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Abstract. Measurements of ultrasonic velocity and specificease, especially osteoporosis, has been proposed [1, 2] as
differential attenuation (SDA) were obtained on 24 bovinealternative to radiation-based bone densitometry, as for ex
trabecular bone specimens from the femoral condyles. Thample with dual energy X-ray absorptiometry (DXA). In
measurements were obtained using two pairs of ultrasonicontrast to current ionizing electromagnetic radiation-base
transducers, one with a low nominal center frequency (50@ensitometric methods, ultrasound is a mechanical wav
kHz) and the other pair with a high nominal center fre-and interacts with bone tissue in a fundamentally distinci
quency (1 MHz). The ultrasonic velocity and specific dif- manner. Therefore, ultrasound has the potential for provid
ferential attenuation associated with the bone samples wejg information not only on bone mass but on architecture
determined both with and without marrow, i.e., replacingand overall bone “quality” as well [2].

the marrow with water in the pores of the trabecular bone. Ultrasonic assessment of bone relies primar”y on two
Significant increases (2.1% and 2.9%) in the velocity offyndamental measurements, namely, the velocity and a
ultrasound were observed after removal of the marrow, fokenyation of the ultrasonic wave. Velocity is a measure of
the low and high frequency transducer pairs, respectively. Ifthe speed with which the ultrasound propagates through th
contrast, significant decreases (—6.5% and —8.8%) in SDAyone tissue and is measured in meters per second (r
were observed after removal of the marrow, for the low antsecong). Attenuation, on the other hand, is a measure of tr
high frequency transducer pairs, respectively. The bong,ss of energy after the ultrasonic wave has propagate
densities (BD) of the samples were also determined usingq,gh the bone tissue, and is measured in nepers or de
single photon absorptiometry (SPA). Correlations betweenq|s (g). since for bone the attenuation is frequency de
ultrasonic parameters and bone densities for samples bo ndent and may be reasonably well approximated by a

with and without marrow were found to be similar. FOr S¢ina"finction over a specified frequency range, it is USu-

example, for the 1 MHz transducer pair, the correlation ce
: ; ally quantified in terms of the average slope of the attenu-
between BD and velocity was+ 0.86 with marrow, and r ation. This differential attenuation is measured in units of

= 0.89 without marrow. This study also compared the re- -1

: : : MHZz™* and has been termed broadband ultrasound at
sults obtained using a contact (no water bath) technique AR nuation (BUA). The differential attenuation, BUA, may
an insertion (with a water bath) technique of ultrasonic mea; e normalized with respect to tissue thickness to ﬁ)roduo

férﬁgﬁnégéﬁ%éﬂteshé%?ngian?ﬁg)@xgn%%l:ﬁgasp awértger “Othe specific differential attenuation, specific differential
attenuation_$SDA), and then is expressed in units of

0.99 and r= 0.93, for the velocity and specific differential edch'lMHz

o eSpecuel, STt resls e found o ¢ Sany invio, 1 vvo,and il stucies have repored
! significant correlations between trabecular bone minera

H}a;er% eggzl \(I:voerrrg I:}g)on?o%%tgjveiﬁgiEaDtiﬁg%#gtr%%%qgc}/ealggdens'ty (BMD) and ultrasonic velocity and attenuation; see
insertion measurements provide essentially equivalent il €x@mple [3-10]. Nevertheless, there is as yet a relativel
formation limited understanding of how ultrasound interacts with can-

' cellous bone tissue. From a physical standpoint, this inter
__action is quite complex, and relatively few models have
been set forth for describing it. One potentially useful mod-
eling approach characterizes ultrasonic interactions witt
bone as propagation through a fluid-filled porous medium,
and some degree of progress has been made using the pr
ciples of Biot theory [11-13]. This characterization leads
analytically to the demonstration that ultrasound propaga
Sion through bone is dependent on several factors, includin
the properties of the fluid which saturates the pores of the
_— cancellous bone tissue [11, 14]. Thus, a natural question t
Correspondence tod. J. Kaufman, The Mount Sinai School of ask with respect to ultrasonic wave propagation in bone i
Medicine how the presence of marrow affects the velocity and attenu
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Fig. 2. The ultrasonic measurement apparatus: (1) receiver trans
ducer, (2) transmitter transducer, (3) bone sample, (4) gel pad, (t
spacer, (6) receiver transducer holder, (7) transmitter transduce
holder, (8) plate, (9) set screw, (10) transducer cable, (11) com
pression screw.

corer and a two-blade saw with constant irrigation. The orientatior
of the bone core was chosen arbitrarily but in such a manner as t
allow for consistent positioning of the drill corer. The 24 trabecular
bone cylinders were kept in 0.9% saline solution in a refrigerator
at 4°C until the day of the BMD and ultrasonic measurements.
which were carried out within 3—4 days. Defatting of the samples
was carried out using an ethyl-methyl-isopropyl alcohol and ac-
etone mixture with a 3:1 proportion and an ultrasound cleaner tc
accelerate the marrow removal process. The samples were kept
0.9% saline solution in a refrigerator at 4°C until subsequent ul-
trasound testing (an additional 3—4 days) and maintained unde
vacuum to ensure total saturation of the samples’ pores.

Fig. 1. Drilling and slicing of the trabecular bovine bone core: (1)

distal femur, (2) condyle slice, (3) raw core, (4) final core. BMD Measurement

Each sample’s BMD was evaluated using single photon absorpti

ometry (SPA) (Model 2780, Norland Corp., Fort Atkinson, WI,

USA). These measurements were carried out on the samples befc
ation measurements. Besides being potentially useful fothe marrow was removed. The scanner was calibrated using th
clarifying the mechanisms of interaction of ultrasound with manufacturer's bone standard on a weekly basis. The bone samg

cancellous bone, this information may also prove useful focircular surface was divided into eight regions, and eight rectilin-
relating the reSlets from clinical investigations ito vitro ear scans with the sample submerged in water were taken encor

tudies i hich th is oft d passing the entire sample; the area of each region was used
studies in which theé marrow IS orten removed. calculate the total BMD area-weighted mean in g/cwhich was

As a second part of this study, we also compared thenen divided by the sample thicknedsto get the bone density
measurements of ultrasonic attenuation and velocity on bgBD) in units of g/cn?.
vine cancellous bone samples using a standard insertion
technique with those obtained using a contact method. Most
clinical [16-23] andin vitro studies with human bone [24] jjirasonic Measurements
and animal bone [25-27] have been carried out using inser-
tion techniques, in which the bony member or bone sampléwo 3. diameter transducer pairs were used in this study, with
is placed in a water bath between two ultrasonic transducersominal frequencies of 0.5 MHz and 1 MHz, respectively (Models
For clinical measurements especially, the use of a wate#V318-SU and#V314-SU, respectively, Panametrics, Inc.,
bath is inconvenient and also does not make transducé¥altham, MA). For the contact measurements the transducer
positioning as straightforward as in a contact approachwere spaced,d= 4.4 cm apart (Fig. 2). For the water bath inser-
Thus, we wanted also to examine the effect of using contac{on measurements the transducers were separated-5y6) cm

; rder to allow a sample holder to be inserted into the acoustic
[)noenaesggexpﬁgésu%?rzgp:rqei?]svglr?orzn ﬁ]aesiﬁ(r)%ments on the sar‘ﬂn asurement path. This change in distance has already be

shown not to have a significant effect on the velocity or attenuatior
values [30, 31]. In the contact method, two gel pads (Aquaflex,
Parker Laboratories, NJ) were used and the transducers we
Materials and Methods placed in direct contact with the gel pad surface, using basic ul
trasound gel for coupling.
) For both insertion and contact mode measurements, the sour
Sample Preparation transducer was excited by a pulser receiver card (Model SR-900(
Matec Inc., Hopkinton, MA) installed in a portable computer (PC-
Twelve fresh bovine femurs were acquired from a slaughterhouseCD 486DX2/66MHz, Computop Inc., La Mirada, CA). The
within 12 hours of death, and a 2.7 cm diameter by 0.8 cm cylindemacoustic signal measured by the receiving transducer was record:
of trabecular bone was cut from each distal medial and laterabn a digital oscilloscope card (Model Compuscope 220, Gage
condyle (Fig. 1), respectively, using a drill with an attached drill Applied Sciences, Inc., Montreal, Quebec, Canada) at a 40-MH:
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Table 1. Influence of marrow on ultrasonic velocity and attenuation

Correlation

With marrow Without marrow Difference coefficient
500 kHz SDA (xSD) 31 (£3.3) 29 (+2.6) -2 0.9@ < 0.0001)
Velocity (+SD) 1607 (£53) 1642 (£55) +35* 0.96°(< 0.0001)
1 MHz SDA (xSD) 57 (£7.3) 52 (£6.3) -5* 0.97P(< 0.0001)
Velocity (£SD) 1687 (£67) 1735 (£70) +48* 0.9P(< 0.0001)

* Denote statistical significance at tie = 0.05 level

Transducer: 1MHz/0.75" Transducer: 1MHz/ 0.75"
. 1950 Frequency Range: 0.8 MHz-1.2MHz § 65 Frequency Range: 0.8 MHz-1.2MHz
& -
i g y = 4.44 + 0.83x (=0.97)
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5 1850 - n=24 . S s
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£ 1800 & 50
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Fig. 3. (A) Ultrasonic velocities with and without marrow in the samples for the higher frequency (1 MHz) transducer pair for the
bovine trabecular sample®) Specific differential attenuations with and without marrow in the samples for the higher frequency (1 M
transducer pair for the 24 bovine trabecular samples.

sampling rate, and stored for subsequent analysis. For both thResults

insertion and contact measurements, a waveform that propagated

through water only was also collected and served as a reference to

determine the velocity and attenuation of each bone sample. Fanfluence of Marrow on Ultrasonic Attenuation and Velocity

the evaluation of the ultrasonic attenuation, the discrete Fourier

transforms of the acoustic waveforms were evaluated (MATLAB

4.0, The MathWorks Inc., Natick, MA) and used to calculate eachTaple 1 shows the mean ultrasonic velocity for the bone
sample's acoustic transfer function [30]. An estimate of the spexamples both with and without marrow for the 500 kHz and
cific differential attenuation in units of dBcm MHz™* was ob- MHz transducer pairs. As may be seen, replacement c

tained using a least-squares straight line fit over the frequenc - . h
range 300-700 kHz for the 500 kHz transducer pair data, andn@rrow by water led to an increase in the mean ultrasoni

0.8-1.2 MHz for the 1 MHz transducer pair data. The bone sampl&eélocity of 35 m/second (+2.1%) and 48 m/second (+2.9%;
ultrasonic activity, y, was evaluated using a pulse transit time for the 500 kHz and 1 MHz transducer pairs, respectively
technique appropriately adapted to the contact and insertion metf¥able 1 also shows the mean ultrasonic specific differentia
ods (see Appendix for the explicit equations used in the velocitygttenuation for the bone samples both with and withou
calculaiions) Tiree ndependentseis of velocty and atenuatiefyarrow for the 500 kHz and 1 Mz ransducer pais. AS
al .
mean velocity and mgan specific differential attenugtion associate%qay b.e seen, replacement of marrow by Wlater Ieod to
with each sample. reduction in trlti mearllsDA of 2.0 dBEMMHz ™ (-6.5%)
and 5.0 dBcm™ MHz™ (-8.8%) for the 500 kHz and 1
MHz transducer pairs, respectively. Table 1 also shows th
Statistical Analysis linear correlation coefficients between the respective veloc
%es and specific differential attenuations with and without

The regression and statistical analyses were made with a statistic for both f btained using the i
software package (SigmaStat, Jandel Scientific Software, San R&1&TOW T0r both Irequency ranges, oblained using the in

fael, CA). Statistical significance was chosen at fhe= 0.05  Sertion technique. _ _
level. Figure 3A and 3B show the ultrasonic velocity and at-

tenuation (SDA), respectively, for bone samples with mar-
row versus values obtained for bone samples without mar
Summary of Protocol row, for the higher frequency (1 MHz) transducer pair. A
The twenty-four bovine trabecular bone specimens were measur m'la:jr plot (not ﬁho.wn) exists forhthe Ip\{]ver flglequenr?y (5ﬂ0
densitometrically (SPA) and ultrasonically (velocity and attenua-KZ) data as well. Figure 3, together with Table 1, show tha

tion) in both insertion and contact modes, with their marrow intact.there was a high degree of linear correlatior=(10.9) ob-
Following marrow removal, all 24 bone samples were again meatained for the four pairs of ultrasonic data associated witt

sured ultrasonically, in the insertion mode only. the marrow-filled and marrow-free samples.
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Table 2. Comparison between insertion and contact ultrasonic techniques

365

Insertion Contact Difference Correlation coefficient

500 kHz SDA (xSD) 31 (x3.3) 32 (x2.9) +1 0.9P < 0.0001)
Velocity (£SD) 1607 (£53) 1612 (£53) +5 0.9% (< 0.0001)

1 MHz SDA (xSD) 57 (£7.3) 56 (£7.0) -1 0.93(< 0.0001)
Velocity (£SD) 1687 (x67) 1699 (x67) +12 0.99 < 0.0001)
Transducer: 1MHz/0.75" g Transducer: 1MHz/ 0.75"

a 1900 Frequency Range: 0.8 MHz-1.2MHz E‘ 75 Frequency Range: 0.8MHz-1.2MHz

E 1850 § 70 4 ¥=255+0.97x (=0.93)

i y =-21.49 + 1.00x (r=0.99) = n=24 .

S 1800 - n=24 .é 65 -

_Q

£ 1750 é 60

g 1700 - S
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Fig. 4. (A) Ultrasonic velocities for the insertion and contact measurement techniques for the higher frequency (1 MHz) transduce
for the 24 bovine trabecular sampléB) Specific differential attenuations for the insertion and contact measurement techniques for
higher frequency (1 MHz) transducer pair for the 24 bovine trabecular samples.

us]

Comparison Between Ultrasonic Insertion and
Contact Techniques

the low frequency case, and weakly positive for the high
frequency measurements.

Finally, the average precisions (i.e., coefficients of varia-
Table 2 shows the mean ultrasonic velocities for the bondion) of the insertion technique were found to be 0.55% anc
samples using an insertion and contact measurement tech-44% for the velocity and attenuation, respectively. The
nique for the 500 kHz and 1 MHz transducer pairs. As mayaverage precisions of the contact technique were 0.39% ar
be seen, there is essentially no significant difference in ang-1% for the velocity and attenuation, respectively.
of the ultrasonic parameters for the two measurement tech-
niques. Table 2 also shows the linear correlation coefficients
between the respective velocities and specific differentiaDiscussion
attenuations for the contact and insertion techniques. Figure

4A and 4B present the ultrasonic velocity and specific dif-Tyo supjects related to ultrasonic assessment of bone tisst
ferential attenuation, respectively, made with the insertiomhaye peen studied. The first concerned the effects of marroy
and contact techniques for the 1 MHz transducer pair. Simipp, the values of ultrasonic velocity and specific differential
lar results were obtained also for the 500 kHz data. attenuation. Since the majority of vitro ultrasonic studies

on cancellous bone have been carried out without marrov
although clinical data always includes the effects of mar-
row, it would be interesting to determine what contribution,
if any, the marrow has on the ultrasonic parameters. Sever
basic results emerge from this part of the study. The first i
Table 3 summarizes the linear correlation coefficients bethat the correlations of ultrasonic velocity and specific dif-
tween velocity and specific differential attenuation and BDferential attenuation with bone density remain essentially
for the low (300-700 kHz) and high frequency (0.8-1.2unaffected by removal of the marrow and its replacemen
MHz) ranges and for the contact and insertion techniqueswith water. Thus, with respect to the presence or absence
As may be seen, there were relatively high and approximarrow, the results frorim vitro and clinical studies may be

mately equivalent correlations between velocity and boneompared insofar as bone density estimation is concerne:
density for the samples made with either the contact oAlthough the actual regression equations may be different
insertion techniques, for both the low and high frequencythe overall information content in the two cases appears t
ranges. For example, the low frequency transducers prdde approximately equivalent. The second important aspec
duced correlations of = 0.79 and r= 0.80 between ve- of these results relates to the actual changes produced |
locity and BD for the insertion and contact techniques, re-marrow removal on the ultrasonic parameters. The increas
spectively. There was also qualitative agreement exhibiteth ultrasonic velocity after marrow removal is consistent
between SDA and BD, with respect to the contact and inwith the fact that the velocity of ultrasound in water is
sertion techniques, for the low and high frequency rangeshigher than the velocity of ultrasound in fat [32]. For ex-
In particular, the correlations were both weakly negative forample, the velocity in fat is 1450 m/second whereas the

Correlations with Bone Density and Precision of
the Measurements
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Table 3. Linear correlations between bone density and ultrasonic velocity and attenuation

Bone density

Insertion Contact
With Without With
marrow marrow marrow
500 kHz SDA r=-0.50 r=-0.41 r=-0.32
(P=0.013) P =0.048) P =0.125)
Velocity r=0.79 r=0.86 r=0.80
(P <0.0001) P <0.0001) P <0.0001)
1 MHz SDA r=0.22 r=0.16 r=0.28
(P=0.307) P =0.436) f=0.180)
Velocity r=0.86 r=0.89 r=0.86
(P <0.0001) P < 0.0001) P <0.0001)

velocity in water at the temperature used in this experimentotal fat content with ultrasonic velocity and attenuation. In
was 1495 m/second. This represents an increase of aboatldition, the velocity as reported was not the actual velocity
3.1%, which is not that far from the increases observed foassociated with the heel but rather a systematically biase
the bone samples after marrow removal, namely, 2.1% andne, due to the use of a fixed normalizing length constant
2.8%, for the 500 kHz and 1 MHz transducers, respectively. The second subject studied in this report dealt with the
Thus, it appears that the relative changes in ultrasonic vezomparison between contact and insertion modes of ultra
locity for a trabecular bone sample is strongly influenced bysonic measurements. As pointed out earlier, contact mes
the relative changes in velocity associated with modifica-surements would be much preferred in clinical applications
tions of the material (decreased viscosity) in the trabeculasince water baths are inconvenient and can make repos
pore spaces. In our case, assuming an average increasetiohing of the foot somewhat problematic. Our results dem-
2.5% for the velocity after marrow removal, then about 80%onstrated two main elements. First, the overall correlation:
(2.5 + 3.1) of the total or potential increase in velocity is of velocity and attenuation with BD were not significantly
actually observed. Also of interest is the fact that the percenaffected by using a contact method in place of an insertior
increase in velocity is greater for the higher frequency (1(water bath)-based approach. Second, the velocities ar
MHz) transducer pair. This is somewhat unexpected in viewspecific differential attenuations produced by the contac
of the fact that the ultrasonic velocity in water and in fat isand insertion modes were, respectively, highly correlated
not significantly affected by the change in frequency [32], Thus, and as may have been expected, the same informati
and also that higher frequency ultrasound has been assumegpears to be present in the two different types of ultrasoni
to be more strongly dependent on the trabecular bone maneasurements. We should note, however, that we have n
terial per se[33]. Clearly these are questions that remain tofully addressed the issues of precision and reproducibility
be more fully explored. which will depend strongly on the specific experimental
In contrast to the ultrasonic velocity, the specific differ- conditions used in the respective techniques [28].
ential attenuation is decreased by removal of the marrow. In summary, we have reported on both the effects of
This decrease can be attributed to the fact that the attenuasarrow removal and a comparison of contact and insertior
tion, i.e., the SDA, of the marrow is significantly greater measurements in trabecular bone samples for estimating u
than the attenuation due to water, which can be considereasonic velocity and specific differential attenuation. Our
to be essentially equal to zero. A reasonable value for theesults suggest that contact measurements should be cc
marrow material can be assumed to be about 1 dBcm sidered in clinical applications as they appear to provide
MHz™* [32]. The actual changes observed in the specificessentially equivalent information as compared with wate
differential attenuation, namely, —2.0 dBchiMHz ™ and  bath approaches. The marrow aspect of this study allows th
-5.0 dBcm* MHz™, for the 500 kHz and 1 MHz pairs, possibility of comparing clinical withn vitro data, as well
respectively, are thus much larger than the changes expected providing useful information for further elucidating the
based on the differences in attenuation properties of thprocesses by which ultrasound interacts with cancellou:
water and marrow. This too should be further investigated irbone tissue.
order to better understand ultrasound-trabecular bone inter-
actions. It should, however, be pointed out that direct com-

plf_:lrl_sons be_tween thin vitro results pre_sented here and AcknowledgmentThis study was supported by OrthoLogic Corp.,
clinical studies should be carefully considered, since many,p ot =25 "1 Grant#1R43ARA3045-01 and Conselho Na-

other factors such as the effects of cortical bone and ovelsiona| de Desenvolvimento Ciéfito e Technolgico (CNPg)
lying soft tissue need to be taken into account. It should als@ragiia, Brazil. '
be noted that one recent study did examine the influence of

fat on ultrasonic measurements [15]. In this study, ultra-

sonic measurements were made on fat samples, phantoq&ﬁpendix

and cadaver heels, as well as on adult volunteers. The over-
all effect of fat was found to reduce the ultrasound veloCitythe estimation of velocity was carried out in the time domain,
and not to affect the acoustic attenuation. However, thisiccording to the principle of time of arrival of signal energy. The
study did not measure the ultrasonic parameters before angtimation of velocity can also be achieved in the frequency do
after removal of marrow, but rather attempted to correlatenain, through the use of phase unwrapping and linear models,
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described by Kaufman et al. [31]. However, since most prior stud-13.

ies have relied on the pulse transit time technique, we chose to use
that method here as well.

The times of arrival of the reference and sample signals are
defined to be the times at which the maximum absolute values of
the respective signals occur. Usingandr, to denote the times of
arrival of the sample and reference signals, respectively, the ultra-
sonic velocity v, in the bone sample using the insertion technique
can be evaluated according to the following expression:

1 15.

Vs = 1 (Tr B Ts)
v, d

where v is the velocity of ultrasound in the reference medium, in
this case water (v= 1495 m/second) and d is the sample thick-
ness.

The velocity calculation must be modified for the contact
method in order to account properly for the gel pads in the sample
measurement. First, an effective velocity, is calculated as fol-
lows:

(A-1)

d

Rl e—— (A-2)

Ve

In eq. (A-2), d is the distance separating the ultrasound transduc49.

ers, which remains fixed for the sample and reference measure-
ments. The ultrasonic velocity \associated with the bone sample
is then given by

d
1’geldt —ve(d; — d)
where \,.,is the velocity of ultrasound in the gel pad. This velocity

(A-3)

Vs = vevgel

was determined by a pure insertion measurement, and was fourfdt-

to be v = 1621.5 m/second.
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