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A B S T R A C T

Background: High error rates in the prediction of fragility fractures by bone mineral density have motivated
searches for better clinical indicators of bone strength, and the high incidence of non-hip, non-spine fractures has
raised interest in cortical bone. The aim of this study was to assess the accuracy of Cortical Bone Mechanics
Technology™. CBMT is a new non-invasive 3-point bending technique for measuring the mechanical properties
of cortical bone in the ulnas of living humans.
Methods: 35 cadaveric human arms were obtained from small women and large men ranging widely in age
(17 < Age < 99 years) and body size (14 < BMI < 40 kg/m2). Noninvasive CBMT measurements of the
flexural rigidity of the ulna bones within these arms (EICBMT) were compared to measurements of EI by
Quasistatic Mechanical Testing in the ulnas excised from those arms (EIQMT). Ulna bending strength was also
measured by QMT as the peak moment before fracture (Mpeak). The open source BoneJ plugin to ImageJ image
processing software was used to calculate cortical porosity (CP) in micro-computed tomography images of a
2 mm length of the mid-shaft of each fractured ulna, and the interosseous diameter (IOD) of each ulna was also
measured in those images.
Results: EICBMT measurements (13 < EICBMT < 97 Nm2) explained 99% of the variance in QMT measurements
of ulna bending strength (11 < Mpeak < 90Nm), but EICBMT was biased high by 30% (p < 0.0001) relative to
EIQMT (11 < EIQMT < 69 Nm2). After correcting this bias, EICBMT and EIQMT measurements lay along the
identity line (y=1.00x, R2= 0.99, SEE=3.1 Nm2). Predictions of Mpeak by EICBMT were less accurate than
predictions by EIQMT (both R2= 0.99; SEECBMT= 5.9 Nm vs SEEQMT= 4.5 Nm, F= 2.92, p=0.001), but EICBMT

predictions were substantially more accurate than those by IOD (R2= 0.79; SEEIOD=10.6 Nm, F= 3.30,
p < 0.001) and CP (R2= 0.35; SEECP= 18.9 Nm, F= 10.45, p < 10−9). Predictions by EICBMT were also more
accurate than predictions by arm donor height (R2= 0.63; SEE= 14.3 Nm, F=5.87, p < 10−6), body weight
(R2=0.77; SEE= 11.1 Nm, F= 3.54, p < 0.001) and BMI (R2= 0.64; SEE=14.1 Nm, F= 2.39, p < 0.01).
In forward stepwise multiple regression beginning with EICBMT, only age explained any additional variance in
ulna bending strength (ΔR2= 0.3%, F= 8.03, p= 0.008).
Conclusion: Noninvasive CBMT measurements of ulna EI explain 99% of individual differences in QMT mea-
surements of ulna bending strength in cadaveric human arms.

1. Introduction

Fragility fractures cause pain, disability and more deaths among
women than breast cancer, heart attack and stroke combined [1]. They
occur frequently among the elderly, are complications of various

diseases, and side-effects of several disease treatments. As a result,
fragility fractures are a major burden on health care systems with an-
nual costs approaching $25 billion in the United States [2] and $35
billion in Europe [3].
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1.1. The difficulty of targeting fracture preventive care

Effective treatments are available to prevent fragility fractures [4],
but targeting this care at patients with weak bones is hampered by lack
of a medical device that reliably identifies patients with weak bone.
Since 1994, preventive care has been offered to patients whose areal
bone mineral density (aBMD) measured by Dual-Energy X-ray Ab-
sorptiometry falls below the World Health Organization (WHO) diag-
nostic criterion for osteoporosis [5] ― even though the inability of
aBMD to distinguish between patients who had and had not fractured in
the past was widely known even at that time [6]. Subsequent pro-
spective studies have found that aBMD did not predict which patients
would fracture in the future either [7–10]. The largest such study of
261,000 post-menopausal American women [7] found that 96% of
those diagnosed with osteoporosis did not fracture during the follow-up
observation period, while 81% of fractures occurred in women who
were not osteoporotic. Another site-specific study found that only 10%
(heel) to 44% (clavicle) of fractures could be attributed to osteoporosis
[8].

To better identify patients who would benefit from fracture pre-
vention care, in 2011 the FRAX® questionnaire was introduced. FRAX®
estimates fracture risk by assessing clinical risk factors for fracture
[11,12]. Since 2011, the FRAX® web page has logged 8000 such as-
sessments per day. Unfortunately, prospective studies have found that
FRAX does not predict fractures well either. Among post-menopausal
French women, 74% of those identified by FRAX® as being at high risk
for a major osteoporostic fracture did not fracture during follow-up,
while 82% of fractures occurred in women identified as low risk [13].
Moreover, a meta-analysis of studies investigating the performance of
FRAX using USA treatment guidelines found that FRAX failed to iden-
tify 90% of major osteoporotic fractures [14]. Thus, physicians still lack
a reliable tool for targeting preventive care at patients with weak bone.

1.2. Measures of cortical bone

One reason aBMD fails to predict fractures well is that it explains
only 50–80% of the variation in bone strength [15–20]. Moreover, the
WHO diagnostic criterion for osteoporosis applies to spine and hip sites
where most bone tissue is trabecular, whereas after age 60 most bone
loss is cortical [21]. Among 51,000 women over 55 years of age in 10
countries, there were five times more non-hip, non-spine fractures re-
quiring twice as many days of hospitalization, rehabilitation and nur-
sing home care than hip and spine fractures combined [22]. Fifty per-
cent of such non-hip, non-spine fractures occur in the arm [23]. Thus, a
new tool for targeting preventive care at patients with weak cortical
bone might be especially helpful for reducing the high costs of fracture
treatment and misdirected preventive care.

In 2010, the observation that the increased incidence of fractures
after age 60 is associated with an increased rate of cortical bone loss led
to cortical porosity being proposed as an indicator of bone fragility
[21]. Since then, cortical porosity has been the subject of extensive
study [24]. Proponents of the method, in which cortical porosity is
quantified in HRpQCT images of the distal radius and tibia, acknowl-
edge two sources of error: inadequate spatial resolution in HRpQCT to
accurately quantify cortical porosity, and ambiguity about the location
of the boundary between true trabecular bone and “trabecularized”
cortical bone at the imaging sites [25]. The rate of change in cortical
porosity distinguishes perimenopausal and postmenopausal women
[26], but in the previously cited study of post-menopausal French
women, 77% of those with high cortical porosity (> 20%) did not
fracture, while 67% of fractures occurred in women with low cortical
porosity [13].

Bone strength cannot be measured directly in vivo, because one
must break a bone to know how strong it used to be. However, bone
strength has long been known to be strongly associated with non-
destructive measurements of bone stiffness (r > 0.95) [27–30]. The

gold standard reference method for measuring bone stiffness and
strength is Quasistatic Mechanical Testing (QMT), but this technique
cannot be used clinically because the first step in the method is to re-
move the bone from the body.

Reference Point Indentation (RPI) is an invasive hardness test of
cortical bone. In RPI, an incision is made down to the bone, the peri-
osteum of the bone is removed, a small stylus is driven a short distance
into the cortical bone surface, and the resulting indentation depth is
measured. The technique has been extensively studied [31], and it has
been able to detect significant differences between cohorts in clinical
research [32], but these measurements have been only weakly asso-
ciated with any mechanical property of bone (R2≤ 0.33) [33–35]

Mechanical Response Tissue Analysis (MRTA) was a non-invasive
method for measuring the mechanical properties of long bones in living
humans. This dynamic 3-point bending test applied a spectrum of os-
cillatory forces to the skin overlying a long bone and analyzed the re-
sulting frequency response of mechanical vibrations to make direct,
functional measurements of the underlying bone's bending mass, stiff-
ness and damping in situ [36]. Bending tests are especially useful for
measuring the mechanical properties of cortical bone, because they are
specifically sensitive to mechanical properties at the mid-span of a long
bone, where bone tissue is entirely cortical.

The utility of MRTA was also extensively studied [37], but little was
published about its measurement accuracy. The results of the only such
animal study were unimpressive and acknowledged by the investigators
to be confounded by differences between in vivo MRTA and ex situ
QMT test conditions [29,38]. Moreover, a study of humans in vivo
found excessive variability in repeated measurements in a single session
with coefficients of variation up to 65% [39].

Because we were interested in reports of MRTA detecting changes in
bending stiffness in the absence of changes in bone mineral [40–42], we
investigated and identified sources of error in MRTA and developed
techniques for overcoming them. We call these proprietary techniques
Cortical Bone Mechanics Technology (CBMT). We focused attention on
the ulna bone in the forearm, because of its superficiality under a thin
layer of skin and its uniquely near-ideal biomechanics in bending. We
then compared QMT and our new methods in 39 artificial human ulna
bones [43]. These artificial bones had nominally identical geometry
with controllably varied amounts of glass fill in the epoxy emulating
cortical bone. Across the resulting range of stiffness, we found the re-
lationship between CBMT and QMT measurements of bending stiffness
to be indistinguishable from the identity line (R2=0.999).

We have since tested 35 cadaveric arms donated by men and women
varying widely in age and body size. Our CBMT measurements of the
flexural rigidity of ulna bones in these arms are reported here, along
with estimations of their bending strength, relative to measurements of
the flexural rigidity and strength of the same ulnas by QMT. We also
compared CBMT predictions of ulna bending strength to predictions by
cortical porosity and various measures of ulna and whole body size.

2. Materials and methods

2.1. Specimens

To obtain a wide range of ulna stiffness and strength, we obtained
35 fresh-frozen cadaveric human arms from small women
(BMI < 20 kg/m2) and large men (BMI > 25 kg/m2) in three age
groups (< 65, 65–80 and> 80 years) from a human tissue bank
(Science Care, Inc., Phoenix, AZ). Arms were excluded if they were (a)
from donors with a history of bone cancer or cancer that metastasizes to
bone, (b) known to have been broken previously, or (c) frozen more
than nine days post-mortem.

2.2. Protocol

Arms were received and kept frozen at −20 °C until the day of
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mechanical testing. Then an arm was thawed, and the upper arm was
defleshed in preparation for CBMT testing of the intact forearm.
Afterwards, the hand was removed, the forearm was defleshed, and the
radius bone was cut at the radial tuberosity, thereby preserving the
mechanical integrity of the elbow joint and preventing axial rotation of
the ulna relative to the humerus. The excised ulna was then tested by
QMT. After QMT testing, bones were returned to cold storage. Thus, all
mechanical tests were completed in a single day. Fractured ulnas were
then imaged by computed microtomography.

2.3. Data collection

2.3.1. Mechanical testing
We performed structural 3-point bending tests measuring flexural

rigidity (EI) and peak moment before fracture (Mpeak), instead of ma-
terial tests reporting elastic modulus (E) and ultimate stress (σU), be-
cause bones fail as structures, not materials. For both CBMT and QMT
data collection, the ulna was oriented horizontally with the posterior
surface up (Fig. 1). The load was applied downward at the midpoint of
the ulna, with the ulna supported at the elbow by the articulating
vertical humerus. The humerus was secured in an adjustable bone
clamp (Model #1605, Pacific Research Laboratories, Vashon, WA). For
CBMT testing of the intact forearm (Fig. 1, left), the wrist was turned
thumb down to position the distal ulna over the distal radius with the
styloid process of the radius resting on a vertical 50×75×300mm
steel block. Axial rotation of the forearm was standardized by placing
the palm against a second taller block. For QMT testing of the excised
ulna (Fig. 1, right), the anterior surface of the distal radioulnar joint

was supported directly on a steel block.

2.3.1.1. CBMT testing. After the forearm was mounted in the CBMT
apparatus, the length of the ulna was measured with calipers and the
mid-point marked on the skin. A blunt probe driven by a mechanical
shaker (Model K2007E01, The Modal Shop, Inc., Cincinatti, OH) was
positioned over that point. A manual linear actuator (Model VST 2015,
mk Automation, Inc., Bloomfield, CT) rigidly mounted to the
framework of the apparatus was used to lower the shaker-impedance
head-probe assembly into contact with the forearm.

Further downward displacement of the probe applied a static load to
the forearm determined by the stiffness (2.63 N/mm) of the armature
suspension spring inside the shaker. Maximum displacement of the
spring (9mm) limited the applied static load to 24 N. Activation of the
shaker by vibration analysis software (RT Pro, Bruel & Kjaer North
America, Inc., Norcross, GA) and a dynamic signal analyzer (Photon+,
Bruel & Kjaer North America, Inc., Norcross, GA) superimposed a uni-
form (1 N) random oscillatory (40 < f < 1200 Hz) load on the static
load. A piezoelectric impedance head (Model 288D01, PCB
Piezotronics, Inc., Depew, NY) in line between the shaker and the probe
was used to measure the applied oscillatory force and responding ac-
celeration.

Fig. 2 shows the real and imaginary parts of a typical complex ac-
celerance (acceleration divided by force) frequency response function
(FRF) calculated by the vibration analysis hardware and software [44].
This FRF displays resonances at about 600 and 200 Hz. The location and
shape of the higher frequency resonance is determined primarily by the
mechanical properties of the skin and the applied static load, while
those of the lower frequency resonance are determined primarily by the
mechanical properties of the underlying bone [43]. Both resonances are
also affected by damping effects of surrounding soft tissue.

2.3.1.2. Quasistatic mechanical testing. QMT data were collected under
displacement control with a MTS QTest-Elite load frame (MTS Systems
Corporation, Eden Prairie, MN) equipped with a 10 kN load cell (Model
4501017B, MTS Systems Corporation, Eden Prairie, MN). To prevent
viscous and inertial effects from confounding elastic behavior,
displacement was increased at a strain rate < 0.0001/s by setting
the test frame crosshead speed to 0.1608mm/min. Displacements of
this load frame are integer multiples of 2.68 μm. By collecting data at
10 Hz at a speed of 0.1608mm/min, one pair of displacement and force
data was recorded at each 2.68 μm step (i.e., at each digital Least
Significant Bit) of displacement.

Prior to loading an ulna destructively, the ulna was preconditioned
by repeated loading cycles of 0–50 N, and the slopes of the load-dis-
placement curves over the steepest 50% of the peak load were recorded.
Invariably, these slopes increased monotonically from cycle to cycle
toward an asymptotic limit around which they then varied randomly.
Loading cycles were repeated until the coefficient of variation
(CV=mean/standard deviation) in the most recent 5 cycles was< 1%.

Fig. 1. Ulna support and loading in CBMT tests of the intact forearm (left) and QMT tests of excised ulnas (right).

Fig. 2. Typical CBMT accelerance FRF data.
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The number of cycles required to satisfy this criterion varied from ulna
to ulna between 8 and 51. The load was then increased monotonically
until the ulna fractured.

Fig. 3 illustrates the wide range of load-displacement curves ob-
served between the weakest and strongest arms. Ulna bending strength
was recorded as the peak moment prior to fracture:

= ×M F L/4peak peak (1)

where L was the anatomical length of the ulna measured in situ with
calipers. We used the anatomical length of the ulna instead of the span
between supported points within articulations, because anatomical
length is what is readily measurable in vivo CBMT operators.

In quasistatic mechanical testing of bone, stiffness is usually mea-
sured as the slope of the linear portion of the load-displacement curve
[45]. However, in this study of ulnas in bending, load-displacement
curves displayed no extended region of linear elastic behavior (Fig. 4,
left). If such behavior had existed, it would have been evident as an
extended horizontal region in the associated tangent stiffness curve.
Therefore, in accordance with the standard procedure for materials that
do not exhibit any linear region (Paragraph A1.3 of Annex A1 in ASTM
D790-3 [46], we took the maximum value of tangent stiffness as the
QMT measure of ulna bending stiffness KB. Plotting tangent stiffness as
a function of load conveniently identifies both KB and Fpeak (Fig. 4,
right).

2.3.2. Microcomputed tomography
Frozen broken ulna fragments packed in ice were shipped in

thermally insulated boxes to and from the microtomographer
(Microtomografix, Ltd., Sylvania, OH; microtomografix.com). As we
had expected, ulnas broke under or distal to the applied load, because
ulnas are narrower in the distal half. Therefore, to avoid confounding
by fracture damage, ulnas were imaged slightly proximal to mid-shaft.

A μCT scanner (Model uCT 35, SCANCO Medical, Bruttisellen,
Switzerland) equipped with a 2048× 2048 CCD detector was used to
make 200 cross-sectional images at 10 μm intervals along a 2mm length
of each ulna at 55% of ulna length. The scanning protocol used an X-ray
tube current of 70 kVp, exposure current of 115 μA and exposure time
of 750ms. Each pixel was encoded in 16 bits for 65,536 shades of gray.
Hypoxyapatite density was assumed to be 1200mg/cm3. Images of
ulnas with diameters smaller than 20.48mm were reconstructed over a
20.48mm×20.48mm field of view and those with diameters over
20.48mm were reconstructed over a 30.72mm×30.72mm field of
view for voxel sizes of 10×10×10 μm and 10× 15×15 μm, re-
spectively.

2.4. Data analysis

2.4.1. Flexural rigidity
Because slenderness ratios exceeded 12, we ignored shear effects

and modeled the quasistatic behavior of the ulna as a simply supported
beam in bending with stiffness KB (Fig. 5 left). Then, to compensate for
the confounding of KB by individual differences in ulna length, we
calculated ulna flexural rigidity (EI) from Euler beam theory:

= ×EI K L /48B
3 (2)

where again L was taken as the anatomical length of the ulna measured
in situ with calipers.

2.4.2. CBMT data analysis
Like practitioners of MRTA [36], we modeled the forearm as a 7-

parameter mechanical skin-bone system (Fig. 5, right), including the
mass, stiffness and damping of the skin (MS, KS, DS) and underlying
bone (MB, KB, DB) as well as damping by peripheral soft tissue (Dp).
Solution of the differential equations of motion for this model leads to
the continuous-time transfer function of the complex stiffness of the
mechanical skin-bone system in the form of a 4th order rational poly-
nomial [36]. The corresponding complex compliance of the skin-bone
system is the inverse of this polynomial.

Unlike practitioners of MRTA, we estimated values of the 7 me-
chanical parameters by fitting the continuous-time transfer functions of
both the complex stiffness and the complex compliance of the skin-bone
system to the corresponding complex stiffness and compliance FRFs
derived from the measured accelerance FRF of each ulna [43]. Accel-
erance FRFs were rejected when the root mean square of differences
between paired parameter estimates from the two fits (RMS7) exceeded
9%.

Fig. 3. QMT load/displacement curves from the weakest and strongest ulnas
tested.

Fig. 4. Typical QMT data. Load (black) and tangent stiffness (white) as a function of displacement (left) and tangent stiffness as a function of load (right).
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2.4.3. Cortical porosity
In order to provide a measure of the amount of bone loss relative to

the young adult state, we defined cortical porosity to include endosteal
resorption spaces. The minimum brightness in the bimodal histogram of
pixel brightness was taken as the threshold distinguishing brighter bone
from other darker material [59]. Endosteal and periosteal boundaries of
cortical bone were outlined in slices 1, 100, and 200 along each 2mm
site. Then the BoneJ plugin [47] for the NIH image-processing software
ImageJ [48] was used to quantify cortical porosity (CP) as the void
fraction of bone volume (BV) in the total volume (TV) enclosed between
the endosteal and periosteal boundaries (CP= 1− BV / TV) in the
entire stack of 200 images. CP was calculated three times according to
the boundaries drawn in slices 1, 100, and 200. The average of the three
CP values was taken as the representative measure.

In some ulnas, the endosteum was so extensively damaged by re-
sorption that its location was ambiguous in 2D images. To resolve this
ambiguity, rotatable 3D models of the entire 2mm length at each 55%
site (e.g., Fig. 6) were created with Avizo 3D visualization software
(Avizo 8, FEI Visualization Sciences Group, Berlin, Germany). The en-
dosteal surface revealed in these 3D models was then used to guide the
drawing of the endosteal boundary in 2D images. In 5 ulnas, endosteal
resorption was so extensive that the original location of the endosteum
could not be seen in the 3D models. For these ulnas, endosteal area
drawn as 13%, 15% and 17% of periosteal area to bracket the 15%
endosteal area of the 23 year old male in Fig. 9 and a range of cortical
porosities were calculated accordingly.

2.4.4. Interosseous diameter
ImageJ software was also used to measure interosseous diameter

(IOD) at each 55% site as the average of the maximum periosteal dia-
meters in slices 1, 100, and 200.

2.5. Statistical analysis

The association of CBMT and QMT measurements of ulna EI was
determined by regression analysis, as were the relationships between
ulna bending strength and (1) EI measured by CBMT and QMT, (2)
intra-cortical porosity, (3) interosseous diameter and (4) measures of
whole body size (height, weight, and BMI). Differences between means
and slopes of regression lines were determined by Student's t-tests, and
ratios of variances were determined by F-tests.

Such univariate regressions fail to quantify the extent to which
predictors explain additional variance in a dependent variable beyond
the amount of variance explained by other predictors. To assess the
extent to which predictors explained additional variance, we performed

a forward stepwise multiple regression in which predictors were added
in order of correlation [49]. The predictors with the highest correla-
tions with Mpeak were EIQMT (r= 0.996) and EICBMT (r= 0.993). Of
these, EICBMT was chosen as the predictor in the first step, due to our
interest in CBMT as a potentially clinical alternative to QMT. The
predictor chosen in the second step had the highest correlation with the
residuals from the regression of Mpeak on EICBMT, and the predictor
chosen in the third step had the highest correlation with residuals from
the regression of EICBMT residuals on the second predictor. As will be
explained in Section 3.7 below, no further steps were warranted.

Finally, to assess whether mechanical behavior differed by sex, the
relationship between EI measured by CBMT and QMT was regressed
separately by sex. So, too, were the regressions of Mpeak on EIQMT and
on EICBMT analyzed separately by sex.

3. Results

3.1. Specimens

Arms from large men (N=21) and small women (N=14) ranged
widely in age (17–99 years) and body mass index (13–40 kg/m2)
(Fig. 7). As expected, ulnas in these arms varied in length
(227 < L < 297mm), IOD at the mid-shaft (13 < IOD < 23mm)
and slenderness ratio (12 < SR= IOD/L < 21).

The ulnas also varied extensively in cross sectional form and in the
patterns of cortical bone loss at the mid-shaft (Fig. 8). In this figure, the
larger ulnas from large males and smaller ulnas from small females are
shown at the same scale and in the same orientation of wrist rotation as
in mechanical testing. The 23 year old male exemplifies undamaged
cortical bone with 3% CP, and the 89 and 90 year old males illustrate
the wide range of CP we found in ulnas from elderly donors (see Fig. 11
below).

Fig. 5. Mechanical models for QMT (left) and CBMT (right) data analysis.

Fig. 6. 3D model of endosteal surface.
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3.2. CBMT accuracy

As intended, QMT measurements of EI in the excised ulnas spanned
a wide range (11 < EI < 69Nm2). CBMT measurements of EI in intact
arms spanned a proportionally wider, higher range
(13 < EI < 97Nm2). The relationship between these measurements is
shown in relation to the identity line in Fig. 9, left and summarized in
Table 1. The Y-intercept of the regression line was not significantly
different from 0, but the slope was significantly higher than 1
(mean ± SE=1.30 ± 0.02, p < 0.0001). After adjusting each CBMT
measurement for this bias, the Y-intercept was still not significantly
different from 0, the slope of the regression line was indistinguishable
from the identity line, and the standard error of the estimate (SEE) was
3.1 Nm2 (Table 1, Fig. 9, right). The data in Fig. 9, right were regressed
separately by sex. In neither case was the Y-intercept significantly dif-
ferent from zero (p≥ 0.71), and the two slopes were indistinguishable

from one another (Women: mean slope ± SE=0.97 ± 0.03; Men:
1.01 ± 0.02, p= 0.32).

3.3. Prediction of ulna bending strength by EI

As intended, Mpeak varied widely (11 < Mpeak < 90 Nm). There
was no relationship between Mpeak and age (p=0.67) (Fig. 10, left).
The very strong relationships between Mpeak and ulna EI measured by
QMT and by bias-adjusted CBMT are illustrated in Fig. 10, right and
summarized in Table 2. Neither Y-intercept was significantly different
from 0 (p≥ 0.24), and the slopes of the regression lines were indis-
tinguishable (p≥ 0.80). For both, ulna EI explained 99% of the var-
iance in Mpeak, but EICBMT was less accurate than EIQMT in predicting
Mpeak (SEE= 5.9 vs 4.5 Nm, F=2.92, p= 0.001). Again, the data in
Fig. 10, right were regressed separately by sex. In none of the four cases
was a Y-intercept significantly different from zero (all p > 0.16), and
in neither relationship did the slopes differ by sex (Mpeak vs EIQMT, Men
vs Women 1.29 ± 0.02 vs 1.31 ± 0.05 Nm/Nm2, p=0.72; Mpeak vs
EICBMT, Men vs Women 1.33 ± 0.05 vs 1.27 ± 0.03 Nm/Nm2,
p=0.34). Unlike other ulnas, the outlying ulna at (EICBMT,
Mpeak)= (58.1, 53.7) fractured with very little plastic deformation.

Because the slopes of the regression lines in Fig. 10, right and Fig. 9,
left are strikingly similar, Mpeak was also regressed on unadjusted
EICBMT values. The results in Table 2 show that the slope of this re-
lationship was not significantly different from 1 (p=0.42). That is,
unadjusted measurements of EI by CBMT in intact arms (in units of
Nm2) were quantitatively indistinguishable from QMT measurements of
Mpeak in ulnas excised from those arms (in units on Nm).

3.4. Prediction of ulna bending strength by cortical porosity

As expected, CP also varied widely (3% < CP < 54%) (Fig. 11,
left). Only one donor with CP > 20% was younger than 60 years of
age. She was 56 years old with a BMI of 13 kg/m2. However, CP
was< 20% in 14 of the 25 donors over 60.

Mpeak declined with CP (p < 0.001), but CP explained only 35% of
the variance in Mpeak. Average and ranges of CP in broad estimates of
the location of the endosteum of the five ulnas in which the endosteum

Fig. 7. Donor age and body mass index (BMI).

Fig. 8. Cross-sectional microtomographic images at the mid-shaft of selected ulnas.
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could not be seen in 3D models is shown in Fig. 11, right. These un-
certainties had no qualitative effect on regression results. Nonlinear
regression of Mpeak on CP increased overall explained variance to 42%
and reduced SEE only marginally to 17.8 Nm.

Differences in regression models (e.g., with and without a Y-inter-
cept) require use of the standard error of the estimate (SEE) instead of
R2 for comparing prediction accuracies. By this standard, and con-
sidering both sexes together, Mpeak was less accurately predicted by CP
than by EICBMT (SEE=18.9 vs 5.9 Nm, F=10.45, p < 10−9). CP was
less accurate in predicting Mpeak in ulnas with CP < 20%
(SEE=21.0 Nm) than in ulnas with CP > 20% (SEE=14.5 Nm,
F= 2.10, p= 0.02). Moreover, as shown in Table 3, the relationship
between Mpeak and CP differed between the sexes in that there was no
relationship among women (p=0.12). Accordingly, Fig. 11, right
displays the mean and SD for the women.

3.5. Prediction of ulna bending strength by interosseous diameter

As expected, IOD at the mid-shaft of ulnas from large men and small
women also varied widely (13 < IOD < 23mm). The relationship

between Mpeak and IOD is shown in Fig. 12. IOD explained 79% of the
variance in Mpeak. IOD was a less accurate predictor of Mpeak than
EICBMT (SEE=10.6 vs 5.9 Nm, F= 3.30, p < 0.001), but a more ac-
curate predictor than CP (SEE=18.9 vs 10.6 Nm, F=3.17,
p < 0.001).

3.6. Prediction of ulna bending strength by body size

EICBMT predicted Mpeak more accurately than height
(SEE=14.3 Nm, F=5.87, p < 10−6), weight (SEE= 11.1 Nm,
F=3.54, p < 0.001) and BMI (SEE= 14.1 Nm, F= 2.39, p < 0.01).
However, height (p=0.05) weight (p=0.001) and BMI (p= 0.05)
predicted Mpeak more accurately than CP.

3.7. Prediction of ulna bending strength by stepwise multiple regression

In the first step of the forward stepwise multiple regression, EICBMT

explained R2=98.6% of the variance in Mpeak (Y=1.28X,
SEE=5.9 Nm, F= 2398, p=1×10−31). In the second step, the
predictor most highly correlated with the residuals from the first step
was age (r=−0.45). Age predicted R2= 20% of the variance in these
residuals, corresponding to an additional 0.3% of the variance in Mpeak

(Y=−0.12X+9, SEE=5.3 Nm, F= 8.03, p=0.008). No predictor
less correlated than age (i.e., |r| < 0.45) explained any variance in the
residuals from the first step (p > 0.2). In particular, substituting CP
(r=−0.22) for age in the second step yielded R2=0.05, F= 1.67 and
p=0.21. Thus, the benefit of using age as well as EI_CBMT to predict
Mpeak was to reduce SEE from 5.9 to 5.3 Nm.

In the third step, the predictor with the highest correlation with the
residuals from the second step of the regression was IOD (r=−0.11).
IOD explained no variance in these residuals (R2= 0.013, F=0.41,

Fig. 9. Relation between EI measured by CBMT in intact arms and by QMT in excised ulnas. Left: EICBMT as measured. Right: EICBMTa=EICBMT adjusted for 1.30 bias.
See Table 1.

Table 1
Regressions of ulna EI measured noninvasively by CBMT in cadaveric arms on
EI measured by QMT in ulnas excised from those arms. Linear Model:
Y=b1X+b0. Units: b1 SE(b1)= dimensionless; b0, SE(b0), SEE=Nm2.
EICBMTa= EICBMT adjusted for 1.30 bias.

Predictors b1 SE(b1) p{b1= 1} b0 SE(b0) p{b0= 0} R2 SEE

EICBMT 1.30 0.02 < 0.0001 0.04 1.57 0.98 0.99 4.1
EICBMTa 1.00 0.01 0.99 0.03 1.21 0.98 0.99 3.1

Fig. 10. Ulna bending strength (Mpeak) measured by QMT in excised ulnas in relation to age (left) and ulna EI measured by QMT and by CBMTa in intact forearms
(right). See Table 2.
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p=0.53). As in the second step, no predictor less correlated than IOD
(i.e., |r| < 0.11) explained any variance in the residuals from the
second step (p > 0.53). In particular, substituting CP (r= 0.004) for
IOD in the third step yielded R2= 1×10−5, F= 5×10−4 and
p=0.98.

4. Discussion

Non-invasive measurements of ulna EI by CBMT in intact cadaveric
human forearms (EICBMT) explained 99% of the variance in QMT
measurements of ulna bending strength, but they were biased high by
30% relative to measurements by QMT in excised ulnas (EIQMT). After
adjustment for this bias, EICBMTa and EIQMT fell along the identity line.

We suspect that the proportional bias in EICBMT is due to the in-
terosseous membrane (IOM), which forms a fibrous joint, or syndes-
mosis, between the interosseous margins of the radius and ulna. In ef-
fect, the fibers of this membrane bind the ulna and radius into a single
mechanical system [50]. They transfer longitudinal compressive loads
from the distal radius to the proximal ulna and maintain transverse
stability of the forearm [51]. The fibers are loose in forearm pronation
and supination and taut in the neutral orientation of forearm rotation in
which CBMT and QMT data are collected [51].

4.1. Prediction of ulna bending strength

Considered separately, EI was a substantially more accurate pre-
dictor of ulna bending strength than measures of ulna and whole body
size, and all of these were more accurate predictors than CP. Moreover,
after accounting for the influence of EICBMT, no predictor other than age
explained any additional variance in ulna bending strength, and the
quantitative improvement by age was only 0.3%. Indeed, considering
the number, distribution and intentional confounding of age and body
size in the data points of Fig. 7, the tiny influence of age detected in this
study might not be reproducible in a larger, more representative sample
of the population. By contrast, as the product of the ulna's elastic
modulus (E) and cross-sectional moment of inertia (I), EI apparently
captured the influences of all material and geometric determinants of
ulna bending strength.

4.2. Experimental controls

We used cadaveric human arms in this study, because the Gold
Standard reference method for measuring bone stiffness and strength
(QMT) can only be applied to excised bones and bone specimens. We
used arms that were fresh-frozen within 9-days of refrigeration after
death to ensure that in vivo bone stiffness had not yet degraded [52].
We chose arms from small women and large men to obtain a wide range
of bone geometry over which to compare CBMT and QMT measure-
ments of ulna EI, in contrast to the identical geometry of the artificial

Table 2
Prediction of ulna bending strength (Mpeak) by EIQMT and EICBMT. Linear Model: Y=b1X+b0. Units: b1, SE(b1)=m−1; b0, SE(b0), SEE=Nm. EICBMTa=CBMT
adjusted for bias.

Predictors b1 SE(b1) p{b1=1} b0 SE(b0) p{b0= 0} R2 SEE

EIQMT in ulnas 1.29 0.02 < 0.001 1.5 1.7 0.37 0.99 4.5
EICBMTa in arms 1.28 0.03 < 0.001 −2.5 2.1 0.24 0.99 5.9
EICBMT in arms 0.98 0.02 0.42 2.5 2.1 0.24 0.99 5.9

Fig. 11. Distribution of cortical porosity (CP) by age (left) and the relationship between ulna bending strength (Mpeak) and CP (right) in ulnas from men (black) and
women (white). Dashed line=All.

Table 3
Prediction of ulna bending strength (Mpeak) by CP. Linear Model: Y= b1X+b0.
Units: b1, SE(b1)=m−1; b0, SE(b0), SEE=Nm.

Group b1 SE(b1) p{b1= 0} b0 SE(b0) p{b0=0} R2 SEE

All −1.1 0.3 <0.001 66 6 <10−11 0.35 18.9
Men −0.9 0.4 0.04 69 7 <10−8 0.20 17.1
Women −0.3 0.2 0.12 31 5 <10−4 0.19 8.2

Fig. 12. The relationship between ulna bending strength (Mpeak) and inteross-
eous diameter (IOD).
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human ulnas that we had studied previously [43].
To fairly compare CBMT and QMT measurements of ulna EI, we

closely matched end conditions in these two 3-point bending tests. We
also prevented differences in axial rotation of the ulna by preserving
elbow integrity, completed all tests of each arm within a single day, and
kept each ulna hydrated throughout. Others using different end con-
ditions, different axial rotations, and different values of bone length for
in vivo MRTA and ex vivo QMT measurements of EI in monkey tibias in
different laboratories on different days had obtained highly divergent
results [29,38].

4.3. Comparisons to MRTA measurements of ulna EI

Others have reported MRTA measurements of ulna EI in vivo ran-
ging from 16 to 41 Nm2 in younger women [53], 12–26 Nm2 in older
women [53] and 25–78 Nm2 in men [54]. Our own measurements of
ulna EI in> 100 living human subjects have ranged from 16 Nm2 in a
small female to> 120 Nm2 in two male weightlifters. If our speculation
about the origin of the proportional bias in EICBMT is correct, then all
such unadjusted noninvasive measurements of ulna EI in humans
[40,53–57] should be understood as measurements of the entire radio-
ulnar complex and not as measurements of the ulna alone. As Fig. 10
shows, this does not prevent ulna EICBMT from accurately predicting
QMT measurements of ulna bending strength in excised ulnas.

4.4. Advantages of CBMT

As a 3-point bending test, CBMT is specifically sensitive to the
mechanical properties of material at the mid-span of a long beam. As
the μCT image of the ulna from the 23 year old donor in Fig. 8 illus-
trates, the mid-span of a long bone such as the ulna is comprised en-
tirely of cortical bone tissue. Any apparent trabecular bone at that site
(e.g., other ulnas in Fig. 8) is actually “trabecularized” residuals of
cortical bone resorption. Thus, CBMT provides accurate, direct, func-
tional measurements of the mechanical properties of unambiguously
cortical bone. By contrast, analyses of cortical bone mechanics based on
tomographic images of the distal forearm and lower leg suffer from
uncertainty about the boundary between true trabecular and trabecu-
larized cortical bone, as well as from the lack of patient-specific
knowledge of E.

As a dynamic bending test, CBMT offers two important advantages
over quasistatic bending tests. First, bias-adjusted CBMT accurately
measures ulna EI and accurately predicts ulna bending strength in
living human subjects. Second, CBMT measures the bending mass and
damping of the ulna, as well as its stiffness. Few fractures occur under
quasistatic conditions. Most occur under dynamic conditions in which
the applied force changes rapidly with time. This rapidly changing
applied force is distributed across inertial effects of bone mass and
viscous effects of bone damping, as well as elastic effects of bone
stiffness:

= + +F(t) M a D v K xB B B (3)

where a= acceleration, v= velocity and x=displacement of the bone.
Thus, under dynamic conditions, bone mass and damping reduce the
amount of force available to induce displacement, and thereby are
protective against fracture. These inertial and viscous properties of
bone are not susceptible to measurement by QMT.

4.5. Potential applications

Our reason for developing a CBMT test for the ulna stems from the
ulna's superficiality under a thin layer of skin, and from the ulna's near
ideal biomechanics in bending. By contrast, the biomechanics of the
similarly superficial tibia are much more complicated, because the tibia
is not rigidly supported at either the ankle or the knee. Of course, no
single bone (like no single muscle) reflects the influences of other

loading conditions on other bones (and muscles), but the ulna is a
convenient experimental model for clinical investigations of such ef-
fects. For example, MRTA revealed a 25% increase in ulna EI after
20 weeks of resistance exercise with little or no change in BMD [40].

Beyond local loading effects, CBMT measurements of the ulna may
also be useful for investigating effects of systemic influences, such as
genetics, development, aging, disease, nutrition, and pharmaceuticals,
on cortical bone mechanics. The mechanisms of some of these influ-
ences do not involve bone mineral. Bone mass is comprised of similar
amounts of protein and mineral, and bone damping (i.e. mechanical
energy dissipation) is specifically dependent on bone protein [58]. In
controlled experiments, MRTA and QMT detected large protein-medi-
ated treatment effects on EI without any change in BMD or speed of
sound [42].

4.6. CBMT improvements over MRTA

Elsewhere we have described in greater detail our discovery of
major sources of error in MRTA data collection and analysis, and the
corrections for them that we have incorporated into CBMT [44]. One
previously reported [39] source of error in MRTA data collection was
failure to apply the load in the antero-posterior direction through the
center of mass of the ulna, as is tacitly assumed in the mechanical
model of the forearm skin-bone system (Fig. 5, right). Such mis-
application of the load induces modes of vibration other than purely
antero-posterior bending into the accelerance FRF data, and errors in
fitting the model to the data. Indeed, it is impossible for an MRTA
operator to recognize where to apply the load to avoid such errors,
because soft tissue obscures imperceptible individual differences in ulna
geometry and CP (Fig. 8).

A previously unreported source of error in MRTA data analysis was
that estimates of model parameters obtained by fitting the 7-parameter
model to FRF data are not unique. Estimates from a single FRF vary
greatly with the range of frequency over which the model is fitted.
Moreover, estimates obtained by fitting the model (expressed in terms
of forearm stiffness) to the complex stiffness FRF differ, sometimes
greatly, from estimates obtained by fitting the inverse of the model
(expressed in terms of forearm compliance) to the complex compliance
FRF. This conflicts with the expectation for the obverse and inverse of a
function to contain the same information.

Practitioners of MRTA tried in vain to solve the data collection
problem by elaborating the mechanical model to include first 9 and
then 12 parameters to try to account for additional modes of vibration.
Instead of changing the model, we changed the data. In CBMT, data are
collected at many sites, almost all of them wrong, and the data that best
conform to the 7-parameter model are identified by generally applic-
able, non-arbitrary, objective, quantitative criteria for preferring par-
ticular frequency ranges within particular FRFs.

Practitioners of MRTA had used the coefficient of determination
(R2) to assess the goodness-of-fit of models to data [36,40], and aver-
aged estimates of KB from fits with R2 > 0.9 [40]. This approach led to
coefficients of variation as large as 65% in repeated measures of EI
made within a few minutes of one another in a single session [39].
Similarly, we found values of R2 > 0.98 to be useless for preferring
widely varying results of one fit over another.

We found a more discriminating statistic in the counter-intuitive
discrepancies between the results of fits to the complex stiffness and
compliance expressions of forearm FRF data. Finding that such dis-
crepancies disappeared when fitting perfect synthetic 7-parameter FRF
data, we recognized that these discrepancies were a measure of the non-
ideality of FRF data. Indeed, values of the root mean square of paired
estimates of the 7 parameters (RMS7) varied widely, with values ran-
ging from 2% to 60%, in fits to empirical stiffness and compliance FRF
data despite values of R2 above 0.98. The CBMT results in this study
used RMS7 < 9% for selecting FRFs that conform well to the 7-para-
meter model.
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4.7. Residual variance and sources of error

Although we took care to match CBMT and QMT loading conditions,
some of the disagreement between our QMT and CBMT measurements
of ulna EI was surely due to several simplifications for convenience in
our QMT technique for measuring ulna KB. We treated crosshead dis-
placement as equivalent to bending displacement. To avoid worse
problems that arise with a lower range force transducer, we used a
higher range force transducer to measure forces below the 20–80%
range of full scale calibrated by the manufacturer. We also treated the
high stiffness of the force transducer as constant over the testing range.
We ignored shear, which in itself could account for errors as large as
6%. Our use of Euler beam theory to calculate ulna EI from QMT and
CBMT measurements of ulna KB, cannot be justified on theoretical
grounds. Theory required us to use the span between intra-articular
supports instead of the anatomical length of the ulna in the calculation,
but measurement of the intra-articular span is neither convenient nor
unambiguous. Beyond that, the Euler relation itself applies to prismatic
beams of uniform cross section and material composition, and ulnas are
far from prismatic. As others have acknowledged [36], rather than
saying that an ulna has a particular EI, it would be more theoretically
rigorous to say that the ulna behaves like a prismatic beam of that EI
supported across a span equal to the ulna's length, but that is too ver-
bose for colloquial use. Of course, the 7-parameter model of the forearm
skin-bone system underlying the analysis of CBMT data is a simplified
construct justified only by its empirical utility. Thus, despite the 99%
accuracy of CBMT demonstrated in this study, known residual sources
of error in the present study may present opportunities for further
improvement, or more refined validation, of the technique.

4.8. Summary

CBMT offers a radiation-free means for making direct, functional
measurements of the mechanical properties of unambiguously cortical
bone in living human subjects. Bias-adjusted CBMT measurements of
ulna EI in whole arms from donors ranging widely in age and body size
were nearly identical to QMT measurements in ulnas excised from those
arms. After accounting for the influence of EICBMT, no predictor other
than age explained any additional variance in ulna bending strength,
and the quantitative improvement by age was tiny. Thus, EICBMT ef-
fectively captures the influences of material as well as geometric factors
on the mechanical properties of cortical bone. Historically, quasistatic
tests have been the standard method for assessing bone mechanics, even
though most fractures occur under dynamic conditions. With further
research, noninvasive dynamic CBMT measurements of inertial and
viscous as well as elastic properties of cortical bone may improve the
targeting of fracture prevention care at individuals with weak cortical
bone.
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