
 

 

Title The effect of Single-Dose Spinal SRS On Ultrasound Propagation 

Velocity In Porcine Vertebral Bone 

 

Topics/Areas: 

 

Biomedical Engineering and Technology 

Presentation format: Paper     

Name(s) of the author(s): Julie E. Pollard*, Jessica Steinmann-Hermsen*, Paul M. Medin**, 

and Edmond Richer* 

Department(s) and 

Affiliation(s): 

* Southern Methodist University, Department of Mechanical 

Engineering 

** UT Southwestern Medical Center at Dallas, Department of 

Radiology Oncology  

Mailing Address(es): *3101 Dyer Street, Suite 200 

Dallas, TX 75205 

E-mail Address(es): richer@lyle.smu.edu 

Contacts/Phone Number(s): (214) 768-3059 

Fax number(s): (214) 768-1473 

Corresponding author if 

different from lead author: 

Edmond Richer; richer@lyle.smu.edu 

Abstract/ Proposal:  

 

 

mailto:richer@lyle.smu.edu
mailto:richer@lyle.smu.edu


1

The Effect of Single-Dose Spinal SRS On
Ultrasound Propagation Velocity In Porcine

Vertebral Bone
Julie E. Pollard, Jessica Steinmann-Hermsen, Paul M. Medin, and Edmond Richer

Abstract—Clinical radiation dose prescriptions for spinal ra-
diosurgery have been escalated to levels currently accepted in
intracranial radiosurgery with the expectation of increasing the
durability of tumor control in the spinal column and reducing
tumor induced paralysis and pain. Nevertheless, the maximum
single-dose radiation treatment a vertebra can tolerate without
loss of structural integrity is still unknown and may be exceeded
in current prescriptions. The recent increase in dosage has
correlated with a rise in late onset vertebral fractures. In
this study four Yucatan Minipigs were administered 16 Gy or
18 Gy of radiation using stereotactic radiosurgery (SRS) from
their fourth to their seventh cervical vertebra, parallel with
the spine and focused on half of the vertebral body. One year
after SRS, samples of the irradiated and non-radiated vertebrae
were obtained and ultrasound propagation velocity, an indicator
of bone elasticity, was measured in the axial and transverse
directions. The results show a marked decrease in the ultrasound
velocity as well as in the estimated elastic modulus in the radiated
samples. Ultrasound propagation velocity and elastic modulus
may be effective indicators of bone toxicity following irradiation.

Index Terms—Bone, Ultrasound, Stereotactic Radiosurgery

I. INTRODUCTION

VERTEBRAL metastases, from lung, breast, prostate, re-
nal and myeloma malignancies, occur in over 100,000

individuals each year in the United States [1], [2]. Growing
vertebral tumors cause loss of sensory and motor skills, de-
bilitating pain, and vertebral collapse. External beam radiation
therapy (plus steroids) has been proven effective for palliation
of skeletal metastases providing pain relief with minimal
morbidity.

In recent years, in an attempt to reduce treatment time and
frequency, many investigators have pursued the use of image-
guided stereotactic radiosurgery (SRS) to escalate single-
fraction doses (> 8 Gy) to spinal metastases. Clinical results
showed impressive durable pain responses (approximately
90%) and high rates of local control (approximately 80%
or greater) [3], [4]. Improved local control combined with
surgery and radiation lead to increased survival in patients
with spinal cord compression from metastasis [5], [6]. The
remarkable success of spinal SRS can be attributed to the
accuracy of image-guided radiation delivery of high doses
while surrounding tissue, including adjacent vertebrae, is
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relatively spared. Moreover, SRS is convenient and efficient
because radiation is delivered on an outpatient basis in a single
treatment. Traditionally, radiation has increased the risk of
bone fracture only slightly [7], but increased fracture rates
have been observed in stereotactic lung cancer irradiation (24–
37 Gy in 1–5 fractions) [8], [9]. In breast and lung irradiation,
bones in close proximity to the targeted cancer unavoidably
receive some dose but standard practice is to minimize the
dose to healthy tissue. In contrast, vertebrae are intentionally
irradiated to extremely high doses in spinal SRS to control
bone metastases. Experience with spinal SRS has increased
clinical practitioners’ confidence, and prescription doses have
increased from 12 Gy to 16 Gy with reports of up to 24 Gy. As
doses have escalated, the dose limiting toxicity of the vertebral
bodies themselves has become a concern. One experienced
group has reported approximately a 39% rate of progressive
vertebral fracture following spinal radiosurgery to 24 Gy. [4],
[10].

The long term effects of high-dose irradiation on bone
strength are not well-known. Rissanen et al. reported the re-
sults of single-dose radiation on bone turnover in the humerus
and femurs of dogs with 5 Gy, 10 Gy, or 40 Gy at four days,
two weeks, or two months [11], [12]. It was observed that
bone spaces had poor cellularity as little as four days after
5 Gy and osteocytes appeared to be radio-resistant up to 40 Gy
in the early phase. Similar results persisted at the two week
assessment but were accompanied by poorly mineralized areas.
At two months, new bone formation was observed but many
trabeculae were acellular and thrombosed blood vessels were
seen in both the 10 and 40 Gy groups. Followup ended after
two months so it is unknown whether new bone formation
continued or if blood vessels continued to sclerose resulting in
further morbidity. Significant research has been done regarding
the radiation sensitivity of the bone marrow, showing that low
doses of radiation deplete the marrow of its hematopoietic
potential, persisting over time with fatty marrow replacement
[13], [14]. Developing an accurate, non-invasive method to
ascertain the biomechanical properties of bone would allow
future study of the ramifications of high dose SRS treatments
on patients.

Ultrasound velocity in solids is deterministically related to
the mechanical stiffness (elastic modulus) of the material, a
relationship that has been experimentally validated for bone
[15]–[19]. In contrast to materials such as metals, bone mate-
rial elastic modulus and ultimate strength are positively related
[20]–[23]. Thus, non-invasive approaches based on ultrasound
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Fig. 1. Axial view of the irradiated area with the green isoline displaying
the nominal dose distribution.

have been proposed to assess bone strength by measuring
ultrasound velocity both in vitro [21], [22] and in vivo [17].

Yucatan minipigs served as the in vitro biological model
because of their physiological similarities to humans. Due to
vertical posture, the human spine is predominantly loaded by
axial compression, resulting in a vertebral bone microstructure
oriented from endplate to endplate [24]. While quadruped
spines may be subjected to additional loads, the musculature
that controls posture and movement is structured such that
axial compression is also the dominant force, as demonstrated
by the axial orientation of trabeculae in their vertebrae [25].
Porcine cervical vertebrae are of similar size to their human
counterparts, making this animal model appropriate for study-
ing the effects of spinal SRS.

Determining the ultrasound propagation velocity in irradi-
ated vertebral bodies could serve as a good indicator of the
strength of bone, especially if comparative measurements in
non-irradiated vertebrae are obtained. This information could
be used to determine the highest safe dose for spinal SRS in
a non-destructive, non-invasive manner.

II. MATERIALS AND METHODS

A. Porcine Model

Spinal Stereotactic Radiosurgery was performed on four Yu-
catan Minipigs using a Novalis Linear Accelerator (BrainLAB
AG, Feldkirchen, Germany) [26]. The irradiated cylindrical
volume, about 5 cm in length and 2 cm in diameter, was
focused on half of the fourth to the seventh cervical vertebra.
The target area was positioned lateral to the cervical spinal
cord resulting in a dose distribution with the 90%, 50%,
and 10% isodose lines , as shown in Fig.1. Pigs A and B
were administered a dose of 16 Gy while Pigs C and D
were given 18 Gy. This study conformed to all national and
local regulations regarding the use of animals for research
and was approved by the institutional Animal Care and Use
Committee at the University of Texas - Southwestern Medical
Center (UTSWMC). The locomotion abilities and neurological
response of the swine were observed for a minimum of 12

Fig. 2. Pictured is an actual vertebra, radiated at 16 Gy on half of the
vertebral body. It is evident that at this prescribed dose, the radiation therapy
distorts the bone life cycle.

months to determine the radiation effects on the spinal cord.
At the conclusion [26], [27], the animals were euthanized and
the cervical vertebrae were removed, imaged using micro x-
ray Computed Tomography (µCT), and stored in a 0.9% saline
solution.

The cervical segment of the spines of all animals presented
obvious asymmetry: the transverse processes on the high dose
side were noticeably smaller than the ones on the low dose
side (see Fig. 2). Moreover, the irradiated side of the vertebral
bodies was significantly shorter in the axial direction.

Each vertebral body was cut into two 5x6x7 mm paral-
lelepipedic samples, distributed symmetric about the middle
plane, using a slow speed bone saw (Buehler Isomet Low
Speed). Consistent alignment of the dimension of the samples
with the anatomical directions of the vertebrae allowed easy
directional identification during measurements. The samples
were stored in individual acrylic containers at -20◦C in a
0.9% saline solution [28].For each vertebra two samples were
obtained, separating the high dose (side 1) and the low dose
(side 2) irradiation zones. Control samples from the non-
irradiated cervical vertebrae were obtained in a similar way.
The bone marrow was not removed since the goal of the
research was to assess the properties of the bone as close to
its normal state as possible. The trabecular bone samples were
measured, weighed, and the apparent densities calculated prior
to ultrasound measurements.

B. Experimental Setup and Frequency Optimization

The experimental setup used to acquire all the ultrasound
data included a high voltage narrow pulse generator and
amplifier (model 5072PR, Olympus NDT Inc., Waltham, MA),
pairs of frequency matched ultrasound transducers (Olympus
NDT Inc.), a high speed signal digitizer (NI Scope Card
USB-5133, National Instruments, Austin, TX) with a sam-
pling rate of 100MS/s and 12-bit resolution, and custom
data acquisition software written in LABview v8.2 (National
Instruments, Austin, TX). As seen in the setup diagram, Fig. 3,
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the transducers were arranged in a traditional transmission
measurement positions. Ultrasound gel or water immersion
were used as coupling agents. Ultrasound measurements were

Fig. 3. Diagram of the experimental setup used for ultrasound propagation
velocity measurements.

conducted at several frequencies in the axial and the transverse
directions of the samples.

The majority of research papers that report ultrasound
velocity measurements in trabecular bone used relatively low
frequency transducers (50 kHz to 500 kHz) [19], [29], [30].
However, porcine vertebra are small in comparison to the
more commonly used bovine femur. Accordingly, the samples
of trabecular bone that can be obtained from the vertebral
bodies are much smaller, comparable in dimension with the
wave length of the ultrasonic signal. Thus, the propagation
velocity of the ultrasound signal can be uncertain since bar
velocity (vbar) occurs when the entire specimen is excited
by the transmitting ultrasound wave, while bulk velocity
(vbulk) occurs when the cross-section of the specimen is much
larger than the wavelength (the wave does not perceive the
solid’s boundaries). The bar and bulk velocities relate with
the mechanical properties of the bone as follows:

vbar =

√
E

ρ
(1)

vbulk =

√
κ

ρ
(2)

where E is the Young’s Modulus (Pa), ρ is the apparent
density (kg/m3), κ = E

3(1−2ν) is the bulk modulus, and ν is
Poisson’s ratio (typically between 0.2 to 0.3) [19]. The lower
frequencies commonly used in bovine trabecular bone samples
have wavelengths that were larger then our sample size.

In order to determine the optimum ultrasound frequency for
the available sample size, 5x6x7 mm parallelepipedic samples
from materials with known speed of sound (Acrylic, Bacon-
P58, Black Nylon, Delrin, Teflon, White Nylon) were tested
using transducers ranging from 50 kHz up to 5 MHz. Velocity
of ultrasound propagation was calculated as [31],

v =
cw

1 + cw∆t
l

(3)

Fig. 4. Propagation velocity and measurement errors in small samples using
ultrasound frequencies from 50 kHz to 5 MHz.

where cw is the acoustic velocity in water, ∆t is the difference
in transit time of an ultrasound pulse transmitted through
the cube, and l is the cube thickness. The results showed
that, for the sample size obtainable from the vertebrae, the
best measurement accuracy is obtained for frequencies above
1 MHz (see Fig. 4).

C. Velocity Measurements

The digitized ultrasound signals (see Fig. 5, solid line)
were imported into a custom analysis software developed in
the Igor Pro 6.03A (WaveMetrics, Inc., Lake Oswego, OR)
programming environment.

Fig. 5. Transmitted ultrasound signal through vertebral trabecular bone. Note
the interference and the slight change of the frequency around 12.5 µs.

The velocity was calculated two ways: a traditional method
based on the time–of–flight (TOF) collected from the first
signal departure from the zero axis, and a method based on the
short time Fourier transform (STFT) of the signal. The STFT
of a signal s(t) is defined as [32],

GφS(b, ω) =

∫ ∞
−∞

s(t)φb,ω(t)dt (4)

φb, ω(t) = φ(t− b)e−jωt (5)

where ω is the angular frequency and φ(t) is a window
function,

φ(t) =

{
φt, τ [b− τ, b+ τ ]
0, otherwise (6)
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Fig. 6. Plot of the STFT amplitude versus the moment in time for the
ultrasound signal transmitted through the vertebral bone. The two peaks
correspond to the ”in phase” and ”out of phase” waves predicted by Biot’s
model

where b is the moment in time, and τ is the time window
width. Eqs. (4)–(6) show that by truncating the signal s(t) with
a window of width 2τ , one can evaluate the energy distribution
at the specified moment b. While any truncating window wider
than the wavelength would work, a Hanning time window
function was selected for its smoothing properties (see Fig. 5,
dashed line). Recording the amplitude of a selected frequency
component in the spectrum of the signal as the moment in time
is varied, the propagation information of the specific frequency
component is obtained. Thus, the ultrasound propagation time
can be obtained from the position of the peak in the STFT
time plot (see Fig. 6). The presence of two peaks in the
amplitude plot suggests that there are two distinct waves
arriving at different moments in time. Indeed, trabecular bone
is in essence a biphasic material, made of a solid (bone) and
a fluid (marrow) [30]. In 1956 Biot proposed a model for
porous media in which the ultrasound energy propagates in
two waves at different velocities [33]–[36]. One of the waves
occurs when the solid and liquid are pulsing in phase and the
other wave occurs when the materials are pulsing out of phase.
If the frequency of the ultrasound signal is sufficiently large,
above 1 MHz for the dimensions of our samples, a reasonable
separation of the ”fast wave” from the ”slow wave” will occur
as seen in Fig. 5. Thus, two peaks will be present in the STFT,
allowing both velocities to be estimated.

After the propagation velocity was measured using the TOF
and STFT methods, Eq. (1) can be used to estimate Young’s
Modulus (E):

E = ρv2
i (7)

where ρ is the apparent density and vi is the calculated velocity
of ultrasound in the ith direction.

III. RESULTS AND DISCUSSION

The ultrasound propagation velocity through the trabecular
bone samples was obtained for the high dose (side 1) and
low dose (side 2) irradiated vertebrae, as well as for control
samples (side 1, and side 2) from adjacent non-radiated
vertebrae. Since the control vertebrae were not irradiated there
was no reason to expect a difference between the two sides.
The measurement for the two sides of the control vertebrae
were kept separate to gain insight into the natural variability

TABLE I
PERCENT DIFFERENCE OF E BETWEEN SIDE 1 AND SIDE 2

Control Radiated

Fast Wave 4.3% 9.8%
Slow Wave 14.7% 38.1%

of the measured velocity. Unfortunately, the small number
of available animals (N = 4) prevented a relevant statistical
analysis.

Both methods detailed in the previous section, TOF and
STFT, were used. While the two methods produced different
absolute values, as expected, both show the same behavior
when the results for the side 1 and side 2 irradiated samples
were compared. As seen in Fig. 7, the largest difference
between the velocities of side 1 (high dose) and side 2 (low
dose) of the irradiated vertebrae was observed in the axial
direction when the fast wave was used. The high dose side
consistently showed a lower velocity. In the transverse direc-
tion the difference between the two sides was less pronounced
but exhibited the same trend. The results obtained using the
slow wave velocity, Fig. 8, show a similar behavior for both
the axial and transverse directions, but the standard deviation
is significantly larger.

No consistent difference was observed between the ul-
trasound velocity for samples obtained from irradiated and
control vertebrae. Often the ultrasound velocity for the con-
trol samples was lower than for the corresponding irradiated
samples, suggesting that adjacent non-irradiated vertebra are
not effective controls.

Selecting a proper ultrasound frequency in relation to the
sample size and wavelength was shown to be important to
achieve minimum measurement errors as well as the separation
of a fast and slow wave. One unexpected observation, since it
is not predicted by the Biot’s model, was that the frequency of
the fast wave was larger than the frequency of the slow wave,
especially in the transverse direction. We are not aware of any
other research article reporting this observation.

The Young’s Modulus E, calculated using Eq. 7 for all the
samples, is shown Figures 9b and 9a. While both the irradiated
and control samples show the same tendency of lower E for
side 1, the relative difference between side 1 and side 2 for
the irradiated vertebrae is greater than the difference of side
1 and side 2 for the control when all samples are considered.
The results are shown in Table I.

Ultrasound propagation velocity through irradiated vertebral
bone samples was observed to be dose dependent, decreasing
with increasing dose. The dose-velocity relationship was more
apparent in the axial direction and for fast wave velocity. This
result was consistent when the Young’s modulus was estimated
using the ultrasound velocity and the apparent density.

Comparison of propagation velocity through irradiated sam-
ples versus adjacent but non-irradiated vertebrae proved unre-
liable. This finding may be due to variability in the mechanical
loads pres ented to individual vertebra throughout the cervical
spine. This implies that, in clinical practice, a measurement
obtained prior to the SRS at the treatment location should be
used as baseline for data analysis.
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(a) (b)

Fig. 7. Average ultrasound velocity for the irradiated and control vertebrae measured in the axial (a) and transverse (b) directions using the TOF and the
STFT peak for the fast wave

(a) (b)

Fig. 8. Average ultrasound velocity for the irradiated and control vertebrae measured in the axial (a) and transverse (b) directions using the TOF and the
STFT peak for the slow wave

(a) (b)

Fig. 9. The Young’s Modulus for the control vertebrae (a) and the radiated vertebrae (b).
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