular bone for bone mineral 

content evaluation.  
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7. quantitative ultrasound – a radiation-free technique that measures bone mass 

and assesses bone microarchitecture.  This technique detects the transmission of 

high-frequency sound waves from an ultrasound source through bone to a signal 

receiver. 

 

8. reliability – the ability of a measurement to be repeated with consistent results; 

generally expressed as coefficient of variation (CV) 

 

9. single-photon absorptiometry - a technique that assesses bone mineral content at 

the extremities by use of x-rays with one level of energy 

 

10. speed of sound – a variable measured with quantitative ultrasonography that 

represents the time a sound pulse takes to travel through the heel 
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Abbreviations of Terms 

 

1. BMD – bone mineral density 

2. BUA – broadband ultrasound attenuation 

3. df – degrees of freedom 

4. DXA – dual-energy x-ray absorptiometry 

5. Hz – hertz 

6. MRTA – mechanical response tissue analysis (analyzer) 

7. SOS – speed of sound 

8. SPA – single-photon absorptiometry 

9. QCT – quantitative computed tomography 

10. QUS – quantitative ultrasound 
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Figure 1 – Stress-strain curve 
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CHAPTER 2 

REVIEW OF LITERATURE 

 

The following chapter provides background information on research related to bone 

metabolism and assessment with particular emphasis placed on research with MRTA.  

This chapter first discusses the mechanical properties of bone.  Second, there is a review 

of mechanical testing of bones ex vivo.  Finally, the discussion moves into the potential in 

vivo applications of MRTA in research and clinical settings while stressing the 

importance of validity and reliability of these bone bending stiffness measures. 

 

Bone mechanical properties 

Although bone mass relates to bone strength, geometric characteristics of a bone 

such as size, shape, cortical thickness, cross-sectional area, collagen orientation, and 

trabecular architecture also determine mechanical properties of bone.  Evidence suggests 

that age-related bone loss may be counteracted by modifications in bone geometry.  

Appendicular bone adapts to mechanical loads by endosteal resorption and periosteal 

apposition, which increases bone diameter and provides greater resistance to bending.  At 

the femur, bone loss with aging from endosteal surfaces has been shown to be 

counteracted by an increase in diaphyseal width (Hui, Wiske, Norton, & Johnston, 1982; 

Martin & Atkinson, 1977).  Diaphyseal expansion creates an increased cross-sectional 

moment of inertia, which is an indicator of the resistance to bending.  Cross-sectional 

moment of inertia is related to an objects cross-sectional area and the distribution of 
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material in relation to the axis about which the bone bends.  The greater distance bone 

tissue is distributed from the bending axis, the more resistance to bending the bone will 

have (Khan et al., 2001b).  In practical terms, a hollow cylinder provides the least mass 

and the greatest strength during bending.  Physiologically speaking, both the cross-

sectional area and the distribution of bone mass around the bone’s neutral axis affect the 

mechanical behavior of a bone.  Characteristics of a bone with a high cross-sectional 

moment of inertia are a large diameter and bone mass distributed at a distance from the 

neutral axis.  Subsequently, a small increase in bone on the periosteal surface increases 

cross-sectional moment of inertia noticeably, as this property is proportional to the fourth 

power of the radius (Khan et al., 2001b).  Men maintain the ability to expand diaphyseal 

width to a greater extent than women (Burr & Martin, 1983; Martin & Atkinson, 1977), 

although the mechanisms behind this phenomenon are unclear. 

Loads applied to the skeleton are generally described in terms of stress and strain.  

Stress is defined as the force applied per unit area to an object.  Stress can be classified as 

tensile, compressive, or shear, and is measured in units of Newtons per square meter 

(N/m2).  Strain is a measure of bone deformation in response to the application of stress.  

Strain is calculated by dividing the change in bone length by its original length; one strain 

is equal to 0.1% deformation (Khan et al., 2001b).  Strain is greatest at the point of 

highest loading and dissipates along the length of the long bone.  The amount of force 

required to deform a structure is termed its stiffness and is represented by the slope of the 

stress-strain curve.  The term for the slope of this curve is the elastic modulus, which 

represents the inherent resistance of a bone to loading.  The elastic modulus of bone is 
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determined by the relative proportions of hydroxyapatite crystals and collagen fibers 

(Martin & Burr, 1989a).  Generally, a linear relationship exists between the imposed load 

and the amount of bone deformation until the bone reaches its yield point.  The linear 

portion of the slope is known as the elastic region, where if the bone were unloaded, it 

would return to its original shape.  Beyond the yield point, the slope of the curve 

plateaus.  The area below this part of the curve is called the plastic region, where 

permanent deformation occurs.  If the load continues to increase, failure load may be 

reached, where the structure fails completely.   

Hydroxyapatite, which effectively resists compressive loading, has a poor ability to 

withstand tensile strains.  Furthermore, more than 80% of functional strains are due to 

bending.  Thus, the tensile strength of bone is primarily due to the collagen fibrils 

organized into lamellae, which vary in thickness.  In addition, the collagen fibrils may 

rotate by as much as 90° between adjacent lamellae, which permits the tissue to resist 

forces and moments acting from different directions (Wang, Li, Bank, & Agrawal, 2002).  

The structural quality of the bone may ultimately be determined by the quality of the 

collagen and the organization of the osteons and lamellae.   

Bone adapts to the loads imposed upon it.  Although the precise mechanisms 

behind bone adaptations to loading has not been fully elucidated, there are several well-

accepted presumptions that have been developed that may help clarify possible 

mechanisms.  Julius Wolff stated in his “Law of Bone Remodeling” in 1892 that every 

change in bone function is followed by changes in internal architecture and external 

conformation in accordance with mathematical laws (Wolff, 1892).  This idea is now 
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known as “Wolff’s law”.  These changes are achieved by temporary alterations in bone 

resorption and formation activity, which continue until bone mass and trabecular 

orientation approach an optimized state.  It is believed that the magnitude of bone strain 

is responsible for these alterations.  Strain magnitude is the amount of relative change in 

bone length under mechanical loading.  Bone may undergo three types of strain: tensile, 

compressive, and shear.  Rubin and Lanyon (Rubin & Lanyon, 1985) using turkey ulnae 

showed that bone formation increases with larger strain magnitudes.  These researchers 

also demonstrated that typical loading patterns in different species produce bone strains 

between 2000-3000 microstrain (µstrain), or 0.2-0.3% deformation (Rubin & Lanyon, 

1984a).  This response is thought to be controlled by a “mechanostat”, which keeps bone 

strain within an optimal level by adjusting the structure of the bone. 

The essence of the mechanostat theory, formulated by Harold Frost (Frost, 1987), is 

that skeletal responses differ according to the magnitude of bone strain.  Accordingly, 

when bone is loaded above 2500 µstrain, modeling occurs by increased bone formation.  

However, when bone loads are 200 µstrain or less, modeling is inhibited.  The level of 

strain that will prevent bone loss when habitually applied is termed the minimum 

effective strain (Frost, 1983).  In healthy bone, this feedback system adjusts bone mass in 

order to keep mechanical strains in bone within an acceptable range (100-1500 µstrain).  

Bone subjected to strains below this range, such as in paralysis (Sabo et al., 2001), space 

flight (Grigoriev et al., 1998; Vico et al., 2000), immobilization (Fukuoka et al., 1997; 

Sato, Kuno, Asoh, Honda, & Oizumi, 1999), and stress shielding adjacent to prosthetic 

implants (van Loon, Oyen, de Waal Malefijt, & Verdonschot, 2001) will lose mass.  
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Bones subjected to strains above this range will gain mass.  Frost’s theory was supported 

by the work of Forwood and Turner using a rat model (Forwood & Turner, 1994).  These 

investigators showed that strains below 1000 µstrain resulted in no bone formation, 

whereas the apposition rate of bone formation was linearly related to strain, up to 2000 

µstrain.  Bone strains above 4000 µstrain are in the pathological overload zone, in which 

the bone suffers from microdamage and woven bone is formed to repair the injured areas.  

Although the fracture strain of cortical bone is approximately 25000 µstrain, peak strains 

during the most vigorous activities rarely exceed 3000 µstrain.  An assumption of the 

mechanostat theory is that all bone has the same optimal strain range.  However, this 

would assume that nonweight-bearing bones, such as the skull, would eventually resorb 

away.  Although this theory is supported by animal studies, other mechanisms probably 

influence modeling as bone formation can be induced with very low loads if applied at a 

sufficiently high frequency (Rubin & McLeod, 1996). 

Strain rate is the rate at which strain develops and releases.  Turner et al. (Turner, 

Owan, & Takano, 1995) applied bending loads to the tibia of adult rats to create similar 

peak strains in the bone tissue, but with varied strain rates. Bone formation was 

significantly increased (P < 0.01) when the highest strain rates were compared with lower 

strain rates and the amount of new bone formation was directly proportional to the rate of 

strain in the bone tissue.  Rubin and Lanyon (Rubin & Lanyon, 1984b) observed that high 

magnitude, static loads resulted in similar bone atrophy than observed in disuse.  It has 

been hypothesized that a high strain magnitude and a high strain rate are necessary for 
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maximal adaptive bone response (Martin & Burr, 1989b).  These results suggest that 

relatively large strains alone are not sufficient to activate bone cells. 

Strain distribution describes the way strain disperses across a section of bone, and 

is the basis for the theory of error-driven bone adaptation.  This theory states that bone 

cells make architectural adjustments to reduce deviations from normal dynamic strain 

distributions (Rubin & Lanyon, 1985).  More simply, strains of uneven distribution are 

more osteogenic than the strains encountered from normal daily activities.  In addition, 

bone has been shown to respond at a lower strain magnitude if loading differs from its 

usual pattern (Lanyon, 1984). 

Although a minimum number of loading cycles is required to induce a bone 

response, the number of strain cycles appears to be less important than strain magnitude 

or strain rate (Lanyon, 1987).  As the duration of loading is increased, the cumulative 

effects on bone mass gradually diminish.  Using an isolated avian ulna, Rubin and 

Lanyon showed that only 36 loading cycles per day were effective in increasing bone 

mass (Rubin & Lanyon, 1984b).  Umemura and colleagues (Umemura, Ishhiko, & 

Yamauchi, 1997) showed similar results in rats, as 5 jumps per day resulted in bone mass 

gains, while additional jumps (up to 100 per day) resulted in minuscule gains in bone 

mass.  These results suggest a threshold above which additional bone formation is not 

stimulated. 

Due to the slight curvature of the bones in the appendicular skeleton, they are 

subjected to both compressive and bending forces during physical activity; a convex 

surface is produced on one side and a concave surface on the other.  The bone material on 
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the convex side undergoes tensile strains while the material on the concave side 

experiences compressive strains.  Bending forces on bone tissue not only cause 

deformation of osteocytes, but also generate pressure gradients that drive fluid flow 

within the canaliculae and lacunae of bone.  This leads to a pressure gradient in the 

interstitial fluids that drives fluid flow from regions of compression to tension.  This fluid 

flow provides nutrients to cell membranes, causes flow-related shear strains, and is 

suggested to be responsible for mechanochemical signal transduction in bone cells 

(Duncan & Turner, 1995).   

 

Mechanical testing of bone 

When measuring the integrity of bone, the fundamental relationship is that between 

the load applied to a structure and the displacement of the structure in response to the 

load.  The slope of the elastic region of a stress-strain curve represents the extrinsic 

stiffness of the structure.  The regions of elastic and plastic strain on this curve are 

separated by the yield point, above which stresses begin to cause permanent damage to 

the bone structure.  Several other biomechanical properties can be derived from these 

tests including ultimate load, i.e. the force at failure, work to failure, i.e. the area under 

the stress-strain curve, and ultimate displacement.  Ultimate load represents the general 

integrity of the bone structure.  Stiffness is closely related to mineralization of bone and 

is determined by the relative proportions of hydroxyapatite crystals and collagen fibers.  

Work to failure is the amount of energy necessary to break the bone.  Ultimate 

displacement is an indicator of bone brittleness.  The biomechanical status of a bone is 
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best described using several of these indicators instead of only one (Institute, 1998).  For 

example, osteopetrotic bone tends to be stiff yet brittle, thus resulting in reduced work to 

failure and increased fracture risk.  Conversely, bones of young children tend to be poorly 

mineralized but ductile, which results in increased work to failure. 

Bending tests are useful for measuring the mechanical properties of long bones.  

Stresses due to bending can be computed and these calculations are valid for beams with 

symmetric cross sections.  Although the cross-section of a tibia is asymmetric, 

modifications to the beam-bending formula have been established (Levenston, 1995).  

Bone is weaker in tension than compression.  Because bending causes tensile stresses on 

one side of the bone and compressive stresses on the other, the tensile side will generally 

fail first when subjected to a bending test. 

Three- and four-point bending tests are commonly performed to assess bone 

strength, although each has advantages and disadvantages.  Three-point loading is the 

simpler test to perform, but it creates high shear stresses near the midsection of the bone.  

Four-point loading produces pure bending between the two upper loading points, assuring 

no or minimal transverse shear stresses.  Regardless of the method, the span of the loaded 

specimen must be sufficiently long to guarantee test accuracy.  If the length between 

bone supports is too short, much of the displacement induced by loading will be due to 

shear stresses.  The ratio of length to width should be at least 20:1 to minimize shear 

displacements (Spatz, O'Leary, & Vincent, 1996). 
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Composite model validation 

Cristofolini and coworkers (Cristofolini, Viceconti, Cappello, & Toni, 1996) first 

validated femoral composite models, concluding that their viscoelastic behavior and 

strain distribution in axial loading, bending, and torsional stiffness were well within the 

range for cadaveric specimens.  Furthermore, it was found that they behave linearly under 

simulated physiological loading.  However, a second generation of composite models, 

which included tibiae, were manufactured with substantial improvements over the older 

models.  These newer models simulated natural cortical bone using a mixture of short e-

glass fibers and epoxy resin pressure-injected around a foam core.  More recently, third-

generation composite bones were developed that improved physical behavior and 

increased anatomic detail in the cortical wall.  The only study to validate these new tibia 

models is that of Heiner et al. (Heiner & Brown, 2001).  These authors came to a 

conclusion similar to that of previous studies, e.g. the standard deviation of bending 

stiffness is six-fold lower than cadaveric tibiae, while maintaining physical and 

mechanical similarities.  Thus, these tibiae are reasonable replicates of human tibiae in 

mechanical testing situations.  However, no studies have examined these tibiae under 

dynamic testing situations.  

 

Bone adaptations to exercise 

As DXA is considered the “gold standard” for BMD assessment, a multitude of 

studies have assessed the effects of exercise training on BMD.  However, the results are 

generally modest with no or minimal gains in BMD.  When these increases in BMD are 
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compared to the precision of DXA, it is no surprise that the majority of controlled trials 

in recent years show no significant effect of chronic exercise training on BMD (Miller et 

al., 2003).  In a recent review, Miller et al. (Miller et al., 2003) showed that most studies 

found no significant benefit of exercise on BMD in pre- and post-menopausal women.  

However, using meta-analytic techniques, positive benefits were noted with exercise at 

the lumbar vertebrae and femoral neck, but not the distal forearm.  There was insufficient 

data to form valid conclusions for premenopausal women.    

Limited evidence suggests that bone bending stiffness may be much more 

responsive to exercise training than BMD.  Fah and Stussi (Fah & Stussi, 1988) measured 

the phase velocities of the first mode of flexural waves in the human tibia by the SWING 

method.  This method uses two accelerometers that are fixed to the tibia and an 

electromechanical hammer that strikes the tibia on the mid-diaphysis to introduce a 

vibratory wave.   Due to the dispersive nature of flexural waves in beams, this method 

enables the calculation of the phase difference of the propagating wave between two 

observation points for a selected frequency range.  Validity of this method was 

demonstrated by comparing SWING measurements of bending stiffness in 21 human 

cadaver tibiae with ex-vivo three-point bending stiffness values; the correlation was very 

high (r = 0.96).   

Stussi et al. (Stussi et al., 1994) later used the SWING method on 559 male 

military recruits to assess tibial bending stiffness before and after a 15-week exercise 

training regimen.  While tibial BMD increased only 1.8% during the intervention period, 

tibial bending stiffness increased ~25%.  There was no correlation between bone mineral 
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and bending stiffness.  This study shows that substantial gains in bone bending stiffness 

can be obtained in the absence of considerable bone mineral changes, suggesting that in 

the short term, micro-architectural changes of the bone may be the primary adaptation to 

exercise training. 

Mechanical response tissue analysis measures similar properties as phase velocity 

testing.  With this instrument, it may be possible to measure similar bending stiffness 

gains with exercise training.  If these potential gains are coupled with high short-term 

precision, greater insight may be gained in the mechanical adaptations of the tibia with a 

variety of exercise interventions.  In addition, the assessments of osteoporotic individuals, 

astronauts, and spinal cord injury victims may also be performed with MRTA. 

 

MRTA assessment of bone stiffness 

Instruments that measure the acoustical properties of bone have been in use for ~50 

years.  The first report of this technique was by Corliss and Koidan (Corliss & Koidan, 

1955) who measured the impedance, i.e. resistance to vibration, of the forehead and 

mastoid.  Acoustic assessment of bone follows the underlying principle that bone is 

excited by the application of a random-frequency force.  This force may be measured 

with a load cell.  Simultaneously, acceleration of the bone oscillations are recorded.  The 

force input signal and the acceleration output signal are subjected to a Fast Fourier 

Transformation, where the time domain functions are converted to frequency domain 

functions.  The ratio of acceleration to force is then plotted versus frequency.  

 32 



The MRTA was developed by researchers at Stanford University (Steele et al., 

1988b) and the National Aeronautic and Space Administration.  This device 

noninvasively assesses the mechanical properties of long bones in vivo.  These 

mechanical properties include the cross-sectional bending stiffness, cross-sectional 

moment of inertia, and an index of bone sufficiency, which is the ratio of axial load 

capability to body weight.  Bone bending stiffness is a measure of long bone structural 

integrity which is related to the composition, geometry, and internal architecture of the 

bone (Steele et al., 1988b). 

The MRTA enables rapid assessment of tibial bending stiffness with the subject in 

a seated position.  The vibrating shaker/probe is suspended from a metal support that is 

positioned at the midpoint of the tibia. The shaker emits a transcutaneous vibration 

frequency in the range of 60 to 1600 Hz for very brief periods (< 1-2 minutes).  The 

MRTA probe contains a vibration exciter and an impedance sensor that relays force and 

acceleration to a signal analyzer. This information is relayed to a microprocessor that fits 

the data to a bone stiffness prediction model. 

 

MRTA tibial bending stiffness prediction models 

The first MRTA systems utilized a 7-parameter tibial bending stiffness prediction 

model, which accounted for the mass, stiffness, and damping of the bone and skin, as 

well as parallel damping of soft tissue between the probe and bone (Steele et al., 1988b).  

This model yielded quick computations of the physical parameters.  However, better 

physical approximations were thought to be possible.  Thus, more elaborate algorithms 
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were then developed that included better approximations of the soft tissue between the 

probe and bone.  A 6-parameter model was then developed and later validated against 

theoretical stiffness values of rods (R2 = 0.999).  The 6-parameter algorithm also proved 

to be effective using monkey tibiae as the correlation of tibial bending stiffness with 

MRTA vs. three-point bending was extremely high (R2 = 0.95) compared to the 7-

parameter algorithm (R2 = 0.65)(Roberts et al., 1996a). 

Motion at the distal tibia was later accounted for with a 9-parameter model (Steele, 

2003).  The tibia was modeled as a beam with one significant flexing motion.  The skin 

effective mass, damping, and stiffness and the bone distributed mass, stiffness, and 

damping were six parameters.  Adding the motion of the distal end added three additional 

parameters: the distal end mass, damping, and stiffness, giving the 9-parameter model.  

Later, a new algorithm that also accounted for the motion of the proximal tibia end was 

developed with 12 parameters.  A schematic of the variables accounted for with each 

algorithm is presented in Table 1.  Thus far, no published studies have reported results 

using the 9- or 12-parameter models. 

 

Studies using MRTA 

Young and colleagues (Young, Howard, Cann, & Steele, 1979) reported on a 

system similar to MRTA, although the term “MRTA” was not coined until 1988 (Steele 

et al., 1988b).  The bending stiffness and bone mineral content (BMC) of 17 monkey 

ulnae and tibiae were measured.  Repeatability of bending stiffness was 4%.  Bending 

stiffness was correlated (r = 0.90) with the mineral content of the bones.   
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The first report of the use of MRTA was by Steele and coworkers (Steele et al., 

1988b).  This instrument utilized a 7-parameter model to calculate the mechanical 

response.  The correlation between ulnar bending stiffness and BMC was strong (r = 

0.81) and only slightly less than previous in vitro results with both measurements on the 

same bone (r = 0.89).  When sufficiency was taken into account, the correlation with 

BMC improved (r = 0.89).  These authors concluded that "quality" of bone is a factor that 

is not indicated by BMC, but is indicated by bending stiffness.  To evaluate system 

reliability and the importance of operator training, four individuals measured each other’s 

right and left ulnae.  With repositioning between trials, the variation averaged 5.3%.  

Measurements of right and left ulnae in 9 males by an experienced operator resulted in a 

variation of 7.8%.  Since the range of ulnar stiffness is 8-120 Nm2, an error of 10% has 

minimal impact on the evaluation of the bone condition (Steele, 2003).  However, for 

serial studies aimed at assessing the effects of experimental interventions, reliability 

closer to 2-3% is desired.   

A clinical study using this system is reported by Ernst et al. (Ernst et al., 1988).  

The reliability of MRTA measures was 6.5%.  The subjects consisted of 63 healthy 

women (ages 22 to 76 years) and 14 women (57 to 68 years) with post-menopausal spinal 

osteoporosis.  The change of stiffness with age was similar to that with BMC (r = -0.51 

for females, r = -0.31 for males).  However, in post-menopausal females, DXA evaluation 

of the spine discriminated those with osteoporotic spinal fracture better than MRTA.  

Mechanical response tissue analysis was first used to measure the human tibia by 

Arnaud et al. (Arnaud et al., 1991).  A 7-parameter model was used to determine ulnar 
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and tibial bending stiffness in 48 healthy males.  The reliability of bending stiffness with 

repositioning was good for the ulna (< 5%), but not for the tibia (5-12%).  The correlation 

of bending stiffness with BMC was significant, but low with the ulnae (r = 0.45) and 

tibiae (r = 0.39-0.44).  These authors concluded that considerable work and refinements 

of MRTA were needed to detect the effects of acute or chronic disuse.   

McCabe et al. (McCabe, Zhou, Steele, & Marcus, 1991) measured ulnar bending 

stiffness in elderly (mean age 64 yrs, n=25) and young (mean age 25 years, n=23) healthy 

females using a 7-parameter model.  Repeatability of the technique without probe 

repositioning was reported to be 2.9%.  Bone mineral content and bone width of the 

dominant ulna were measured by SPA and ulnar bending stiffness by MRTA.  Ulnar 

bending stiffness correlated with BMC (r = 0.59 – 0.72) and bone width (r – 0.35 – 0.67) 

in women.  In young women, only ulnar width independently predicted ulnar stiffness (R2 

= 0.52).  In the older women, BMC and ulnar width correlated with ulnar bending 

stiffness, but in multiple regression only BMC remained significant (R2 = 0.45).   

Myburgh et al. (Myburgh, Zhou, Steele, Arnaud, & Marcus, 1992) measured ulnar 

bending stiffness in 90 men aged 19 to 89 years.  The authors used the 7-parameter model 

in this study and reported precision at 2.9% without probe repositioning.  Ulnar bending 

stiffness was compared to BMC, ulnar width, and a composite variable, BMC divided by 

ulnar width.  Ulnar width increased (r = 0.27, P = 0.01) and ulnar BMC/BW decreased (r 

= -0.31, P ≤ 0.005) with age, although neither BMC nor stiffness changed with age.  The 

best predictor of ulnar bending stiffness was ulnar width (R2 = 0.47, P ≤ 0.001) with 

small, significant contributions made by BMC and grip strength (R2 = 0.55, P = 0.0001).  
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These authors suggested that the resistance of older men to forearm fracture was related 

to age-associated changes in the moment of inertia achieved by redistributing bone 

mineral farther from the bending axis.  

In Myburgh et al. (Myburgh et al., 1993), 51 healthy men, 28-61 years of age, were 

measured for ulnar bending stiffness.  The authors used the 7-parameter model in this 

study and reported precision at 2.9% without probe repositioning.  Subjects were 

classified as sedentary, moderately, or highly active.  Small differences in ulnar bending 

stiffness and BMC were found between the sedentary and moderately active groups, but 

from the sedentary to highly active groups, the increases were 10% in BMC and 22% in 

ulnar bending stiffness.  A multiple regression model where ulnar width, biceps strength, 

weight, height, BMC, and hours of activity were entered as independent variables, both 

ulnar width and biceps strength loaded into the model as independent predictors of ulnar 

bending stiffness (R2 = 0.67).   

Hutchinson and colleagues (Hutchinson et al., 1994) examined the effects of 9 

weeks of physical activity that generated ground reaction forces greater than and less than 

twice body weight.  Those undergoing the high-load physical activity regimen had 

significantly higher values for tibial stiffness and BMC in the tibia, femur, spine, and 

total body.  Tibial bending stiffness correlated with BMC in the tibia (R2 = 0.48), 

proximal femur (R2 = 0.48), spine (R2 = 0.38), and total body (R2 = 0.44).   

Smith et al. (Smith, Burshell, Lindberg, Bober, & Davies, 1994) evaluated a large 

family, of which many members had osteogenesis imperfecta.  Although cases had a risk 

of fracture ~ 60-fold higher than controls, ulnar BMC was similar between groups.  
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Volumetric BMD was 10% higher in the osteogenesis imperfecta group while ulnar 

bending stiffness was 30% lower.  Smith et al. (1994b) later examined 21 female and 18 

male patients undergoing chronic renal hemodialysis.  Bone mineral density in this cohort 

was relatively low with Z-scores of -0.56 for men and -0.38 for women.  Interestingly, 

ulnar bending stiffness measured with MRTA was 40% and 25% greater in men and 

women, respectively.  These authors concluded that these subjects form enough callus-

like material instead of mineralized bone such that the bending stiffness remains high and 

the general fracture susceptibility remains low, regardless of BMD.   

Norrdin et al. (Norrdin, Simske, Gaarde, Schwardt, & Thrall, 1995) studied the 

effects of bone marrow transplant therapy in cats with and without 

mucopolysaccharidosis VI, a genetic lysosomal storage disease characterized by 

abnormalities in the development of cartilage and bone.  Long bones from diseased cats 

(n = 6) and diseased cats that underwent bone marrow transplant (n = 7) were compared 

with control cats (n = 11) and control cats that underwent bone marrow transplant (n = 5).  

Dissected femurs and tibiae were subjected to three-point bending and MRTA.  Cats with 

mucopolysaccharidosis VI had decreased bending stiffness and strength in both the femur 

and tibia.  When cross-sectional area was used to normalize for bone size, strong 

correlations were observed with femur (r = 0.91) and tibia strength (r = 0.92).  

Furthermore, strong correlations were seen in the tibiae between stiffness measured with 

MRTA and three-point bending.  These authors concluded that in cats with 

mucopolysaccharidosis VI, the decreases in stiffness and strength of long bones may be 

largely accounted for by the decrease in bone size that is present. 
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Roberts et al. (Roberts et al., 1996a) directly validated the MRTA with monkey 

tibiae.  These authors reconfigured the previous mathematical model of the bone and 

overlying tissue to incorporate new theoretical findings.  The result was a 6-parameter 

model that was used to predict bone bending stiffness.  The relationship between bending 

stiffness measured with MRTA and theoretical stiffness values for padded aluminum rods 

was R2 = 0.999.  The authors next considered performing a biological validation using 

monkey tibiae.  Each tibia was tested in vivo with the MRTA.  Postmortem, the same 

tibiae were excised and tested to failure in three-point bending.  Bone mineral density 

measurements were also made.  The correlation between stiffness measured with three-

point bending and MRTA was strong (R2 = 0.95), which was stronger than previous 

results using the older 7-parameter model (R2 = 0.65). 

Kiebzak et al. (Kiebzak et al., 1999) compared ulnar bending stiffness among 

normal, osteopenic, and osteoporotic Caucasian women.  A 7-parameter model was used 

to predict ulnar bending stiffness.  Between-day precision was reported to be < 3%.  

Osteoporotic women had 25% lower ulnar bending stiffness than normal subjects (P < 

0.001). However, there was a nonsignificant 17% difference between ulnar stiffness of 

normal women and osteopenic women.  Ulnar stiffness was also related to ulnar BMC (r 

= 0.61) and BMD (r = 0.34), ulnar width (r = 0.42), age (r = -0.35), and body weight (r = 

0.26). 

Hutchinson et al. (Hutchinson et al., 2001) validated MRTA by comparing the 

tibial bending stiffness of monkeys to stiffness values obtained from a standard materials 

test.  Transverse bending stiffness, estimated from the slope of the load displacement 
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curve in the linear elastic region obtained by three-point bending, was compared to in 

vivo stiffness measurements in 21 monkey tibiae.  The 6-parameter model was used for 

all stiffness estimates and precision was reported at 4.3%.  The correlation between these 

two variables was extremely high (R2 = 0.95, P < 0.0001). 

 

Reliability of MRTA 

The first known report of reliability with a device that measures bone impedance 

was that of Corliss and Koidan (Corliss & Koidan, 1955).  These investigators measured 

the impedance of the forehead and mastoid with a special direct-recording system that 

records force and motion.  They reported that their results have an “uncertainty” of 

~15%.  In the first published study by Dr. Charles Steele and colleagues (Young et al., 

1979), these investigators used a device similar to MRTA to estimate bending stiffness of 

monkey tibiae.  Repeatability of tibial stiffness with probe repositioning was 3%, 

although no inter-day trials were performed.  In 1988, Steele et al. (Steele et al., 1988b) 

introduced the first MRTA prototype.  Repeatability of MRTA was shown to be 

acceptable with intra-trial and inter-test variations of 4.3% and 5.3%, respectively.  Inter-

test variation in ulnar sufficiency over a 30-day period was reported at 7.8%.  Hutchinson 

et al. (Hutchinson et al., 2001) reported the intra-test precision of MRTA in monkey 

tibiae to be 2.8 ± 1.5%.  Several reports have reported precision with MRTA to be ~2-4% 

(Kiebzak et al., 1999; McCabe et al., 1991; Myburgh et al., 1993; Myburgh et al., 1992). 

Only two studies (Kiratli et al., 2001; Thorne, 2000) have reported intra- and inter-

day reliability of the latest MRTA prototype with the current horizontal-probe design.  
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Kiratli et al. (Kiratli et al., 2001) submitted a progress report from a cross-sectional study 

designed to investigate the feasibility of using a direct measurement of bone mechanical 

properties to assess structural integrity of the tibia in individuals with spinal cord injury.  

These investigators utilized both 9- and 12-parameter models to estimate tibial bending 

stiffness because no model consistently best fit the data.  Furthermore, measurements 

were taken on the anteromedial surface of the tibia, for which they designed a flat probe 

(versus a concave probe used in the current study). 

Several short-term precision studies were conducted to evaluate the following 

factors: (a) subject position, (b) duration of skin compression, (c) time of day, (d) 

alterations in anatomic probe placement, and (e) effect of foot rotation.  The authors 

reported precision errors ranging from 2% to >30%, although no specific data is provided 

for each independent factor.  General observations included the following: (a) the seated 

position gave reliable results versus the supine position, (b) variations in measurement 

timing, and thus skin compression variations, affected tibial bending stiffness, (c) diurnal 

variations minimally affected tibial bending stiffness values, and (d) muscle mass 

interfered with consistent probe placement locations in all individuals.  The authors 

reported that “a number of these analyses did not meet acceptable criteria”.  Regardless, 

the median value of acceptable responses was used in data analysis.  Furthermore, when 

the 12-parameter model was incorporated with “improvements in the algorithm”, 

excellent results were obtained.  These authors concluded that tibial bending stiffness is 

less robust than bone mass data derived from DXA.  Although significant bone mass 
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differences were noted among groups with and without spinal cord injury, tibial bending 

stiffness was similar between groups. 

Thorne (Thorne, 2000) is the only investigator to report intra- and inter-day 

reliability of the current MRTA system, in which the probe is in a horizontal position.  

Twenty-three women (age: 21 ± 2 yr, body mass index: 23 ± 2 kg/m2) underwent tibial 

bending stiffness tests with MRTA on three nonconsecutive days to determine inter-day 

reliability.  Within each day, 2 sets of 5 consecutive trials were performed with 3 minutes 

between sets.  Within each set, there was no repositioning of the probe.  Between each set 

and obviously between days, the probe was repositioned between trials.  Before a series 

of measurements were conducted, the probe was placed over the tibia and activated for 1 

minute to reduce the elastic effects of the skin on the measurement.  All data were 

analyzed with the 7-parameter model, which accounts for mass, stiffness, and damping of 

bone, skin, as well as the soft tissue between the probe and bone. 

The mean tibial bending stiffness was 52 ± 27 Nm2 with a range from 5 to 206 

Nm2.  Significant differences in tibial bending stiffness (P < 0.05) were noted between 

day 1 (59 ± 36 Nm2) and days 2 (47 ± 22 Nm2) and 3 (50 ± 18 Nm2).  Although the 

author presented the group mean changes in tibial bending stiffness over the testing 

period as an indicator of precision, this analysis is highly dependent on the characteristics 

of the entire sample and provides no insight into precision of the device itself.  Thus, a 

reanalysis of the original data was performed to calculate the mean individual CV, which 

is a measure of variability within each subject rather than group variability (Table 2).  

Regardless of the testing conditions, reliability of MRTA was poor and much worse than 
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originally reported.  However, later analysis with a 12-parameter model reduced the CV 

between days 2 and 3 to 13% , although no data are reported that include day 1 (Wootten 

et al., 2001). 

Thorne reports that repositioning of the subjects did not reduce the reliability and 

precision of these measurements (inter-trial variation = 10%, inter-set variation = 3-9%).  

Reanalysis of inter-trial variation was not performed due to the volumous amount of data.  

However, the claim that set-to-set variability is stable is not viable considering a CV of 

~20%.  The author states that the results of the study demonstrate that MRTA has 

excellent potential for in vivo assessment of those at risk for tibial fracture.  Furthermore, 

the author reports that reliable test-retest tibial measurements can be made when using 

MRTA and that probe positioning for within-trial scores was highly reliable.  This author 

finds no justification for these claims and feels that the precision of MRTA measures 

must be improved upon before this device can be used to assess serial changes in 

interventional studies. 

Wootten (Wootten, 2001) assessed reliability of tibial bending stiffness over a 6-

week period in 13 sedentary, young women.  Several different models, e.g. 6-, 7-, and 12-

parameter, were used to predict tibial bending stiffness.  Although group CV values of 5-

8% are reported, a mean individual CV value was not reported.  However, inter-day 

correlations of tibial bending stiffness varied tremendously (r = 0.03 – 0.59).  Although at 

first glance these values appear more stable than those of Thorne who reported precision 

errors of 5%-18% (4), these data should be reanalyzed with the mean individual CV 

statistic to quantify repeatability instead of reporting group variability characteristics.   
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Based on this evidence, MRTA must undergo several modifications in order to 

yield greater test-retest reliability.  These modifications may include quantification of 

subject position, more comfortable positioning for subjects, specific measurement 

durations, and a more user-friendly computer interface to aid the investigator in 

determining acceptable measurements instantaneously, instead of at a later date when the 

patient is no longer available to test.   

 

Validity and Reliability in Physiological Measures 

When bone densitometry or another method of assessing bone health is used for the 

purpose of osteoporosis detection or fracture risk prediction, validity of the measure is 

paramount.  However, when one is interested in following changes over time, reliability 

of the measurement is most important.  The importance of a reliability study is imperative 

in order to provide the researcher the information needed to interpret serial changes.  

Because no measure is perfectly reproducible, the results on any given subject are not 

expected to be identical, even though the variable of interest has not changed.  Reliability 

is often expressed as a mean individual CV, which expresses the variability as a 

percentage of the average value for a series of replicate measurements.  This calculation 

is performed as follows: (1) calculate the mean, standard deviation, and CV for each 

subject across trials, (2) sum all CVs, and (3) divide the sum of CVs by sample size. 

One of the measurements on an individual will not contribute independently to the 

calculation of the mean for an individual.  Degrees of freedom refers to the number of 

trials that do not independently contribute to the individual mean.  For statistical validity, 
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a short-term precision study should have 30 df (Blake, Wahner, & Fogelman, 1999) and 

be completed in 2 weeks to 1 month.  Once the reliability of the measurement is known, 

the magnitude of change that indicates a real biological change can be determined.  This 

is termed the least significant change.  To determine the least significant change, 80% 

statistical confidence is usually adequate for clinical decisions although 95% confidence 

may be used in research settings (Bonnick & Lewis, 2002).  Thus, a change of 1.81 and 

2.77 times the %CV would be needed to assume a real effect occurred with 80% and 95% 

confidence, respectively.  For example, in a research setting where one may wish to be 

95% confident in the outcome of an intervention, a value of 2.77 multiplied by the CV 

would be needed to assume a biological change occurred. 

 

Summary 

Bone bending stiffness is calculated based on the assumptions of beam theory.  

However, measurement of the tibia in vivo presents several challenges to the investigator.  

First, the tibia is not a perfect cylinder, but a prismatoidal bone with varying levels of 

anisotropy.  Consequently, the adherence of tibial vibratory responses with beam theory 

is questionable.  Second, different levels of overlying muscle, fat, and skin may lead to 

altered damping patterns of the vibratory signal.  Finally, reproducibility among days is 

difficult due to a lack of quantitative, reproducible methods to position the patient.  Thus, 

the goal of this research is to isolate and quantify the sources of MRTA measurement 

error via a series of studies with composite tibiae and in human subjects.   
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Although considerable work has been performed with the MRTA, the latest system 

has yet to be proven valid and has shown little consistency in tibial bending stiffness.  

The aims of this research project were to assess validity of the MRTA by use of 

composite tibiae, which have similar mechanical properties as cadaveric tibiae under 

static loading.  We sought to compare the tibial bending stiffness values obtained with 

three-point bending with those measured with the MRTA.  Another primary aim of this 

project was to determine intra- and inter-day reliability of tibial stiffness with MRTA 

using the current protocol as well as several others that were thought to enhance the day-

to-day reliability of the measure.  This author believes that if the inter-day CV of tibial 

stiffness with MRTA were in the range of 4-6%, the effects of interventions would be 

easier to distinguish from the inherent error of the device. 
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Table 1 – Variables modeled in mechanical response tissue analysis algorithms 

6 7 9 12
Skin Skin Skin Skin
   mass    mass    mass    mass

   damping    damping    damping    damping

   stiffness    stiffness    stiffness    stiffness

Bone Bone Bone Bone
   mass    mass    mass    mass

   damping    damping    damping    damping

   stiffness    stiffness    stiffness    stiffness

Bone (proximal end) Bone (proximal end)
   mass    mass

   damping    damping

   stiffness    stiffness

 Bone (distal end)
   mass

   damping

   stiffness

Bone Stiffness Prediction Models (parameters)

Soft tissue between 
probe and bone
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Table 2 – Reanalysis of tibial bending stiffness reliability with 

mechanical response tissue analysis (from Thorne et al., 2000) 

Original Reanalysis

Inter-trial 10 -

Inter-set   

  -all 3 days 3-9 21

  -separate days 3-9 18-23

Inter-day

  -all 3 days 1-18 29

  -days 2-3 1 24

CV: coefficient of variation

CV (%)
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Abstract 

Mechanical response tissue analysis (MRTA) noninvasively assesses the 

mechanical properties of long bones in vivo.  However, repeatability of tibial bending 

stiffness is currently unacceptable for clinical applications.  Furthermore, validity of the 

latest MRTA prototype has yet to be established.  The purpose of this study was to 

validate tibial bending stiffness values obtained with MRTA against a three-point 

bending test using commercially-available composite tibiae.  We also sought to determine 

short-term reliability of MRTA, both within a single trial and between days.  Twenty 

composite tibiae were obtained with similar geometric properties and bending stiffness 

under static conditions as cadaveric tibiae.  Bending stiffness of the tibiae was tested with 

MRTA on three different days to determine the intra- and inter-day reliability of the 

measure.  Following these tests, the composite tibiae were subjected to three-point 

bending tests to measure elastic modulus.  Reliability of tibial bending stiffness with 

MRTA was moderate within a single set without probe repositioning (CV = 24%) and 

low between days (CV = 74%).  No relationship was observed between elastic modulus 

measured with three-point bending and tibial bending stiffness measured with MRTA.  

Although composite tibiae resonate like human tibiae under vibrational loading, future 

research should attempt to mimic in vivo conditions by incorporating dashpots and other 

materials to simulate the damping effects on soft tissue. 
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Introduction 

Bone mineral content (BMC) and bone mineral density (BMD) measurements 

obtained with dual-energy x-ray absorptiometry (DXA) are widely used in research and 

clinical settings as a surrogate measure of bone strength.  However, DXA parameters do 

not solely or powerfully predict fracture risk (Wasnich, Ross, Heilbrun, & Vogel, 1985).  

Other techniques have been developed to address factors not manifested by DXA, 

including those that quantify mechanical and geometric properties of bone.  Mechanical 

response tissue analysis (MRTA) is a technology designed to noninvasively assess the 

mechanical properties of long bones in vivo (Steele et al., 1988b).  The measured 

variable, bone bending stiffness, is the product of Young’s modulus of elasticity and the 

cross-sectional moment of inertia, and is an indirect determinant of bone strength.   

Roberts and colleagues reported a close relationship (R2 = 0.95) between tibial 

bending stiffness measured in vivo and three-point bending stiffness ex vivo, thus 

establishing the validity of MRTA to assess fractural strength of bones (Roberts et al., 

1996b).  Furthermore, bending stiffness of a bone has been shown to correlate with 

breaking strength to a greater degree than BMC or BMD (Roberts et al., 1996b; Steele et 

al., 1988a).  Thus, MRTA holds promise as a tool to assess fracture susceptibility in at-

risk groups, such as postmenopausal women and astronauts.  However, recent 

experiments in our laboratory using newer generation hardware and computational 

algorithms have yielded levels of repeatability in vivo for tibial bending stiffness 

measurement outside the range needed for rigorous research or clinical applications, i.e. 

CVs of 27-59% (Miller et al., 2001; Wootten, Ramp, Thorne, & Herbert, 2000; Wootten 
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et al., 2001).  Furthermore, validity of the latest MRTA prototype has not been 

established.  The purpose of this study was to validate tibial bending stiffness values 

obtained with MRTA against a three-point bending test using commercially-available 

composite tibiae.  Furthermore, we sought to determine short-term reliability of this 

instrument. 

 

Methods 

Composite replicate tibiae, which are similar in geometry and bending stiffness 

under static conditions to cadaveric tibiae (Heiner & Brown, 2001), were obtained 

commercially (Pacific Research Laboratories, Vashon, WA; Fig. 2).  These “bones” have 

distinct advantages over cadaveric specimens in that the problems of availability, 

preparation, and preservation are eliminated.  Composite tibiae length was measured 

twice to the nearest 0.1 mm with digital sliding calipers (H&H Perfection Fabrication, 

Inc., Orange, CA) and the average value reported.  Weight of each tibia was measured 

twice and the average recorded to the nearest 0.1 g.   

Bending stiffness of the tibiae was tested with MRTA on three different days to 

determine the intra- and inter-day reliability of the measure.  The tibiae were secured 

with two bone clamps (Pacific Research Laboratories, Inc., Vashon, WA) affixed to a 

custom-built, vertical stand (Fig. 3).  The tibiae were clamped at sites corresponding to 

20% and 80% of the total bone length measured from the inferior edge of the medial 

malleolus.  Human skin models (30 x 15 x 1 mm; Pacific Research Laboratories, Inc., 

Vashon, WA) were taped over the probe-bone contact area before each test to simulate 
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the damping effects of soft tissue between the probe and bone observed in vivo.  Once the 

tibiae were secured in the clamps, the stand was secured to the horizontal support of the 

MRTA (Fig. 4).  The position of the stand in relation to the horizontal support was also 

measured and recorded to assure consistent placement across days. 

Calibration of MRTA was performed before each test.  A successful calibration 

was defined as an impedance response of 8 ± 1 g across the frequency range of 70-500 

Hz.  After calibration, the MRTA probe was positioned on the anterior border of the tibia, 

equidistant from the medial condyle and the inferior edge of the medial malleolus.  Five 

consecutive measures were performed without repositioning over a period of ~1 min 30 

sec.  The data were analyzed with a 6-parameter model consisting of the effective 

bending stiffness, damping, and mass of both the bone and soft tissue. 

Following this sequence of testing, the composite tibiae were subjected to three-

point bending tests.  Originally, a four-point bending test was anticipated.  However, due 

to the non-uniform geometry of the tibiae, only one roller was able to contact the anterior 

tibial surface.  Thus, a three-point bending test was designed using a materials testing 

machine (Sintech 5/G, MTS Systems Corporation, Eden Prairie, MN).  A visible mark 

was made on the mid-diaphysis of the tibiae and aligned with the bending jig.  The 

external rollers were fixed at 30 cm apart.  A single-arm extensometer was used to 

measure vertical deflection of the mid-diaphysis. 

A load of ~500 N was applied with an actuator speed of 0.05 mm/s.  This load 

resulted in mid-diaphysis deflections of 0.27-0.47 mm.  The slope of the load-

displacement curves (elastic modulus) was then calculated and reported as N/mm.  Three 
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trials were conducted with each tibia.  The tibiae were dismounted and the load cell 

recalibrated after each trial.  The average of the three trials was reported as the elastic 

modulus for each tibia. 

Data Analysis 

Tibial bending stiffness data were collected for each set of five measures.  Each 

measure yielded an impedance curve of the real bone stiffness across all measured 

frequencies.  A regression line was then fit to the impedance curves based on the 

characteristics of the bone and skin under vibrational loading.  A statistic called the root 

mean square (RMS) error was then calculated, which is an indicator of the goodness-of-

fit between the impedance curve and the regression line; an RMS error of < 10% was 

considered acceptable.  Then, the regression line from the single measure with the lowest 

RMS error value was applied to all impedance curves. 

Short-term precision was reported as the mean of individual CVs within- and 

between-trials.  For statistical validity, it is recommended that a short-term precision 

study have ≥ 30 degrees of freedom (Blake et al., 1999).  The current study exceeded 

these requirements as 20 composite tibiae were tested on 3 separate occasions.  Thus, 2 of 

these tests per tibia independently contributed to the mean, which yielded 40 (20 x 2) 

degrees of freedom.  Because tibial bending stiffness values were not normally 

distributed, Spearman rank correlations were used to compare tibial bending stiffness 

values from MRTA vs. elastic modulus values from the three-point bending tests. 
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Results 

Descriptive characteristics of the composite tibiae are presented in Table 3.  

Intermedullary canal diameter differences between bones did not affect bone weight, 

elastic modulus, nor bending stiffness.  However, the longer bones (405 mm) were 

heavier (P < 0.001) with a 32% greater elastic modulus (P < 0.001) vs. the shorter bones 

(375 mm).  No differences were noted in bending stiffness in the longer bones vs. the 

shorter bones. 

Reliability of elastic modulus with three-point bending in the composite tibiae over 

three trials with repositioning each time was very high (CV = 5.0%).  Intra-set reliability 

of tibial bending stiffness assessed with MRTA was moderate.  Intra-set reliability was 

assessed by calculating the mean individual CV over 5 consecutive measures in a period 

of ~ 1 min 30 sec without repositioning.  The mean CV was 24% with a range of 

individual CVs from 4-70%.  The longer bones (CV = 14%) exhibited significantly better 

(P = 0.02) intra-set reliability than the shorter bones (CV = 35%).  None of the measures 

met the RMS criterion of < 10%; the range of the measured values was 21-55%. 

Short-term precision of MRTA was also assessed by measuring tibial bending 

stiffness over a 3-day period.  Between-day precision was very low with a mean CV of 

74% with a range of individual CVs from 8-162%.  The longer bones (CV = 55%) 

exhibited higher intra-set reliability than the shorter bones (CV = 92%), although this 

difference did not reach significance (P = 0.15).   

No relationship (r = -0.25, P > 0.2) was observed between tibial bending stiffness 

measured with MRTA and elastic modulus measured with three-point bending.  Since 
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bending stiffness in the composite tibiae was ~10-fold greater than in human tibiae, 

further analyses were conducted to examine possible reasons for the discrepancy.  A 

representative subsample consisting of 40 composite tibiae and 72 human tibiae measures 

were analyzed.  Although composite and human tibiae resonated at similar frequencies 

(human: 221 ± 38 Hz, composite: 200 ± 89 Hz), the composite tibiae exhibited higher 

values (all P < 0.001) for skin stiffness (673000 ± 179000 vs. 157000 ± 73000 N/m), 

bone stiffness (1100000 ± 969000 vs. 142000 ± 80000 N/m), and bone mass (691 ± 392 

vs. 75 ± 45). 

 

Discussion 

This study sought to determine the short-term reliability and validity of bending 

stiffness as measured by MRTA in composite tibiae.  Reliability within a set of 

consecutive measures was moderate, but low between days.  No relationship was 

observed between tibial bending stiffness measured with MRTA and elastic modulus 

measured with three-point bending. 

Although good precision has been established with MRTA prototypes that feature 

the probe in a vertical position (Kiebzak et al., 1999; Myburgh et al., 1993; Myburgh et 

al., 1992; Steele et al., 1988b), no studies thus far have reported reproducible results with 

the probe in a horizontal position (Kiratli et al., 2001; Thorne, 2000; Wootten et al., 

2001).  It seems reasonable to conclude that if the within-trial CVs were low, but the 

between-days variation was high, then slight differences in the positioning of the tibiae 

from day-to-day could be to blame.  However, the present study showed that even within 
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a single set of 5 consecutive measures taken over a short period with no repositioning of 

the probe, tibial bending stiffness values remained variable. 

These results are worse than those reported in other studies.  Thorne et al. (Thorne, 

2000) measured tibial bending stiffness in human subjects 3 times over a 5-day period 

with the same MRTA prototype used in the current study.  These authors reported a CV 

of 29% between days; however they did not calculate within-trial CVs.  The large 

variability within-trials is likely due to the limitations in the algorithms used to predict 

tibial stiffness.  These algorithms were developed based on work done in humans and 

monkeys.  However, they may not accurately model the characteristics of composite 

tibiae. 

The fact that the validity of the MRTA was poor is not surprising given the huge 

variability in tibial bending values.  However, even when the median was used or when 

the data were transformed to meet normality assumptions, similar results were obtained.  

Aside from the variability issues, it is likely that the clamping of the tibiae affected its 

response to the forced vibration.  The stiffness of a beam with clamped ends is 4-fold that 

of a beam with hinged ends (Steele, 2003).  Furthermore, the location of the clamping 

device effectively reduced the length of the tibiae by a factor of ~2.5.  Thus, the stiffness 

under a point load in the current test configuration, compared to the full length of bone 

with hinged ends, is an increase in the theoretical stiffness by a factor of ~62 (Steele, 

2003).   

Interestingly, the composite tibiae resonated at similar frequencies vs. human 

tibiae.  This finding suggests that composite tibiae may, in fact, be adequate models to 
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assess MRTA reliability.  It is likely that a lack of soft tissue surrounding the bone 

allowed undamped oscillations, given the extremely high estimated stiffness of the bone 

and skin in the composite models.  

Future research with these composites may include several refinements to the 

current methodology.  First, the current clamping system may be substituted to allow the 

bone to be “pinned”.  This would entail drilling a hole through each end of the bone and 

inserting surgical steel pins to fix the bone in place.  These conditions are similar to those 

used by Roberts et al. (Roberts et al., 1996a) who reported very high correlations 

between tibial bending stiffness and breaking strength.  In addition to clamping 

modifications, attempts to mimic in vivo conditions may enhance reliability and allow a 

better fit between the tibial impedance response and the model regression line.  In the 

present study, a human skin model was placed over the probe-bone interface.  However, 

judging from the characteristics of the bone under vibrational loading, this had a minimal 

damping effect.  The following example may be used in future studies to achieve this 

goal.  One may attach a dashpot to the tibia to mimic the damping effects of lower leg 

musculature, e.g. water balloons to simulate the gastrocnemius.  Then, wrap the entire 

tibia in several layers of gauze to hold the dashpot in place as well as providing some 

degree of damping for the entire bone.  Given that the composite tibiae resonate much 

like human tibiae under vibrational loading, one would expect enhanced reliability of 

MRTA under simulated in vivo conditions.  One other modification that may translate 

into greater reliability is to redesign the probe contour.  The probe has a slight concave 

surface; however, the anterior tibial crest has a steep convex shape.  Thus, the outermost 
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edges of the probe do not contact the bone, which may result in a decreased signal-to-

noise ratio.  A steeper concave shape of the probe would likely increase the contact area 

with the bone and increase reliability. 
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Table 3 – Short-term reliability of tibial bending stiffness with mechanical response tissue analysis in composite tibiae 

Trial 1 Trial 2 Trial 3 Day 1 Day 2 Day 3
1 37.89 10 272.4 1284 1354 1343 3 563 5128 608 125
2 37.80 9 297.7 1547 1603 1555 2 306 61 2106 135
3 37.80 9 271.9 1257 1256 1195 3 2532 2276 197 77
4 37.86 10 275.9 1349 1292 1424 5 2714 3288 3768 16
5 37.83 9 280.5 1346 1576 1555 9 343 52 3978 150
6 37.80 10 282.5 1367 1328 1461 5 2610 262 14 149
7 37.84 11 270.0 1382 1253 1387 6 3608 2868 61 86
8 37.76 11 272.3 1305 1471 1445 6 809 48 2220 107
9 37.86 10 265.2 1309 1283 1440 6 226 78 83 65
10 37.84 11 271.3 1339 1216 1411 7 259 252 220 9
11 40.38 11 341.6 1609 1770 1713 5 456 193 320 41
12 40.36 10 368.1 1747 1987 1915 7 300 293 241 12
13 40.43 11 341.4 1778 1919 1840 4 368 418 333 11
14 40.36 11 349.7 1807 1830 1863 2 9874 283 218 161
15 40.37 12 340.9 1667 1763 1833 5 295 206 354 26
16 40.40 10 334.7 1870 1828 1910 2 313 374 114 51
17 40.40 10 349.0 1749 1889 1914 5 18660 186 632 162
18 40.37 12 337.3 1823 1787 1960 5 470 320 133 55
19 40.41 11 353.1 1852 1801 1986 5 334 318 287 8
20 40.40 12 339.2 1622 1762 1671 4 335 463 280 26

CV: coefficient of variation, MRTA: mechanical response tissue analysis

Weight (g)

3-point bending

Elastic modulus (N/mm)
CV (%)

MRTA (6-parameter model)

Bone # Tibia bending stiffness (Nm2)
CV (%)

Length (cm)
Intermedullary 
canal diameter 

(mm)



Figure 2 – Examples of two composite tibia models used to assess 

reliability and validity of bending stiffness with mechanical response tissue 

analysis.   
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Figure 3 – Composite tibiae secured in customized bone clamp 
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Figure 4 – Composite tibia secured in customized bone clamp 

undergoing mechanical response tissue analysis 
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Abstract 

Bone mineral density (BMD) is a commonly measured surrogate for bone mass.  

However, there is substantial overlap of BMD in fracture cases vs. normals.  

Furthermore, BMD explains only 40-90% of the variability in bone breaking strength.  

Mechanical response tissue analysis (MRTA) is a noninvasive procedure that assesses 

long bone bending stiffness, which is a strong predictor of bone breaking strength.  The 

latest MRTA model has yet to achieve adequate precision for use in clinical settings, with 

current CVs ranging from 27-59% for in vivo testing.  This study sought to determine the 

short-term precision of tibial bending stiffness measured with the present MRTA protocol 

and to compare the results with those obtained from new protocols designed to improve 

repeatability.  Twelve women (23 ± 2 yr, 162 ± 7 cm, 57 ± 7 kg, 19 ± 4 %fat) underwent 

MRTA testing on five separate days.  These trials compared the present protocol where 

the subject sits upright with no quantification of positioning from day-to-day vs. a 

protocol where positioning was recorded and a protocol with the subject tested in a 

supine position.  Finally, adjustments to the regression equations used to model bending 

stiffness were analyzed.  Within a series of tests with no repositioning of the probe, CVs 

ranged from 15-32%, depending on the model.  Regardless of the subject condition or 

frequency weighting, day-to-day reliability was low to moderate with a range of CVs 

from 19-40%.  Although MRTA has a strong theoretical basis and previous models have 

performed with high repeatability, the current MRTA prototype should be re-evaluated 

with regards to the assumptions of the current regression models before it can be 

recommended to assess serial changes or used in a clinical setting.  
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Introduction 

Bone mineral density (BMD) is a commonly measured surrogate for bone mass.  

Although there is an inverse relationship between BMD and fracture risk (Kroger et al., 

1995), considerable overlap exists in BMD of fracture cases vs. normal subjects (Nielsen, 

2000).  Bone mineral density accounts for 40-90% of bone breaking strength (Cheng et 

al., 1998; Tabensky et al., 1996; Wachter et al., 2002); the remainder may be explained 

by other factors, e.g. bone geometry, trabecular architecture and connectivity, and 

collagen fiber organization.  It has been suggested that BMD may not be the best measure 

of bone strength (Bonnick, 2002; Nielsen, 2000); thus, devices that can measure these 

“other factors” may hold promise for bone health assessment, solely or in conjunction 

with measurement of BMD.    

Mechanical response tissue analysis (MRTA) is a noninvasive procedure that 

assesses long bone bending stiffness, which is the ratio of lateral force to displacement, 

using low-frequency, transcutaneous vibrations.  Bone bending stiffness is the product of 

Young’s modulus of elasticity and the cross-sectional moment of inertia, and is a strong 

predictor of long bone breaking strength (Roberts et al., 1996a).  Thus, mechanical 

response tissue analysis holds promise as a tool to assess fracture susceptibility in at-risk 

groups, such as postmenopausal women and astronauts.  The MRTA emits a 

transcutaneous vibration frequency to the tibial crest in the range of 60 to 1600 Hz for 

brief periods.  Force and acceleration data are relayed to a microprocessor that fits the 

data to a prediction model, based on the characteristics of the fast Fourier transform 

display. 
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Although previous MRTA prototypes have yielded reliable results (Kiebzak et al., 

1999; McCabe et al., 1991; Myburgh et al., 1993; Myburgh et al., 1992; Steele et al., 

1988b), the latest MRTA model has yet to achieve adequate precision for use in clinical 

settings.  The coefficient of variation (CV) for tibial bending stiffness between days 

currently ranges from 27-59% (Miller et al., 2001; Wootten et al., 2000; Wootten et al., 

2001).  In order to improve upon previous results, this study sought to determine the 

short-term precision of MRTA with the present protocol and compare the results with 

those obtained from new protocols designed to improve repeatability. 

 

Methods 

Subjects 

Individual meetings with potential subjects were scheduled with an investigator to 

discuss study specifics.  Subjects satisfying preliminary inclusion/exclusion criteria and 

willing to provide informed consent completed a subject information form.  Subjects 

were provided with an informed consent form to read thoroughly and were encouraged to 

ask questions on topics not explicitly clear to them.  Twelve women were recruited from 

the Virginia Tech campus.  Criteria for study inclusion were age 18-26 years, body mass 

index of 18-26 kg/m2, and no prior bone fracture in the hip or leg. 

Anthropometry 

Upon reporting to the laboratory, subject height and weight were measured (light 

indoor clothing and shoeless) with standard equipment.  Body composition was measured 

with calipers (Harpenden Caliper, Quinton Instruments, Seattle, WA) at the triceps, 

 68 



suprailium, and anterior thigh as described by Lohman et al. (Lohman, Roche, & 

Martorell, 1988).  Each site was measured twice with the average taken as the recorded 

value.  If the difference between the two measures was > 1 mm, a third measure was 

taken and the two closest values were averaged.  Body composition was calculated using 

the formulas of Pollock (Pollock, Schmidt, & Jackson, 1980) and Siri (Siri, 1961). 

  Skinfold thickness of the left medial calf was measured at the point of maximal calf 

girth on the midline of the medial border.  Calf circumference was measured on the left 

leg in a seated position with a tension-regulated, metal tape measure.  Calf circumference 

was defined as the maximum girth between the knee and ankle joint (Latin, 1998).  Next, 

tibial length was measured with an anthropometer from the medial condyle proximally to 

the inferior edge of the medial malleolus distally.  The midshaft of the tibia, which served 

as the location for MRTA probe placement, was determined by measuring one-half the 

tibia length from the inferior edge of the medial malleolus.  The anterior crest at the tibial 

midshaft was marked with a permanent marker.  Skinfold measures were then taken 

directly over the midshaft point of the tibial crest, as previously described, with the 

subject seated. 

Subject data were then input into a computer and the MRTA components were 

activated and calibrated.  A successful calibration was defined by an impedance response 

of 8 ± 1 g across the frequency range of 70-500 Hz.  After calibration, the MRTA probe 

was positioned on the anterior border of the tibia, equidistant from the medial condyle 

and the inferior edge of the medial malleolus.  Eight consecutive measures were 

performed without repositioning over a ~2-minute period.  The data were analyzed with a 
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12-parameter model.  The variables in this model include the mass, distributed stiffness, 

and damping of the bone and skin, as well as at the proximal and distal bone ends. 

Subjects were positioned so the knee was at a 90° angle and the thigh parallel to the 

ground with the left leg directly in front of the probe.  Adjustments to the position of the 

chair and probe were made as necessary to ensure exact probe positioning over the 

anterior midshaft of the tibia.  Once proper positioning was confirmed, the probe was 

retracted, the lower leg pulled to ~1 cm from the probe, which was then released directly 

on the anterior tibial crest.  The lower leg was palpated immediately above and below the 

point of contact to ensure adequate vibration of the tibia.  Once the probe was positioned, 

eight consecutive measurements were taken without probe repositioning. 

The second day of testing was similar to the first, although during testing an outline 

of the subject’s foot was taken and the exact location of the chair was marked.  The 

subject was placed in the exact position on the third day of testing using these measures.  

Thus, the first and second days of testing served to determine the present day-to-day 

reliability, with no quantification of subject positioning.  Comparisons between the 

second and third days assessed reliability when reproducing the same subject position 

from day-to-day.  On the fourth and fifth days of testing, subjects were tested in a supine 

position.   

Finally, all conditions were analyzed with different tibial bending stiffness 

regression models.  The current model used to calculate bending stiffness scores places a 

100-fold greater importance for the responses observed in the 70-200 Hz frequency range 

vs. responses in the 200-500 Hz range.  However, it is well-known that bone resonates 
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within a range of 70-1000 Hz and various weighting combinations have been applied in 

previous studies (Arnaud et al., 1991; Roberts et al., 1996a; Steele, 2003; Steele et al., 

1988b).  Thus, several different models were assessed in this study.  The ultimate goal of 

this research was to determine the best combination of variables to use to enhance within-

day and between-day precision. 

Data analysis 

Tibial bending stiffness data were collected for each set of eight measures.  Each 

measure yielded an impedance curve of the bone stiffness across all measured 

frequencies.  A regression line was then fit to the impedance curves based on the 

characteristics of the bone and skin under vibrational loading.  A statistic called the root 

mean square (RMS) error was then calculated, which is an indicator of the goodness-of-

fit between the impedance curve and the regression line; an RMS error of < 10% is 

considered acceptable.  Then, the regression line from the single measure with the lowest 

RMS error value was applied to all impedance curves. 

Short-term precision was reported as the mean of individual CVs within- and 

between-trials.  Values are reported as mean ± SD unless otherwise noted.  Data were 

analyzed with Statistical Package for the Social Sciences version 11.5 (SPSS, Inc., 

Chicago, IL).  Statistical significance was set at P < 0.05.   

 

Results 

Precision within a set of eight consecutive measures is shown in Table 4.  Tibial 

bending stiffness measured through the higher frequencies (600-800 Hz) resulted in many 
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unacceptable measures due to RMS values > 10%.  Reliability of MRTA was similar (CV 

= 15-23%) between the two lower-frequency models (70-500 and 100-500 Hz) and 

among subject conditions.  Between-day precision was assessed and reported as CVs in 

Table 5.  Day-to-day reliability was low to moderate with a range of CVs from 19-40%.  

Interestingly, the measurement protocol that resulted in the highest reliability (CV = 

19%) was the original, in which the subject is seated and subjectively positioned, and 

measured with a frequency range of 70-500 Hz (Table 6). 

 

Discussion 

This study sought to determine the short-term reliability of tibial bending stiffness 

as measured by MRTA.  We also compared the reliability of the current protocol with 

novel protocols aimed at increasing precision.  Reliability within a single trial as well as 

between days was moderate with the original MRTA measurement protocol.  All new 

methods only proved to increase the error both within- and/or between-days.  However, 

the between-day error found in the present study (CV = 19%) is the best report to date.  

This improvement is likely the result of operator experience and the use of advanced 

algorithms to model the stiffness of the human tibia. 

Although high precision has been reported with several MRTA prototypes with the 

probe in a vertical position (Kiebzak et al., 1999; Myburgh et al., 1993; Myburgh et al., 

1992; Steele et al., 1988b), no studies thus far have reported reproducible results with the 

probe in a horizontal position (Kiratli et al., 2001; Thorne, 2000; Wootten et al., 2001).  

The present study showed that even within a single set of 8 consecutive measures taken 
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over a ~2-minute period with no repositioning of the probe, tibial bending stiffness values 

remained highly variable.  In general, changes to the current protocol regarding algorithm 

weightings and subject positioning only worsened the precision.  The large variability 

within-trials are likely due to the limitations in the algorithms used to predict tibial 

stiffness. 

These results are surprising given the good fit between the actual tibial impedance 

response and the regression line from the 12-parameter model.  Of all the measurements 

taken, 87% met the RMS criterion of < 10%.  Thus, although the on-screen display 

suggests that the measurement is being accurately modeled, inherent flaws likely exist in 

the tibial bending stiffness prediction algorithms. 

Although the MRTA has a strong theoretical basis and past models have performed 

well, the latest prototype with the 12-parameter model may require further adjustments to 

the modeling algorithms.  The more parameters that are in these models, the more 

assumptions are made about the bone and soft tissue responses.  This, in turn, may lead to 

greater measurement error.  However, even when using the original 7-parameter model 

with this data set, similarly high CVs were observed.  The current MRTA prototype 

should be re-evaluated with regards to the assumptions of the current models before it can 

be recommended to assess serial changes or used in a clinical setting.  
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Table 4 – Intra-trial reliability of tibial bending stiffness 

with mechanical response tissue analysis in human subjects 

Sitting, 
Subjective 
Positioning

Sitting, 
Objective 

Positioning

Supine, 
Subjective 
Positioning

70-200, 200-500 20 21 23 13

100-200, 200-500 15 21 21 9

70-200, 200-800 31 32 23 34

100-300, 300-600 17 17 21 19

RMS: root mean square

Measured 
Frequency Range 

(Hz)

Subject Condition
Trials > RMS 
criteria (%)

 74 



Table 5 – Day-to-day reliability of tibial bending stiffness with mechanical response 

tissue analysis in human subjects under varying conditions 

Sitting, 
Subjective 
Positioning

Sitting, 
Objective 

Positioning

Supine, 
Subjective 
Positioning

70-200, 200-500 19 33 28

100-200, 200-500 23 30 29

70-200, 200-800 39 38 40

100-300, 300-600 34 23 23

Measured Frequency 
Range (Hz)

Subject Condition
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Table 6 – Day-to-day reliability of tibial bending stiffness with mechanical response tissue analysis in

human subjects with the original protocol 
 

Day 1 Day 2
1 24 165.7 71.8 25.1 273 254 5

2 24 165.7 59.1 15.0 367 262 24

3 26 160.7 59.5 17.6 78 111 25

4 25 146.7 42.8 18.1 49 25 46

5 23 158.1 49.8 14.7 52 74 24

6 22 166.4 56.7 16.5 210 193 6

7 19 170.2 59.6 21.5 187 242 18

8 22 168.3 66.2 19.9 160 154 3

9 23 160.7 53.1 17.8 114 122 5

10 26 153.7 53.9 24.9 148 91 34

11 20 160.0 54.9 15.8 69 79 9

12 21 165.1 59.0 17.2 127 209 35
CV: coefficient of variation

Tibial bending stiffness (Nm2)
Subject Age (yr) Height (cm) Body fat (%)Weight (kg) CV (%)
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CHAPTER 4 

Summary and Conclusions 

The purpose of this study was to determine the reliability and validity of tibial 

bending stiffness values assessed with MRTA.  The MRTA performed poorly with 

composite tibia testing and modestly in human subjects.  Obviously, more work with this 

device needs to be performed before MRTA could be used to assess serial changes.  Over 

the last several years, no authors have reported reliable results with this prototype.  Thus, 

it is recommended that a comprehensive assessment of the hardware integrity and 

modeling assumptions of the software be performed by all those involved with the system 

before further trials are conducted. 

 

Practical and Clinical Applications 

In theory, MRTA holds promise for the assessment of long bone integrity solely, or 

in conjunction with DXA.  Advantages of MRTA over DXA include low cost, fast test 

time, no radiation exposure, and provision of a direct mechanical test of the bone.  Based 

on these short-term precision studies, the reliability of tibial stiffness measures with 

MRTA is not high enough to use in interventional studies.  Previous reliability trials with 

the latest MRTA system have yielded similarly unacceptable CVs (Thorne, 2000; 

Wootten et al., 2001). 

Mechanical vibration techniques are particularly appealing for the clinic because 

the test is fast (~ 2 minutes), safe, and comfortable for the patient and directly measures 

bone stiffness, which has been shown to be a more accurate predictor of bone strength 
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than bone mass in previous studies. Unlike conventional radiological techniques, which 

are expensive, use bulky equipment, and have a potential risk from radiation exposure, 

vibrational techniques emit no radiation, are cost effective, and utilize equipment that is 

portable and easy to operate. 

 

Recommendations for Future Research 

Future research to improve the reliability and validity of the MRTA should consist 

of the following: 

1. The clamping of the composite tibiae increases tibial stiffness by a factor 

of 4 (Steele, 2003).  Furthermore, due to the location of the clamp on the 

diaphysis of the tibiae, the effective bone length was reduced by a factor 

of ~2.5.  When combining these two factors, the estimated stiffness was 

~62 times greater vs. a protocol with a tibiae pinned at the most proximal 

and distal ends.  To accomplish this feat, a new stand for the bone would 

need to be constructed as well as holes drilled through the tibiae to 

accommodate the pinning. 

2. A more diverse subject population should be considered in future studies.  

Because most subjects in this study were relatively lean, little difficulty 

was encountered in obtaining a stiffness measure that adequately fit the 

tibial bending stiffness regression models.  However, in those with higher 

body fat levels, and thus greater amounts of soft tissue overlying the 

tibiae, quality measurements are more difficult to obtain.  Regardless of 
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other improvements designed to enhance reliability, the MRTA will 

remain limited in its application until this hurdle is overcome. 

3. Larger-scale studies should be performed with similar protocols to verify 

these results.  Although the present study had adequate power to evaluate 

reliability across all five trials, the sample size for protocol comparisons 

was rather low.  However, due to the wide fluctuations in tibial bending 

stiffness values, this author doubts that a larger sample size would yield 

more reproducible results. 

4. The most important work that can be done to improve MRTA 

performance is likely adjustments to the modeling algorithms.  Although 

these algorithms are based on beam theory assumptions, the ulna has a 

geometry more similar to a beam than the tibia.  This may be one reason 

why reliability of ulnar bending stiffness is high in most studies, whereas 

no study has reported good reliability in human tibiae. 
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Detailed Methodology 

 

Composite Tibiae Trials 

Composite tibiae (n = 20) with varying lengths and intermedullary canal diameters 

(shown below) were obtained (Pacific Research Laboratories, Inc., Vashon, WA). 

375 405

9 3

10 4 3

11 3 4

12 3

Length (mm)Intermedullary canal 
diameter (mm)

 

Weight of each tibia was measured  (SM3000, Mettler-Toledo, Inc., Columbus, OH) and 

recorded to the nearest 0.1 g.  Anthropometric dimensions of the tibiae were measured 

with digital sliding calipers (H&H Perfection Fabrication, Inc., Orange, CA) using the 

method of Christofolini et al. (Cristofolini & Viceconti, 2000).  Duplicate measures were 

taken and the average recorded to the nearest 0.1 mm. 

The tibiae were tested for stiffness with MRTA on three different days to determine 

the intra- and inter-day reliability of the measure.  The tibiae were secured with two bone 

clamps (Pacific Research Laboratories, Inc., Vashon, WA) affixed to a custom-built, 

vertical stand.  The tibiae were clamped at sites corresponding to 20% and 80% of the 

total length measured from the inferior edge of the medial malleolus.  Human skin 

models (Pacific Research Laboratories, Inc., Vashon, WA) were taped over the 
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measurement area of the tibiae to simulate the damping effects of soft tissue observed in 

vivo.    

Calibration of MRTA was performed before each test.  A successful calibration 

was defined as an impedance response of ~8 g (visually assessed), with no single 

amplitudes < 7g or > 9g, across the frequency range of 70-500 Hz.  After a successful 

calibration, the MRTA probe was positioned on the anterior border of the tibia, 

equidistant from the medial condyle and the inferior edge of the medial malleolus.  Five 

consecutive measures were performed without repositioning.  The data were analyzed 

with a 6-parameter model that accounts for the vibration characteristics of a bone that is 

clamped at each end.   

Following this sequence of testing, the composite tibiae were subjected to three-

point bending stiffness tests to compare the actual (bending test) versus estimated 

(MRTA) strength of the bones.  Originally, a four-point bending test was anticipated.  

However, due to the non-uniform geometry of the tibiae, only one roller contacted the 

tibia surface.  Thus, a three-point bending test was designed using a materials testing 

machine (Sintech 5/G, MTS Systems Corporation, Eden Prairie, MN).  A visible mark 

was made on the mid-diaphysis of the tibiae and aligned with the bending jig.  The 

external rollers were fixed at 30 cm apart.  A single-arm extensometer was used to 

measure vertical deflection of the mid-diaphysis. 

A load of ~500N was applied with an actuator speed of 0.05 mm/s.  This load 

resulted in mid-diaphysis deflections of 0.27-0.47 mm.  The slope of the load-

displacement curves were then calculated as reported as N/mm.  Three trials were 
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conducted with each tibiae.  The tibiae was dismounted and the load cell recalibrated 

before each trial.  The average of the three trials was reported as the bending stiffness of 

each tibia. 

 

Human Trials 

In vivo reliability trials 

To assess reliability of tibial stiffness in vivo, separate trials were performed to 

compare the current MRTA protocol to new methodologies.  Twelve women were 

recruited from the Virginia Tech campus.  Criteria for study inclusion were age 18-26 

years, body mass index (BMI) of 18-26 kg/m2, and no prior bone fracture in the hip or 

leg.   

 

Informed Consent Administration / Subject Screening 

Individual meetings with potential subjects were scheduled with the Research 

Coordinator (LM) to discuss study specifics.  Subjects satisfying preliminary 

inclusion/exclusion criteria and willing to provide informed consent completed a subject 

information form and a physical activity questionnaire.  Subjects were provided with an 

informed consent form to read thoroughly and were encouraged to ask questions on 

topics not explicitly clear to them.  When all questions were adequately addressed, 

subjects signed the form, thereby indicating understanding of the page contents.  Subjects 

were also instructed to sign, date, and provide their permanent address on the signature 

page of the informed consent.  After signing, subjects were provided a copy of the 
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informed consent, with the original filed in the office of the Research Coordinator (231B 

War Memorial Hall).    

 

Anthropometry 

Upon reporting to the laboratory, subject height and weight were measured (light 

indoor clothing and shoeless) with standard equipment.  Body composition was measured 

with standard calipers (Harpenden Caliper, Quinton Instruments, Seattle, WA) at the 

triceps, suprailium, and anterior thigh as described by Lohman et al. (Lohman et al., 

1988).  Each site was measured twice with the average taken as the value.  If the 

difference between the two measures was > 1mm, a third measure was taken and the two 

closest values were averaged.  Body density was calculated as follows (Pollock et al., 

1980): 

1.0994921 – 0.0009929 (sum of skinfolds) + 0.0000023 (sum of skinfolds)2 – 0.0001392 

(age) 

 

Percent fat was then calculated with the Siri equation (Siri, 1961) as follows: 

((4.95 / body density) – 4.5)) x 100 

 

  Skinfold thickness of the left medial calf was measured at the point of maximal 

calf girth on the midline of the medial border.  Calf circumference was measured on the 

left leg in a seated position with a tension-regulated, metal tape measure.  Calf 

circumference was defined as the maximum girth between the knee and ankle joint 
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(Latin, 1998).  Next, tibial length was measured with an anthropometer from the medial 

condyle proximally to the inferior edge of the medial malleolus distally.  The midshaft of 

the tibia, which served as the location for MRTA probe placement, was determined by 

measuring one-half the tibia length from the inferior edge of the medial malleolus.  The 

anterior crest at the tibial midshaft was marked with a permanent marker.  Skinfold 

measures were then taken directly over the midshaft point of the tibial crest, as previously 

described, with the subject seated. 

Subject data were then input into a computer and the MRTA components were 

activated and calibrated, as previously described.  The subject was positioned so the knee 

was at a 90° angle with the thigh parallel to the ground and the right leg directly in front 

of the shaker.  Adjustments to the position of the chair and probe were made as necessary 

to ensure exact probe positioning over the anterior midshaft of the tibia.  Once proper 

positioning was confirmed, the probe was retracted, the lower leg pulled to ~1 cm from 

the probe, which was then released directly on the anterior tibial crest.  The lower leg was 

palpated immediately above and below the point of contact to assess adequate vibration 

of the tibia.  Once the probe was positioned, eight consecutive measurements were taken 

without probe repositioning. 

 

Trial 1 — Soft tissue compression  

The purpose of this trial was to determine the effects of continuous soft tissue 

compression by the MRTA probe on the intra-day reliability of tibial stiffness measures.  

Empirical evidence suggests that the signal-to-noise ratio of the MRTA measurement 
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improves with successive measures.  At the same time, tibial stiffness values tend to 

increase with successive measures.  This may be due to progressive compression of soft 

tissue, thus reducing the attenuation of the emitted signal.  Each subject underwent 

MRTA testing for tibial stiffness in the left leg.  Eight consecutive measurements were 

taken without repositioning the probe. 

Calibration of MRTA was performed before each test.  A successful calibration 

was defined as an impedance response of ~8 g (visually assessed), with no single 

amplitudes < 7g or > 9g, across the frequency range of 70-500 Hz.  After a successful 

calibration, the MRTA probe was positioned on the anterior border of the tibia, 

equidistant from the medial condyle and the inferior edge of the medial malleolus.  Five 

consecutive measures were performed without repositioning.  The data were analyzed 

with a 6-parameter model that accounts for the vibration characteristics of a bone that is 

clamped at each end.   

 

Trial 2 — Foot positioning 

Objective.  The purpose of this trial is to compare the effects of foot positioning on 

the inter-day reliability of tibial stiffness measures. 

Rationale.  The current MRTA protocol involves no standardization of foot 

position.  Although tibial stiffness is measured with the foot in a neutral position, 

variations in tibial geometry often necessitate manipulation of the foot into external 

rotation to achieve firm contact of the probe with the anterior tibia.  However, replication 

of the identical foot position is difficult on test-retest measures, which may contribute to 
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instability of tibial stiffness values.  Quantification of the foot position may decrease the 

error associated with this measurement between trials. 

Design.  Subjects (n=12) were tested for tibial stiffness in the left leg using both 

protocols (subjective vs. quantitative positioning) in a crossover design on two different 

days.  Quantitative foot positioning will involve the construction of a grid on the foot 

support of the MRTA, which will allow for more reproducible foot positioning by 

recording the position of the calcaneal midline and the degree of external rotation. 

 

Trial 3 — Subject positioning 

Objective.  The purpose of this trial is to compare the effects of subject positioning 

on the inter-day reliability of tibial stiffness measures. 

Rationale.  The current tibial MRTA protocol involves the subject seated in an 

adjustable chair, with the foot supported on a horizontal stand.  In order to increase 

subject comfort and decrease possible muscular tension and movement, an innovative 

protocol has been developed.  This new technique may decrease interference with the 

excitation signal, thereby improving the reliability of the measurement. 

Design.  Subjects (n=12) were tested for tibial stiffness in the left leg using both 

protocols in a crossover design on two different days.  The new protocol will involve the 

subject lying supine on a table with the lower leg hanging over the edge in a vertical 

position. 
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Trial 4 — Frequency range alterations 

Objective.  The purpose of this trial is to determine if alterations in the frequency 

range weighting influences the reliability of tibial stiffness. 

Rationale.  Mechanical response tissue analysis emits a vibration frequency to the 

tibial crest in the range of 60 to 1600 Hz.  However, other investigators have determined 

that bone resonances are detectable over wider frequency ranges (Hight, Piziali, & Nagel, 

1980; Van der Perre, Van Audekercke, Martens, & Mulier, 1983; Young et al., 1979), as 

frequencies ≤100 Hz have been shown to be below the level of bone resonance, whereas 

frequencies ≥1200 Hz are above bone resonance limits.  The algorithms utilize a system 

allowing for two user-defined frequency ranges of different weights.  The current 

protocol weights the 70-200 Hz range as 1.0, whereas the 200-500 Hz range is weighted 

as 0.01.  Therefore, noise in the low frequency range is weighted 100x greater than the 

high frequency range.  As the algorithms for tibial stiffness are still in an evolving state, 

slight alterations to this model may produce more reliable stiffness measures. 

Design.  Subjects (n=12) weretested for tibial stiffness in the left leg on two 

different days.  Weightings of 1.0 and 0.1 will be utilized for the following frequency 

ranges (Hz): (a) 70-200, 200-500 Hz, (b) 100-200, 200-500 Hz, and (c) 100-300, 300-600 

Hz.   
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I. PURPOSE OF STUDY 

The purpose of this study is to determine the effects of soft tissue of the lower-leg 

on the reliability of bone stiffness measures.  We have observed that the measures we 

obtain of bone stiffness change with repeated measures, probably due to a progressive 

compression of the soft tissue overlying the bone.  This trial will attempt to determine the 

time needed for stiffness values to stabilize.  Fifteen female subjects will be tested for 

tibial stiffness in the non-dominant leg.  Inclusion criteria will include: (a) 18-26 years, 

(b) body mass index (BMI) of 18-25, and (c) no prior fracture of the lower extremities, 

including stress fracture.   

 

II. PROCEDURES 

What is expected of you? 

You will be asked to refrain from strenuous exercise the day before, and the day of 

the MRTA test.  You will be asked to wear shorts or pants that can be rolled up to the 

knee in order to measure the entire lower leg.  Height and weight will be measured before 

MRTA testing is begun.  Finally, your shoes and socks must be removed in order to 

obtain an accurate measurement of bone stiffness. 

 

HOW LONG WILL THE TEST TAKE? 

The MRTA test itself will take approximately 5 minutes to complete.  The entire 

appointment will take no more than 30 minutes. 
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HOW MANY TIMES WILL I BE TESTED? 

You will be expected to undergo the MRTA test on only one (1) occasion. 

 

WHERE ARE THE TESTS CONDUCTED? 

All tests will be performed in War Memorial Hall, room 231D (Testing Room), on 

the campus of Virginia Polytechnic Institute and State University. 

 

HOW WILL MY BONE STIFFNESS BE MEASURED? 

Your bone stiffness will be measured with a device called “Mechanical Response 

Tissue Analysis”, or MRTA for short.  The MRTA is currently used exclusively for 

research purposes and is a tool for predicting bone strength.  However, it is not a medical 

instrument and cannot diagnose diseases or injuries.  During the test, you will sit in a 

chair with your knee bent at a 90-degree angle, and your bare foot resting on a padded 

platform. A technician (LM) will place a device on your shinbone that will produce a 

slight vibration through your bone.  The procedure lasts less than 5 minutes and produces 

no unusual sensation or discomfort. 

 

WHAT IS THE TESTING ENVIRONMENT LIKE? 

The MRTA measurement facility is housed within The Laboratory for Health and 

Exercise Science on the Virginia Tech campus.  The MRTA measurement system is 
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located within a separate 150 square foot room that is air-conditioned, well-lighted, and 

free from environmental hazards.   

 

III. RISKS 

No risks or discomforts have been noted in our experiences with ~ 500 MRTA 

tests.  The most common sensations experienced with the test are mild pressure at the 

point of contact with the leg and slight vibration of the lower leg bone. 

 

IV. BENEFITS 

There is no promise or guarantee of benefits from your participation in this trial.  

As stated before, the MRTA is not a medical instrument and cannot diagnose diseases or 

injuries.  Therefore, a high or low bone stiffness value does not necessarily correlate with 

bone strength.  Results may be made available to you upon request.  However, no results 

will be provided until completion of the entire project (July 1, 2003). 

 

V. ANONYMITY AND CONFIDENTIALITY 

All information collected during the course of my participation in this study that is 

personally identifiable with me will be kept strictly confidential.  At no time will the 

investigators release my results to anyone other than individuals working on the research 

project without my written consent.  However, representatives from the National 

Aeronautics and Space Administration (NASA) may inspect the research records at any 

time. 
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VI. COMPENSATION 

You will be paid $5 for your participation and completion of this trial.  

 

VII. FREEDOM TO WITHDRAW 

You may refuse participation in the study and/or withdraw from the study at any 

time without penalty.  Such refusal or withdrawal will in no way adversely prejudice 

current or future relations of the investigators with the subject.   

 

VIII. APPROVAL OF RESEARCH  

This research project has been approved, as required, by the Institutional Review 

Board for Research Involving Human Subjects at Virginia Polytechnic Institute and State 

University, and by the Department of Human Nutrition, Foods and Exercise. 

 

_____________________________      _____________________________ 

IRB Approval Date    Approval Expiration Date 

     

IX. SUBJECT’S RESPONSIBILITIES  

I voluntarily agree to participate in this study. I have the following responsibilities: 

 

Accurate report of previous lower extremity fracture(s), including stress fracture. 

Refrain from strenuous exercise the day before, and the day of the MRTA test. 
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Wear shorts or pants that can be rolled up to the knee. 

Remove shoes and socks during the test. 

 

X. Subject's Permission 

I have read and understand the Informed Consent and conditions of this project. I 

have had all my questions answered. I hereby acknowledge the above and give my 

voluntary consent:  

 

____________________________________________  __________ 

Subject signature       Date 

 

Should I have any pertinent questions about this research or its conduct, and 

research subjects' rights, and whom to contact in the event of a research-related injury to 

the subject, I may contact: 

 

Larry E. Miller       
Investigator       
(540) 231-6376      
millerle@vt.edu          

             
Dr. William G. Herbert      
Faculty Advisor       
(540) 231-6565         
wgherb@vt.edu              
 

 

This Informed Consent is valid from September 1, 2002 to August 31, 2003. 
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VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 

 

Informed Consent for Participants 

in Research Projects Involving Human Subjects 

 

Title of Project 

Reliability of Mechanical Response Tissue Analysis 

in Composite and Human Tibiae 

 

Trial Name 

MRTA METHODOLOGY RELIABILITY TRIALS 

Trial #2 – Foot positioning 

 

Investigators: 

Larry E. Miller, M.A. and William G. Herbert, Ph.D. 

 

The Research Laboratory for Health & Exercise Science 

Department of Human Nutrition, Foods and Exercise 
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I. Purpose of Study 

The purpose of this study is to determine the effects of foot positioning on the 

reliability of bone stiffness measures.  Two measurements will be obtained; the first will 

utilize a device that measures the position of the foot during measurement; the second 

measurement, taken approximately 10 minutes later, involves only a manual positioning 

technique with no measurement of foot position.  These tests will be conducted on 2 

separate days.  The goal is to determine which measurement technique produces the most 

reliable results.  Fifteen female subjects will be tested for tibial stiffness in the non-

dominant leg.  Inclusion criteria will include: (a) 18-26 years, (b) body mass index (BMI) 

of 18-25, and (c) no prior fracture of the lower extremities, including stress fracture.   

 

II. Procedures 

WHAT IS EXPECTED OF YOU? 

You will be asked to refrain from strenuous exercise the day before, and the day of 

the MRTA test.  You will be asked to wear shorts or pants that can be rolled up to the 

knee in order to measure the entire lower leg.  Height and weight will be measured before 

MRTA testing is begun.  Finally, your shoes and socks must be removed in order to 

obtain an accurate measurement of bone stiffness. 

 

How long will the test take? 

The MRTA test itself will take approximately 15 minutes to complete.  The entire 

appointment will take no more than 40 minutes. 
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HOW MANY TIMES WILL I BE TESTED? 

You will be expected to undergo the MRTA test on two (2) separate occasions. 

 

WHERE ARE THE TESTS CONDUCTED? 

All tests will be performed in War Memorial Hall, room 231D (Testing Room), on 

the campus of Virginia Polytechnic Institute and State University. 

 

HOW WILL MY BONE STIFFNESS BE MEASURED? 

Your bone stiffness will be measured with a device called “Mechanical Response 

Tissue Analysis”, or MRTA for short.  The MRTA is currently used exclusively for 

research purposes and is a tool for predicting bone strength.  However, it is not a medical 

instrument and cannot diagnose diseases or injuries.  During the test, you will sit in a 

chair with your knee bent at a 90-degree angle, and your bare foot resting on a padded 

platform. A technician (LM) will place a device on your shinbone that will produce a 

slight vibration through your bone.  The procedure lasts about 15 minutes and produces 

no unusual sensation or discomfort. 

 

WHAT IS THE TESTING ENVIRONMENT LIKE? 

The MRTA measurement facility is housed within The Laboratory for Health and 

Exercise Science on the Virginia Tech campus.  The MRTA measurement system is 
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located within a separate 150 square foot room that is air-conditioned, well-lighted, and 

free from environmental hazards.   

 

III. RISKS 

No risks or discomforts have been noted in our experiences with ~ 500 MRTA 

tests.  The most common sensations experienced with the test are mild pressure at the 

point of contact with the leg and slight vibration of the lower leg bone. 

 

IV. BENEFITS  

There is no promise or guarantee of benefits from your participation in this trial.  

As stated before, the MRTA is not a medical instrument and cannot diagnose diseases or 

injuries.  Therefore, a high or low bone stiffness value does not necessarily correlate with 

bone strength.  Results may be made available to you upon request.  However, no results 

will be provided until completion of the entire project (July 1, 2003). 

 

V. ANONYMITY AND CONFIDENTIALITY 

All information collected during the course of my participation in this study that is 

personally identifiable with me will be kept strictly confidential.  At no time will the 

investigators release my results to anyone other than individuals working on the research 

project without my written consent.  However, representatives from the National 

Aeronautics and Space Administration (NASA) may inspect the research records at any 

time. 
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VI. COMPENSATION 

You will be paid $10 for your participation and completion of this trial.  

 

VII. FREEDOM TO WITHDRAW 

You may refuse participation in the study and/or withdraw from the study at any 

time without penalty.  Such refusal or withdrawal will in no way adversely prejudice 

current or future relations of the investigators with the subject.   

 

VIII. APPROVAL OF RESEARCH  

This research project has been approved, as required, by the Institutional Review 

Board for Research Involving Human Subjects at Virginia Polytechnic Institute and State 

University, and by the Department of Human Nutrition, Foods and Exercise. 

 

_____________________________      _____________________________ 

IRB Approval Date    Approval Expiration Date 

 

IX. SUBJECT’S RESPONSIBILITIES  

I voluntarily agree to participate in this study. I have the following responsibilities: 

 

Accurate report of previous lower extremity fracture(s), including stress fracture. 

Refrain from strenuous exercise the day before, and the day of the MRTA test. 
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Wear shorts or pants that can be rolled up to the knee. 

Remove shoes and socks during the test. 

 

X. SUBJECT’S PERMISSION 

I have read and understand the Informed Consent and conditions of this project. I 

have had all my questions answered. I hereby acknowledge the above and give my 

voluntary consent:  

 

____________________________________________  __________ 

Subject signature       Date 

 

Should I have any pertinent questions about this research or its conduct, and 

research subjects' rights, and whom to contact in the event of a research-related injury to 

the subject, I may contact: 

 

Larry E. Miller       
Investigator       
(540) 231-6376      
millerle@vt.edu          

        
Dr. William G. Herbert      
Faculty Advisor       
(540) 231-6565         
wgherb@vt.edu              
    

       

This Informed Consent is valid from September 1, 2002 to August 31, 2003. 
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VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 

 

Informed Consent for Participants 

in Research Projects Involving Human Subjects 

 

Title of Project 

Reliability of Mechanical Response Tissue Analysis 

in Composite and Human Tibiae 

 

TRIAL NAME 

MRTA Methodology Reliability Trials 

Trial #3 – Subject positioning 

 

Investigators: 

Larry E. Miller, M.A. and William G. Herbert, Ph.D. 

 

The Research Laboratory for Health & Exercise Science 

Department of Human Nutrition, Foods and Exercise 
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I. PURPOSE OF STUDY 

The purpose of this study is to determine the effects of subject positioning on the 

reliability of bone stiffness measures.  Two measurements will be obtained; the first will 

be performed while seated upright in a chair; the second measurement will be taken while 

you are lying on your back on a table with the legs hanging over the edge.  These tests 

will be conducted on 2 separate days.  The goal is to determine which measurement 

technique produces the most reliable results.  Fifteen female subjects will be tested for 

tibial stiffness in the non-dominant leg.  Inclusion criteria will include: (a) 18-26 years, 

(b) body mass index (BMI) of 18-25, and (c) no prior fracture of the lower extremities, 

including stress fracture.   

 

II. PROCEDURES 

WHAT IS EXPECTED OF YOU? 

You will be asked to refrain from strenuous exercise the day before, and the day of 

the MRTA test.  You will be asked to wear shorts or pants that can be rolled up to the 

knee in order to measure the entire lower leg.  Height and weight will be measured before 

MRTA testing is begun.  Finally, your shoes and socks must be removed in order to 

obtain an accurate measurement of bone stiffness. 

 

HOW LONG WILL THE TEST TAKE? 

The MRTA test itself will take approximately 15 minutes to complete.  The entire 

appointment will take no more than 40 minutes. 
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HOW MANY TIMES WILL I BE TESTED? 

You will be expected to undergo the MRTA test on two (2) occasions. 

 

WHERE ARE THE TESTS CONDUCTED? 

All tests will be performed in War Memorial Hall, room 231D (Testing Room), on 

the campus of Virginia Polytechnic Institute and State University. 

 

HOW WILL MY BONE STIFFNESS BE MEASURED? 

Your bone stiffness will be measured with a device called “Mechanical Response 

Tissue Analysis”, or MRTA for short.  The MRTA is currently used exclusively for 

research purposes and is a tool for predicting bone strength.  However, it is not a medical 

instrument and cannot diagnose diseases or injuries.  During the test, you will sit in a 

chair (Test 1) and lie on a padded table (Test 2) with your knee bent at a 90-degree angle, 

and your bare foot resting on a padded platform. A technician (LM) will place a device 

on your shinbone that will produce a slight vibration through your bone.  The procedure 

lasts less than 5 minutes and produces no unusual sensation or discomfort. 

 

WHAT IS THE TESTING ENVIRONMENT LIKE? 

The MRTA measurement facility is housed within The Laboratory for Health and 

Exercise Science on the Virginia Tech campus.  The MRTA measurement system is 
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located within a separate 150 square foot room that is air-conditioned, well-lighted, and 

free from environmental hazards.   

 

III. RISKS 

No risks or discomforts have been noted in our experiences with ~ 500 MRTA 

tests.  The most common sensations experienced with the test are mild pressure at the 

point of contact with the leg and slight vibration of the lower leg bone. 

 

IV. BENEFITS  

There is no promise or guarantee of benefits from your participation in this trial.  

As stated before, the MRTA is not a medical instrument and cannot diagnose diseases or 

injuries.  Therefore, a high or low bone stiffness value does not necessarily correlate with 

bone strength.  Results may be made available to you upon request.  However, no results 

will be provided until completion of the entire project (July 1, 2003). 

 

V. ANONYMITY AND CONFIDENTIALITY 

All information collected during the course of my participation in this study that is 

personally identifiable with me will be kept strictly confidential.  At no time will the 

investigators release my results to anyone other than individuals working on the research 

project without my written consent.  However, representatives from the National 

Aeronautics and Space Administration (NASA) may inspect the research records at any 

time. 
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VI. COMPENSATION 

You will be paid $10 for your participation and completion of this trial.  

 

VII. FREEDOM TO WITHDRAW 

You may refuse participation in the study and/or withdraw from the study at any 

time without penalty.  Such refusal or withdrawal will in no way adversely prejudice 

current or future relations of the investigators with the subject.   

 

VIII. APPROVAL OF RESEARCH  

This research project has been approved, as required, by the Institutional Review 

Board for Research Involving Human Subjects at Virginia Polytechnic Institute and State 

University, and by the Department of Human Nutrition, Foods and Exercise. 

 

_____________________________      _____________________________ 

IRB Approval Date    Approval Expiration Date 

   

IX. SUBJECT’S RESPONSIBILITIES  

I voluntarily agree to participate in this study. I have the following responsibilities: 

Accurate report of previous lower extremity fracture(s), including stress fracture. 

Refrain from strenuous exercise the day before, and the day of the MRTA test. 

Wear shorts or pants that can be rolled up to the knee. 

Remove shoes and socks during the test. 
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X. SUBJECT’S PERMISSION 

I have read and understand the Informed Consent and conditions of this project. I 

have had all my questions answered. I hereby acknowledge the above and give my 

voluntary consent:  

 

____________________________________________  __________ 

Subject signature       Date 

 

Should I have any pertinent questions about this research or its conduct, and 

research subjects' rights, and whom to contact in the event of a research-related injury to 

the subject, I may contact: 

 

Larry E. Miller       
Investigator       
(540) 231-6376      
millerle@vt.edu          

             
Dr. William G. Herbert      
Faculty Advisor       
(540) 231-6565         
wgherb@vt.edu              
    

      

This Informed Consent is valid from September 1, 2002 to August 31, 2003. 
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VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 

 

Informed Consent for Participants 

in Research Projects Involving Human Subjects 

 

Title of Project 

Reliability of Mechanical Response Tissue Analysis 

in Composite and Human Tibiae 

 

Trial Name 

MRTA Methodology Reliability Trials 

Trial #4 – Frequency range alterations 

 

Investigators: 

Larry E. Miller, M.A. and William G. Herbert, Ph.D. 

 

The Research Laboratory for Health & Exercise Science 

Department of Human Nutrition, Foods and Exercise 
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I. PURPOSE OF STUDY 

The purpose of this study is to determine if changes in the calculation of bone 

stiffness may enhance the reliability of the measures.  Two separate testing sessions will 

be conducted.  Thereafter, an investigator (LM) will analyze your results with several 

different methods to determine the most reliable procedure.  Fifteen female subjects will 

be tested for tibial stiffness in the non-dominant leg.  Inclusion criteria will include: (a) 

18-26 years, (b) body mass index (BMI) of 18-25, and (c) no prior fracture of the lower 

extremities, including stress fracture.   

 

II. PROCEDURES 

WHAT IS EXPECTED OF YOU? 

You will be asked to refrain from strenuous exercise the day before, and the day of 

the MRTA test.  You will be asked to wear shorts or pants that can be rolled up to the 

knee in order to measure the entire lower leg.  Height and weight will be measured before 

MRTA testing is begun.  Finally, your shoes and socks must be removed in order to 

obtain an accurate measurement of bone stiffness. 

 

HOW LONG WILL THE TEST TAKE? 

The MRTA test itself will take approximately 5 minutes to complete.  The entire 

appointment will take no more than 30 minutes. 
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HOW MANY TIMES WILL I BE TESTED? 

You will be expected to undergo the MRTA test on two (2) separate occasions. 

 

WHERE ARE THE TESTS CONDUCTED? 

All tests will be performed in War Memorial Hall, room 231D (Testing Room), on 

the campus of Virginia Polytechnic Institute and State University. 

 

HOW WILL MY BONE STIFFNESS BE MEASURED? 

Your bone stiffness will be measured with a device called “Mechanical Response 

Tissue Analysis”, or MRTA for short.  The MRTA is currently used exclusively for 

research purposes and is a tool for predicting bone strength.  However, it is not a medical 

instrument and cannot diagnose diseases or injuries.  During the test, you will sit in a 

chair with your knee bent at a 90-degree angle, and your bare foot resting on a padded 

platform. A technician (LM) will place a device on your shinbone that will produce a 

slight vibration through your bone.  The procedure lasts less than 5 minutes and produces 

no unusual sensation or discomfort. 

 

WHAT IS THE TESTING ENVIRONMENT LIKE? 

The MRTA measurement facility is housed within The Laboratory for Health and 

Exercise Science on the Virginia Tech campus.  The MRTA measurement system is 

located within a separate 150 square foot room that is air-conditioned, well-lighted, and 

free from environmental hazards.   
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III. RISKS 

No risks or discomforts have been noted in our experiences with ~ 500 MRTA 

tests.  The most common sensations experienced with the test are mild pressure at the 

point of contact with the leg and slight vibration of the lower leg bone. 

 

IV. BENEFITS 

There is no promise or guarantee of benefits from your participation in this trial.  

As stated before, the MRTA is not a medical instrument and cannot diagnose diseases or 

injuries.  Therefore, a high or low bone stiffness value does not necessarily correlate with 

bone strength.  Results may be made available to you upon request.  However, no results 

will be provided until completion of the entire project (July 1, 2003). 

 

V. ANONYMITY AND CONFIDENTIALITY 

All information collected during the course of my participation in this study that is 

personally identifiable with me will be kept strictly confidential.  At no time will the 

investigators release my results to anyone other than individuals working on the research 

project without my written consent.  However, representatives from the National 

Aeronautics and Space Administration (NASA) may inspect the research records at any 

time. 

 

VI. COMPENSATION 

You will be paid $10 for your participation and completion of this trial.  
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VII. FREEDOM TO WITHDRAW 

You may refuse participation in the study and/or withdraw from the study at any 

time without penalty.  Such refusal or withdrawal will in no way adversely prejudice 

current or future relations of the investigators with the subject.  

  

VIII. APPROVAL OF RESEARCH  

This research project has been approved, as required, by the Institutional Review 

Board for Research Involving Human Subjects at Virginia Polytechnic Institute and State 

University, and by the Department of Human Nutrition, Foods and Exercise. 

 

_____________________________      _____________________________ 

IRB Approval Date    Approval Expiration Date 

 

IX. SUBJECT’S RESPONSIBILITIES  

I voluntarily agree to participate in this study. I have the following responsibilities: 

 

Accurate report of previous lower extremity fracture(s), including stress fracture. 

Refrain from strenuous exercise the day before, and the day of the MRTA test. 

Wear shorts or pants that can be rolled up to the knee. 

Remove shoes and socks during the test. 
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X. SUBJECT’S PERMISSION 

I have read and understand the Informed Consent and conditions of this project. I 

have had all my questions answered. I hereby acknowledge the above and give my 

voluntary consent:  

 

____________________________________________  __________ 

Subject signature       Date 

 

Should I have any pertinent questions about this research or its conduct, and 

research subjects' rights, and whom to contact in the event of a research-related injury to 

the subject, I may contact: 

 

Larry E. Miller       
Investigator       
(540) 231-6376      
millerle@vt.edu  
            

    
Dr. William G. Herbert 
Faculty Advisor       
(540) 231-6565         
wgherb@vt.edu              
    

This Informed Consent is valid from September 1, 2002 to August 31, 2003. 
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Forms
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Last Name First Name MI

Date of Birth Age

Local Address

Telephone # Email

Have you ever broken a bone (including stress fractures) in your hips or legs?

yes no

 
hip fibula

femur don't know
patella other

tibia

What is your approximate height?        '             " 
feet          inches

What is your approximate weight?  
pounds

Subject Number   __________

Cleared to participate?     Yes   _____          No   _____ If no, explain

Willing to participate?      Yes   _____          No   _____ If no, explain

NOTES

Reliability of Mechanical Response Tissue Analysis in Composite and Human Tibiae
SUBJECT INFORMATION SHEET

Street

 

Staff Use Only

City, State, Zip

Investigator:  Larry E. Miller          Faculty Advisor:  Dr. William G. Herbert

please describe

If yes,      
which bone?
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Times per week Minutes per day
walking
jogging  (> 9:00 per mile)
running  (< 9:00 per mile)
cycling (real or stationary)
swimming  
stair climbing
weight training
other (please list) __________

Times per week Minutes per day
walking
jogging  (> 9:00 per mile)
running  (< 9:00 per mile)
cycling (real or stationary)
swimming
stair climbing
weight training
other (please list) __________

In a typical week since you were 16 years old, how often did you do any of the following: 

In a typical week during the last 12 months, how often did you do any of the following: 

PHYSICAL ACTIVITY QUESTIONNAIRE

Reliability of Mechanical Response Tissue Analysis in Composite and Human Tibiae

Investigator:  Larry E. Miller          Faculty Advisor:  Dr. William G. Herbert

Name ___________________________________          Subject # __________
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Name Subject #

Height     __________ in          Weight     __________ kg     Body mass index (BMI)     __________ kg / m2

Trial 1 Trial 2 Trial 3 Mean
Triceps

Suprailiac

Thigh

Total

Age

Body fat %

Trial 1 Trial 2 Trial 3 Mean

Medial calf skinfold

Calf circumference

HEIGHT / WEIGHT

BODY COMPOSITION

LOWER LEG MEASURES

Reliability of Mechanical Response Tissue Analysis in Composite and Human Tibiae

BODY COMPOSITION FORM

Investigator:  Larry E. Miller          Faculty Advisor:  Dr. William G. Herbert

Shin skinfold
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WANTED

VOLUNTEERS FOR RESEARCH STUDY

Who: Females, 18-26 years old

What: Participate in study that examines the ability of a 
device to measure bone strength; a small payment is 
included for your time

When: Starting April 14, 2003

Where: 231D War Memorial Hall

How: Contact Larry Miller @ x6376 or millerle@vt.edu
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Request for Expedited Approval of Research Involving Human Subjects 
[please print or type responses below] 

 
Principal Investigator(Faculty,or Faculty Advisor): Dr. William G. Herbert 

 
Co-Investigators(Faculty or Student): Larry E. Miller 

 
Department: Human Nutrition, Foods and Exercise   Mail Code: 0351  
Email: wgherb@vt.edu     Phone: (540) 231-6565 
 
Project Title: Reliability of Mechanical Response Tissue Analysis in Composite and 

Human Tibiae 
# of Human Subjects: 120 
 
Source of Funding Support:  ____ Departmental Research            (X)   Sponsored Research  (OSP  No.:______________) 
 
       [X]  All investigators of this project are qualified through completion of the formal 

training program or        
      web-based training programs provided by the Virginia Tech Office of Research 

Compliance. 
 
Note: To qualify for Expedited Approval, the research activities must: (a) present not 

more than minimal risk to the subjects, (b) not involve any of the special classes of subjects, 
except children as noted, and (c) involve only procedures listed in one or more of the following 
categories.  The full description may be found in the Expedited Review section of the Virginia 
Tech “IRB Protocol Submission Instructions Document” or 45 CFR 46.110
(http://ohrp.osophs.dhhs.gov/humansubjects/guidance/45cfr46.htm#46.110) 

 
Please mark/check the appropriate category below which qualifies the project for expedited 

review:  
 

[ ]  1. Clinical studies of drugs and medical devices when proscribed conditions are met [see item (1), page 8 of the 
“Instructions” document]. 

 
[ ] 2. Collection of blood samples by finger, heel or ear stick, or venipuncture subject to proscribed limitations [see 

item (2), page 9 of the “Instructions” document ]. 
 
[ ]  3. Prospective collection of biological specimens for research purposes by noninvasive means.  Examples: hair and 

nail clippings, deciduous teeth, permanent teeth, excreta and external secretions, uncannulated saliva, placenta, 
amniotic fluid, dental plaque, muscosal and skin cells and sputum [see item (3), page 9 of the “Instructions” 
document]. 

 
[X]  4. Collection of data through noninvasive procedures routinely employed in clinical practice, excluding procedures 

involving x-rays or microwaves [see item (4), page 9 of the “Instructions” ]. 
 
[ ]  5. Research involving materials (data, documents, records or specimens) that have been collected or will be 

collected solely for non-research purposes (such as medical treatment or diagnosis [see item (5), page 10 of the 
“Instructions” document]. 

 
[ ]  6. Collection of data from voice, video, digital, or image recordings made for research purposes [see item (6), page 

10 of the “Instructions” document]. 
 
[ ] 7. Research on individual or group characteristics or behavior (including, but not limited to, research on perception, 

cognition, motivation, identity, language communication, cultural beliefs or practices, social behavior), or 
research employing survey, interview, oral history, focus group, program evaluation, human factors evaluation, 
or quality assurance methodologies [see item (7), page 10 of the “Instructions” document]. 
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Justification of Project 

Bone density measurements are commonly used as a surrogate measure of bone strength.  However, bone 
density does not predict fracture risk very well.  Thus, techniques have been developed to address factors 
related to bone health, including mechanical and geometric properties of bone.  Mechanical Response 
Tissue Analysis (MRTA) is a relatively new technology designed to noninvasively assess the mechanical 
properties of long bones in vivo by emitting a low-level vibration to the shinbone for brief periods (~ 2-5 
minutes).  The MRTA is used exclusively for research purposes and is a tool for predicting bone strength.  
However, it is not a medical instrument and cannot diagnose diseases or injuries.     
Empirical evidence suggests that uninterpretable results are obtained in certain subjects, which may be due 
to variations in probe placement, subject position, and/or physical characteristics of the subject.  This 
proposal will investigate the inherent and methodological limitations of MRTA measurement, as well as 
demonstrate its validity ex vivo.  Ultimately, modifications in the testing protocol will be made, based on 
the results of these tests, in order to increase the measurement reliability and precision of the MRTA during 
controlled experimental trials. 

With further refinements, MRTA may prove to be a valuable tool in screening for 
and diagnosing osteoporosis in humans.  Furthermore, MRTA may be of value in 
assessing pre-flight risk of fracture and readiness for exposure to microgravity in 
astronauts.  

Procedures 

Recruitment 
Subject recruitment procedures will be conducted as follows: 

 Only female subjects will be recruited:  Osteoporosis is more prevalent in females (80%) vs. 
males (20%).  Thus, the results will be more applicable to the at-risk female population. 

 Age range of 18-26 years 
 Recruited solely from the campus of Virginia Polytechnic Institute and State University:  

Compliance will be enhanced because many of the students reside in close proximity to the testing 
facilities (War Memorial Hall, room 231D). 

 Recruitment methods will include flyers, announcements in classes, and “word of mouth”. 
 Total sample size of 120:  The study consists of seven separate trials, the last six utilizing human 

subjects.  Four of the human trials have a sample size of 15, while two trials have a sample size of 
30 (discussed further in methodology). 

 Must meet predefined selection criteria as follows 
o Body mass index of 18-25:  Body mass index is a general measure of obesity and is 

calculated by using height and weight.  A general formula follows:  weight (lbs) * 703 / 
height (in) / height (in).  The rationale behind this criterion is due to the loss of precision 
during MRTA measurements in subjects with large amounts of soft tissue, i.e. muscle or 
fat, overlying the shinbone.  Subjects with a body mass index > 25 would be anticipated 
to have such amounts of soft tissue, which may result in uninterpretable results. 
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o No prior fracture of the lower extremities:  Current or prior fracture of the shinbone, or 
other bones of the hip and leg, results in significant alterations in bone architecture.  This 
would bias the results and lead to inaccurate conclusions concerning the reliability of the 
MRTA. 

 
Subjects enrolled in the Subject Disparity Reliability Trials, as defined in the 
methodology, must meet the above criteria in addition to the following criteria: 
  
Trial #1 - Female subjects will be recruited based on stature.  A “tall” group (≥ 5ft 9in) and a “petite” 
group (≤ 4ft 11in) will be formed with a criterion of ≥ 2 standard deviations above and ≤ 2 standard 
deviations below the national mean for a 20-year old female.  The purpose of this trial is to determine if 
subject height influences the reliability of tibial stiffness. 
 
Trial #2 - Female subjects will be recruited based on body composition.  A “lean” group (≤ 15% fat) and 
an “overweight” group (≥ 32% fat) will be formed with a criterion of ≤ 10% and ≥ 90% below published 
norms for a college-aged female.  Body composition will be determined with 3-site skinfold measurements 
using population-specific formulas.  The purpose of this trial is to determine if body composition influences 
the reliability of tibial stiffness.   

Recruitment Materials 
Recruitment flyer is included. 

Methodology 
The subject will be asked to refrain from strenuous exercise the day before, and the day of the MRTA test.  
The subject will be asked to wear shorts or pants that can be rolled up to the knee in order to measure the 
entire lower leg.  Subjects in the Body Composition Influences trial must wear shorts as skinfold measures 
will be taken on the front of the thigh.  Height and weight will be measured before MRTA testing is begun.  
Finally, shoes and socks must be removed in order to obtain an accurate measurement of bone stiffness. 
During the test, the subject will sit in a chair with the knee bent at a 90-degree angle, and their bare foot 
resting on a padded platform.  In the Subject Positioning Trials, the subject will also be tested lying on her 
back with the lower leg hanging over a table.  Subjects in the Subject Disparity Reliability Trials may sit 
upright or lie on their back, depending on the results of the previous trials.  A technician (LM) will place a 
vibrating probe on the skin overlying the shinbone that will produce a slight vibration of the bone.  The 
MRTA test itself will take approximately 5-15 minutes to complete and the entire appointment will take no 
more than 30-40 minutes, depending on the trial.  Subjects will be expected to undergo the MRTA test on 
two occasions, although subjects in the Soft Tissue Compression trial will only test once.   
To estimate body composition in the Body Composition Influences trial, skinfold calipers will be used to 
measure the thickness of the skin and fat at the following areas of the body: back of upper arm (triceps), 
side of abdomen (suprailiac), and the front of the thigh.  This test is not uncomfortable and takes only 2-3 
minutes.  In addition, these measures will be taken on the shin and the inside of the calf.  Finally, the 
circumference of the calf will be measured with a tape measure. 
All tests will be performed in War Memorial Hall, room 231D (Testing Room), within The Laboratory for 
Health and Exercise Science on the Virginia Tech campus.  The Testing Room is  
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a separate 150 square foot room that is air-conditioned, well-lighted, and free from environmental hazards.   
The following detailed methodology is adapted from the original grant proposal.  This text describes the 
specifics of each trial in the study. 
 

MRTA Methodology Reliability Trials 

 
Trial #1 
Objective - The purpose of this trial is to determine the effects of continuous soft tissue 

compression by the MRTA probe on the intra-test reliability of tibial stiffness 
measures. 

Rationale -  Empirical evidence suggests that the signal-to-noise ratio of the MRTA measurement 
improves with successive measures.  This may be due to progressive compression of 
soft tissue, thus reducing the attenuation of the emitted signal. 

Design - Fifteen female subjects will be tested for tibial stiffness in the non-dominant leg.  
Inclusion criteria will include: (a) 18-26 years, (b) body mass index (BMI) of 18-25, 
and (c) no prior fracture of the lower extremities.  Measurements will be taken 
immediately after final probe positioning, then every 30 seconds for the next 4 
minutes. 

Analysis - Intraclass correlations will be utilized to determine the internal consistency of 
successive tibial stiffness measurements. 

 
Trial #2 
Objective -  The purpose of this trial is to compare the effects of foot positioning on the inter-test 

reliability of tibial stiffness measures. 
Rationale -  The current MRTA protocol involves no standardization of foot position.  Although 

tibial stiffness is measured with the foot in a neutral position, variations in tibial 
geometry often necessitate manipulation of the foot into external rotation to achieve 
firm contact of the probe with the anterior tibia.  However, replication of the identical 
foot position is difficult on test-retest measures, which may contribute to instability 
of tibial stiffness values.  Quantification of the foot position may decrease the error 
associated with this measurement between trials. 

Design -  Fifteen female subjects (inclusion criteria as above) will be tested for tibial stiffness 
in the nondominant leg using both protocols (subjective vs. quantitative positioning) 
in a crossover design on different days.  This trial will involve the construction of a 
grid on the foot support of the MRTA, which will allow for quantification of exact 
foot positioning by recording the position of the calcaneal midline and the degree of 
external rotation. 

Analysis -  Intraclass correlations will be utilized to determine the internal consistency of each 
tibial stiffness measurement technique.  In addition, dependent t-tests will compare 
the reliability of the two techniques. 

 
Trial #3 
Objective -  The purpose of this trial is to compare the effects of subject positioning on the inter-

test reliability of tibial stiffness measures. 
Rationale -  The current tibial MRTA protocol involves the subject seated in an adjustable chair, 

with the foot fully supported on a stand.  In order to increase subject comfort and 
decrease possible muscular tension and movement, an innovative protocol has been 
developed.  This new technique may decrease interference with the excitation signal, 
thereby improving the reliability of the measurement. 

Design -  Fifteen female subjects (inclusion criteria as above) will be tested for tibial stiffness 
in the nondominant leg using both protocols in a crossover design on different days.  



Analysis -  Intraclass correlations will be utilized to determine the internal consistency of each 
tibial stiffness measurement technique.  In addition, dependent t-tests will compare 
the reliability of the two techniques. 

 
Trial #4 
Objective -  The purpose of this trial is to determine if alterations in the frequency range 

weighting influences the reliability of tibial stiffness. 
Rationale -  As stated before, the MRTA emits a vibration frequency to the tibial crest in the 

range of 60 to 1600 Hz.  However, frequencies ≤100 Hz are below the level of bone 
resonance, whereas frequencies ≥1200 Hz are above bone resonance limits.  The 
algorithms utilize a weighting system allowing for two user-defined frequency ranges 
of different weights.  The current protocol weights the 70-200 Hz range as 1.0, 
whereas the 200-500 Hz range is weighted as 0.01.  Therefore, noise in the low 
frequency range is weighted 100x greater than the high frequency range.  As the 
algorithms for tibial stiffness are still in an evolving state, slight alterations to this 
model may produce more reliable stiffness measures. 

Design -  Fifteen female subjects (inclusion criteria as above) will be tested for tibial stiffness 
in the non-dominant leg.  Weightings of 1.0 and 0.1 will be utilized for the following 
respective frequency ranges (Hz): (a) 70-200, 200-500, (b) 100-200, 200-500, and (c) 
100-300, 300-600.  Since the same stiffness measurements may be reanalyzed with 
different frequency ranges, only one testing session will be required to determine 
intratest reliability. 

Analysis -  Intraclass correlations will be utilized to determine the internal consistency of each 
tibial stiffness weighting method.  In addition, repeated measures ANOVA will 
compare the reliability among the three techniques. 

Subject Disparity Reliability Trials 

 
These experiments will utilize the most reliable methodology observed from the previous trials, 
including: (a) intra-test tibial stiffness values recorded during time period with greatest observed 
stability, (b) foot positioning with highest observed reliability on test-retest measures, (c) subject 
positioning with highest observed reliability on test-retest measures, and (d) frequency range with the 
highest stability.  This series of trials will compare the intra- and inter-test reliability of tibial stiffness 
measures in subjects with a single dissimilar anthropometric characteristic, while maintaining other 
physical attributes within a normal range.  Ultimately, the algorithm to calculate tibial stiffness may 
require revision if measurement instability is detected in subgroups of the population. 

 
Trial #1 
Objective -  The purpose of this trial is to determine if subject height influences the reliability of 

tibial stiffness. 
Rationale -  The calculation of stiffness incorporates the length of the tibia to the third power in 

the denominator.  However, this constant may not be robust with regards to very 
short or long bones. 

Design -  Female subjects will be recruited based on stature.  A “tall” group (n=15, ≥176.3cm) 
and a “petite” group (n=15, ≤150.3cm) will be formed with a criterion of ≥2 SD 
above and ≤2 SD below the national mean for a 20-year old female.  However, the 
inclusion criteria as before will remain.  The assumption that the differences in height 
will reflect in tibial length will be made.  Tibial stiffness will be tested in the 
nondominant leg on two separate days. 
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Trial #2 
Objective -  The purpose of this trial is to determine if body composition influences the reliability 

of tibial stiffness. 
Rationale -  The calculation of stiffness is affected by the damping effects that the surrounding 

soft tissue has on the resonating bone.  Greater amounts of soft tissue surrounding the 
tibia may overdamp the tibial oscillations, whereas little surrounding tissue may have 
the opposite effect, based on the assumptions of the stiffness algorithm. 

Design -  Female subjects will be recruited based on body composition.  A “lean” group (n=15, 
≤14.5% fat) and an “overweight” group (n=15, ≥32.1% fat) will be formed with a 
criterion of ≤10% and ≥90% below published norms for a college-aged female.  
Body composition will be determined with 3-site skinfold measurements using 
population-specific formulas.  However, the inclusion criteria as before will remain.  
The assumption that the differences in body composition will reflect in the muscle:fat 
ratio of the calf will be made.  Tibial stiffness will be tested in the nondominant leg 
on two separate days. 

Analysis -  Intraclass correlations will be utilized to determine the internal consistency of tibial 
stiffness in each group.  In addition, independent t-tests will compare the reliability 
between the two groups. 

 
______________________________________________________________________________ 
 

Questionnaires  
Copies of the questionnaires are included. 

Risks and Benefits 

This research is classified as “minimal risk”.  No discomforts have been noted in our experiences with ~ 
500 MRTA tests.  The most common sensations experienced with the test are mild pressure at the point of 
contact with the leg and slight vibration of the lower leg bone.  No known discomforts are associated with 
the skinfold method of body composition assessment. 
There is no promise or guarantee of benefits from participation in this trial.  As stated before, the MRTA is 
not a medical instrument and cannot diagnose diseases or injuries.  Therefore, a high or low bone stiffness 
value does not necessarily correlate with bone strength.  Results may be made available to the subject upon 
request.  However, no results will be provided until completion of the entire project (July 1, 2003).  Body 
fat levels that are excessively high (≥ 30%) or low (≤ 12%) may place certain individuals at greater risk for 
certain diseases.  If body fat percentage is found to be at such a level, the subject will be referred to the 
Wellness Resource Center in the Office of Health Education in Schiffert Health Center, if desired.  This 
Center offers health brochures, information on campus wellness programs, and free personal health 
consultations. 

Compensation 

Each subject will be modestly compensated at a rate of $5.00 per testing session.  Thus, subjects will 
receive a total of $5.00 or $10.00, depending on the trial they are enrolled in.  However, the primary benefit 
derived from participation in this research indirectly applies to these subjects as the improvement of MRTA 
measurements may one day lead to its ability to screen for and diagnose osteoporosis, a disease that may 
affect these subjects in the future.   
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Confidentiality/Anonymity 

All information collected during the course of subject participation in this study that is personally 
identifiable will be kept strictly confidential.  All data records will be stored in War Memorial Hall, room 
231A.  Subject data will be stored on a microcomputer and hard copies stored in a locked file cabinet.  
Only the Investigator (LM) and the Faculty Advisor (WH) will have access to these files.  Data will be 
numerically coded with no identifier variables, i.e. name or SSN.  At no time will the investigators release 
the results to anyone other than individuals working on the research project without the written consent of 
the subject.  However, representatives from the National Aeronautics and Space Administration (NASA) 
may inspect the research records at any time. 
 

Informed Consent 

Subjects satisfying preliminary inclusion criteria will be administered an informed consent, which will 
provide detailed information about the study.  The Investigator (LM) will schedule individual meetings 
with potential subjects to administer the informed consent through self-report and interview.  Subjects will 
be provided with an informed consent to read thoroughly, and will be encouraged to ask questions on 
anything that is not explicitly clear to them.  If all questions and concerns are addressed adequately, 
subjects will be instructed to initial each page of the informed consent, thereby indicating that they 
understand everything on that page.  Subjects will also be instructed to sign and date the form.  After 
signing, subjects will be provided a copy of the informed consent, with the original filed in the 
Investigator’s (LM) office.    
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Raw Data 
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Trial 1 Trial 2 Trial 3 Average Day 1 Day 2 Day 3 Average

1 3301-337 378.9 272.4 10 1284 1354 1343 1327 563 5128 608 2100
2 3301-251 378.0 297.7 9 1547 1603 1555 1569 306 61 2106 824
3 3301-416 378.0 271.9 9 1257 1256 1195 1236 2532 2276 197 1668
4 3301-422 378.6 275.9 10 1349 1292 1424 1355 2714 3288 3768 3257
5 3301-421 378.3 280.5 9 1346 1576 1555 1492 343 52 3978 1458
6 3301-419 378.0 282.5 10 1367 1328 1461 1385 2610 262 14 962
7 3301-418 378.4 270.0 11 1382 1253 1387 1341 3608 2868 61 2179
8 3301-420 377.6 272.3 11 1305 1471 1445 1407 809 48 2220 1026
9 3301-438 378.6 265.2 10 1309 1283 1440 1344 226 78 83 129
10 3301-439 378.4 271.3 11 1339 1216 1411 1322 259 252 220 244
11 3302-175 403.8 341.6 11 1609 1770 1713 1698 456 193 320 323
12 3302-110 403.6 368.1 10 1747 1987 1915 1883 300 293 241 278
13 3302-250 404.3 341.4 11 1778 1919 1840 1845 368 418 333 373
14 3302-256 403.6 349.7 11 1807 1830 1863 1833 9874 283 218 3458
15 3302-255 403.7 340.9 12 1667 1763 1833 1754 295 206 354 285
16 3302-254 404.0 334.7 10 1870 1828 1910 1869 313 374 114 267
17 3302-253 404.0 349.0 10 1749 1889 1914 1851 18660 186 632 6492
18 3302-251 403.7 337.3 12 1823 1787 1960 1857 470 320 133 308
19 3302-263 404.1 353.1 11 1852 1801 1986 1880 334 318 287 313
20 3302-245 404.0 339.2 12 1622 1762 1671 1685 335 463 280 359

Elastic Modulus in 3-point bending (N/mm) Bending Stiffness in MRTA (Nm2)
Tibia # True # Length (mm) Weight (g) Intermedullary Canal 

Diameter (mm)
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Subject # Age (yr) Height (cm) Weight (kg) BMI (kg/m2) Body fat (%) Day 1 Day 2 Day 3 Day 4 Day 5
1 24 165.7 71.8 26.1 25.1 425 114 397 347 137
2 24 165.7 59.1 21.5 15.0 469 360 671 475 262
3 26 160.7 59.5 23.1 17.6 83 137 90 155 204
4 25 146.7 42.8 19.9 18.1 45 25 42 135 69
5 23 158.1 49.8 19.9 14.7 52 84 172 296 218
6 22 166.4 56.7 20.5 16.5 301 168 232 388 153
7 19 170.2 59.6 20.6 21.5 244 254 145 147 257
8 22 168.3 66.2 23.4 19.9 195 148 112 - -
9 23 160.7 53.1 20.6 17.8 162 151 303 201 523
10 26 153.7 53.9 22.8 24.9 154 83 264 128 313
12 20 160.0 54.9 21.4 15.8 60 74 175 172 282
13 21 165.1 59.0 21.6 17.2 151 211 243 - -

Bending Stiffness in MRTA (Nm2)
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