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~ lacroscopic, X-ray methods fo r bone quality assessment are mainly based on 

porous bone density measurements. The bone quality is a properly that is dif­
ficult lo defiue , as it is rela ted Lo both density and structure of a bone. The 

principal eletnenl Lha l determi nes Lhe bone slrenglh is the t rabecular structure 

of a porous bone. In recenL years . several new ultraso nic diagnostic methods have 

been developed lo examine bones in vivo. These ntelhocls arc based on mea­

surements of velocity (SOS- speed of sou nd) und attenuation (13UA - bronclbund 
nllrasonic at lcnuation) of waves penetrating porous bone. T he large interest in 

lhcse methods is a result of a fad lhaL they provide in formalion not only about 

Lhe bone density but also about their structure without using io nizi ng radiation. 
These methods arc based on n1casurement of overall properties of trabecula r bone 

matrix. 

At higher ultrasonic frequencies micro measurements can be performed. The 

unique properties of Lhe scan ning acoustic microscope (SAJ\1) make it possible 
to mC'asmc and lo itnage acoustic propc-rties of a s ingle lrabecnla , namely the 

acoustic in tpedaucC', de nsity and velucity of lungiludinal waves in SC'kctC'd areas 
of a porous bone. 

1. High F requency 1easure m eHts- ScaHning Acoust ic M icro­
scopy 

Ult ra onic micro copy makes it possible to assess in \·itro the qua liLy of 

bones and to exami ne Lhei r structm e [3j. At high frequencies, t he acoust ic 

microscope ensures sulficient resolution for inwging the interna l structure of 

a trabecular bone and of a ingle t rabecula (Fig. J and Fig. 2) 

The unique features of Lhe acoust ic microscope enable measurement a nd 

inwging of acoust ic propertie ' of a, ingle trabecula , namely Lhe acoustic im-
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FI GURE l. The acoust ic microscope in1age of lhe lr<:l becular slruclme of cancel­
lous bone; frequency= 100 1\l l fz, area= 3.2nli1 JX3.2mlll 

F IGURE 2. The acousl ic n1icroscopic inwge of a cross seclion of t rabecular bone 
destroyed by osteoporosis; fJ·eque JJCy= l OO ~ lfl z, area= l.5 mm x J.Gm m 

pedance and velocity of longitudinal waves in selected areas of a porous bone. 

Also the samples from patients who suffer from metabolic bone diseases, such 

as osteoporosis, osteomalacia and osteoidosis can be examined. 

The samples of a porous pelvic bone pre-submergecl in methyl methacry­

lat e were prepared at the Food and Nutri tion ]ustit ute. F lat . 0.5 mm thick 

para llelepiped samples were sliced using a wire saw. ln order to obtain a \ -et')' 

smooth surface for microscopic examination, its upper layer was removed 

using a microtome. A sapphire sample with the acoustic imp edance z = 

44 :-lRayl was used as the impedance standard in defining the reference re­

flection. Tl e value of the reference signal vvas obtained as the mean echo 

amplitude from the sapphire surface image (200 x 200 pixels) while keeping 

intact all the orienta tions of the microscope transmitter and receiver , such 

as applied when bone samples a re imaged. 
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Scanniug Acoustic i\licroscopc (SA:\I), built at our la bora tory. wa used 

for imag,ing ancl measurements. The microscope is working fi t the frequencies 

of 35, J 00 ;'uld 200 :\IHz and make it pos ·ible to obtain surface and subsurface 

images. The' images a rc stored iu the computer memory, greatly faci li tating 

their furth er p rocessing. 

Over the incidence angle range up to a bout 20 degrees, t he refl ection 

coefficient of a longitudinal wave on the water-bone boundary may be taken 

as constant. A 100 :\IHz head with a lens with a 20-degree half V-angle was 

used for the imaging. The a pplication of a lens ,,·i t h a sma ll V-angle a llows 

one to assume t he norma l wave incidence on the sample surface in t he model 

of waYe and bone interaction. 

1.1. Impedance a nd Velocity D etcrrnination 

The brightness of images of flat sam ples obtained using SA:\I focused 

on the imaged surface mainly depends on the reflect ion coefficient at t he 

wa ter-sam p lc boundary. 

The dependence between the bone impedance Zb, water imped ance Zw 
a nd that of t he reference medium Zr can be represented as: 

where Ab(x, y) is the echo amplitude a t the point (x, y) of the bone image 

and A r is t he ampli t ude of the reference signal (a reflected wave focused on 

the surface of the sapphire ample) . 

The microscopic images of t ra becula were processed according to the 

form11la given a bove provid ing imped ance distribu tion images. Jn selc<:Lccl 

a reas t he average impeda nce values were calculated using 50 x 50 im pedance 

point . 

l n t he same area, the longitudinal wave velocity was measured using V (z) 
method [9[. The V (z) technique is used for surface waves velocity determi­

na tion. l n t he case of bone, th focused acoust ic beam excites lateral longi­

tudinal leaky wave which propagates on the bone surface " ·it h the velocity 

of a longitudi nal waYe produ cing characteristic oscillations of V (z) curve. By 

spectral processing. the period of oscillations was determined and next used 

for velocity calc ula tion. 

\ Ve have examined samples of t ra becula r bone obtained by biopsy from 

pa tients wi th osteoporosis (12 cases), osteomalacia (1 0 cases) and osteoiclosis 
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(8 cases) . J ll selected a rea of each sample cw crage acous tic illlped el ncc and 

longitudinal wa\'e ve locity were measured . Then. t he cknsity of t he bone 

sample was calculated (Table J ) . 

T ABLE I . .\l ean ,·alucs o f impedance, velocity, densi l .v and 'iaslici l y = c11 =pc 

found fl)l' single t rabeculae ob tained from patien ts \\' ilh metabolic bon<' clisca.~e 

irnpeclunce veloci ty ci<'nsily clast ic ily mod ulus 

ost<'oporosis 7.2 .\!nay! 3.8 km Is 1.9 gj cn13 :26.8 C: Pa 

OSLCOII!<llacia "l .ci .\!R u.vl 3...Jkm s l.3g cm3 15.0 C: l)a 

ostcoiclosis ,1.9 .\IHayl 3.3 km s 1 .5 g cm3 15.'1 C Pa 

Osteoporotic traben ila ca n be clearly d is ti nguished from other bone sam­

ple· . T hey a rc characterized by rela tively high longitud inal \\'avc \'Clo ·it y, 

impedance and density that a rc close lo the \·a lucs found fo r a cortical bone. 

l\ Iuch lower va lues a re found for sampl es from patients \\'i t h ostcoid osis and 

osteoma lacia . :\Iedical description of t hese meta bolic bone diseases expla ins 

the resul ts found cxperilllcn tally. Osteoporosis is cha rac terized by the lack of 

t he mass of t ra becula r bone but the bone consti t uting t he t rabeculae rcmai11S 

a lmost unch<mgcd. l n the case of ostcoidosis a nd osteo malacia t he minera l­

iza tion process is disturbed result ing in decrease of t he acoustic velocity and 

density. 

2. Low Frequen cy Measurem en ts 

There is <lit increasing interest in development of noninYasi\·c d iagnostic 

techn iques for detection of osteoporosis Hnd predicting Lhc risk of a bone 

fracture. For sever a I y 'a rs ul t rasouncl WHS r cogni zed as a very promising 

method , successful ly com pcti ng with well-es ta blished X- ray t uchniq ues. 13ot l1 

meth ods study Lhe t ra becular structure of a cancellous bone. 

The surface mass ratio of cancellou. bone is ten t imes greater t han that 

of the cort ical bone. Since t he t urno\·e r of the bone is a sm facc-based event 

a ny clis t urbnnces of this process caused by osteoporosis or other metabolic 

bone disease arc exp ressed earl ier a nd more distinctly at cancellou: sites th<11l 

in t he cort ical bone. 

i\lost of t he publications concerning u ltrasonic investigations of bone des­

cribe the experiments performed in t ransmission mod . Also, commercia lly 

ava ila ble ul t rasonic dcnsi to lllcters ut il ize t he s igna l t ransmit tecl t hrough th ' 

bone. Two acoustic propert ies of a t rabecula r bone a rc mcasm ecl: the slope 
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of t he frequency dependent attenuation known as t he broadband ultrasonic 

attenuation (BUA) and speed of sound (S OS) . Usually, the measurements 

ar performed on a heel bone- ca lcaneu ·. This bone is well sui ted for ul­

t rasonic investigations. Jt is composed mclinly o f a trabecular bone and it is 

easily accessible. The thickness of the cortical shell and overly ing soft t is­

sue is rela tively low and the shape of the bone assures good penetrat ion of 

ult ra. ouncl . Acoustic results were often v rifiecl by comparing bone mineral 

density- BI\ ID (g/ cm2) assessed by X-ray densitometry. It wa · shown [1,2], 

that t he bone density can be measured by ul t rasound a well as with X-rays 

and that the bone fracture risk in elderly women can be predicted based on 

ultrasonic resul ts . 

2 .1. I n V ivo D e t e ction o f B on e Disease w it h U lt r asound- Compa ­

r ison w it h Bone D ens it om etry 

In our in vivo experimen ts 0.3- 0.7 M Hz frequency ult rasound was used. 

The corresponding wavelength (5- 2 mm) at the upper frequency limi t ap­

proached characteristic dimensions of t he t rabecular st ructure (trabecula 

thickness O.J-0.4mrn, t rabecula spacing 0.5 2mm). We believe t hat chara­

cterization of a bone by scattered s ignal and determination of a trabecula r 

structure cross section fun ction int roduces a new quality into ul trasonic as­

sessment of bone s tatus. 

BUA (Broad band Ultrasonic At tenuation) resul ts arc well correlated with 

B 1ID (Bone lVIincral Density) . Since the scatteri ng of acoustic waves by t ra­

becular structure is the fundamental component of attenuation , t he scat­

ter ing should also correlate wiLh BMD. This dependence was confi rmed by 

P . Laugier et a l. [4J, who found a moderate correlatio n between the integrated 

backscattcrecl coefficient and Bl\ ID. 

2.2 . Ins t ru m e n t a t io n 

We built a system for in viYo heel examination (Fig . 3). The system con­

sisted of a pair of \\·ideband . fi at, composite t ransducers (diameter= 25 mm) 

operating at a central frequency equal to 0.58 J\IHz. 

T ransducers were mounted in small tanks filled with water. The wall of 

the tank opposite to the transducer face was made of a thin latex membrane. 

The foot under examinat ion was p laced between t he tank . By positioning the 

acoustic heads (1 mm step) the a rea of measurement cou ld be selected. Then, 
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F' !CURE 3. Simpli fied b lock d iagram of the system for ultraso nic in Yivo cxarni­

na tion of a heel bone 

by increasing the pressure in the ta nks, t he heel wa urrounded by a 'w a­

ter balloon", which fi ts the foot shape. Good t ransmission at the skin / latex 

interface was assured by a pplying ul t rasonic coupling gel. 

The transmitting/ receiving system was controled by a compu ter . The 

t ra nsmitter circuitry was developed in our labora tory. It generated the burst­

like signal of one period d uration at the center frequency of 0.5 \IIIz and peak 

to peak ampli t ude of 100 V. The pulse repetit ion rate was equal to J kHz. 

'igna ls from the receiving transducer were am pli fied by a ,,·ide band receiver 

(O.J- ] \ IHz) and were nex t captured by an A D converter (12 bit, 20 1\IIJz) . 

Up to 32 ucces ive echoes were averaged and stored in the computer for 

fur t her processing. In order to assure the shortest possible ul trasonic pulse 

(the wide ba nd transmission) a set of transmi tting-receiving transducers was 

ca refully drs ignecl. Bot h t ransd1 1Cers were fa brica ted out of compos ite ma­

teria l (diced piezoelectric cera mic fi lled \\'ith epoxy resin) resul ting in their 

relatively low acoustic impeda nce (12.2 \IRayl), and high coupling coeffi cient 

(!..:, = O.G). Acoustic backing together ,,·it h the front quarter wave matching 

to ,,·ater assured the overa ll G dB bandwid th better than .JOO kiiz a round 

0.5 \IIJz. A great effort was put into eliminating any spurious re fl ections 

comi ng from the backing of the t ransducer , \\'hich cou ld d i. turb scattered 

waves. Both t ransducers co1!ld operate in transmi sion and receiving modes. 

The following set of data was collected for each patient: 1. The reference 

signa l, which i a signal transmitted through water only, 2. t he signal t ra ns­

mi tted through the heel, 3. two sig nal reOected from both sides of a heel 
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and ..J. two signals scattered from the selected heel area, corresponding to the 

position of trabecular bone. 

The transmitted signals were used for BUA, shift of the spectrum and 

velocity e,·aluat ion . They were u eel also for some experiments with velocity 

d ispersion assessment bu t we could not find any rational interpretation of the 

results a nd they arc not presented in this paper. The reflected signals a llowed 

us to measure the th ickness of the heel an I to select the trabecular bone area. 

T he scattered signals were u. eel for determination of the t ra becular structure 

cros · section functi on . 

2 .3 . 'l\·ans mission Mode Study 

Signals transmi ttecl through the "·at er a nd through the heel (Fig . .:J) were 

used to calculate the frequency clcpcnclent attenuation and the shift of signal 

spcctrun1. The ratio of a mplitude spectrum of the s ignal t ransmitted through 

the bone (Sb) to that of the signal t ransmitted through water (Sw) deter­

mines the attenuation (Fig. 5). The slope of the attenuation curve for a given 

frequency range defines t he BUA (F ig. G) . 

Frequency dependent attenu ation influences the pectrum of transmitted 

pulses. Since the higher frequencies in the spectrum are more attenuated than 

the lower ones, the spectrum moves to the lower frequencie . \\ e have found 

it interesting to determine the shi ft oft he mean frequency of the spectrum 

(6.f) for lite s ignal transmitted through the t rabecular bone (Fig. 5) . 

1500 

time l ~lS ( 

FIGURE tl. Ultrasonic pulses Lransmitlccl Lhrough the heel (multiplied by a facLor 

of 63) and Lhrough water 
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FIGU itE 6. The attenua t ion/ frequency dependence for a heel bone. I\ linear r -

gress ion of t his curve determ ines 13 A. 

3 . Advantages of Probing t he Trabecu lar Bone with Golay 
Coded U ltrasonic Excitation 

T he use of coded signals in m edical ult rasound a llows both frequency 

and penet ra t ion depth to be increased whi le retain ing image resolution and 

avoiding the need to a ugment the transmitted peak pressure a mplit uclc. Such 

approa h minimizes t he risk of undes irable bioeffects even if t he average 

t ransmit eel energy is increased. The goal of thi. work was to examine noise 

immunity and the ba ndwid th requirements of Golay coded (G C) waves used 

to determine frequency dependent at tenuation of highly ab orbing a nd scat­

tering biological t issues such a · bones. 

Our interes t was to de termine Broad Band Attenuation (BUA) coeffi cient 

because it is widely [4] accepted as indicator of t ra becular bone density and is 

helpful in osteoporosis diagno is. T he attenuation of the ult rasonic igna ls in 

bone t issue often resul ts in echoes from deep structures being virtua lly buried 
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in no ise. The work described in the following aimed at t he evaluation of t he 

possibili ty of using GC waves to obtain BUA data measured in trabecular 

bone at the frequency range beyond 0.5 MHz. Thi frequency is commonly 

used in the commercially avail able ultrasonic densi tometers , which operate 

in transmission mode. ln this mode, ultrasound energy is interrogating heel 

bone being positioned between an acoustic source and receiver. In cont rast 

we wished to examine the feasibility of using GC waves in pulse-echo mode. 

As evidenced below, GC significantly improves signal-to-noise ratio and the 

GC based measurement system holds promise to provide t he osteoporosis 

screening using pul ·e-echo mode approach . The development of the pulse­

echo system applicable to bone tissue is of great importance as it would 

a llow early diagnosis of selected , critical bones; non-ionizing, non-invasive 

diagnosis of bone such as hip is current ly not available. 

3.1. G olay Complem e ntary Sequences 

The properties of the code examined in t his work were based on Golay 

com plementary sequences first suggested in [7J . The e sequences are com­

posed of pairs of bina ry codes, and belong to a larger family of sequences 

called complementary pairs, which consist of two sequences of t he same 

length N of which auto-correla tion functions have side-lobes equal in mag­

nitud e bu t opposite in sign. Summing t hem up results in a composit e auto­

correla tion function with a peak of 2N and zero side-lobes. 

'vVe have chosen a. Golay complementary sequences to be used in our 

ult r asonic transmitter because of their unique proper ties; t he side lobes after 

decoding at the receiver side a re cancelled. 

Our GC transm itter u eel in t his work is capable to produce 8 bits and 

16 bi ts sequences. We have not found any significant differences in attenua­

tion estimations using the reconstructed signals for or 16 bits transmissions, 

however the signal-to-noise ratio (S/N) a lmost doubled when t he 16 bi ts sig­

na l was used. Therefore, for attenuation measurements (in transmission and 

backscat ering or pulse-echo modes) we have used 16 bi ts sequences only and , 

accordingly, a ll results presented below con e pond Lo thi code length. 

3.2. Methods 

The attenuat ion versus frequency measurement system was prepared ini­

tially for in vivo heel examinations and fo r the bone samples inspection. 
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The system consisted of a t ree pai rs of the wideband , focused t ransducers 

operating at center frequencies equal to 0 5 J\:IHz. 1 :.1Hz and 2l\1Hz ( -6 d B 

bandwid th = GO%, focal length = 50 mm), respectively. Each transducer set 

was custom built and carefully selected in order to eliminate any possible spu­

rious reflections originating in the backing of the transducers. This process 

optimized transducers' performance. 

For t he purpose of in vivo measurements we have used our bone scanner 

described in detail in [8J . T he measurements of bone samples were performed 

in a water tank equipped with a sample holder and manual positioning sys­

tem . 

Sinusoidal signals at the frequencies of 0.5 :.1Hz, 1 :\IHz. and 2l\IHz were 

synthesized using Signal Synthesizer (HP 643A, USA ). These signals were in­

put to the bipolar modulator driven by the {0.1} sequences from the custom 

design coder. The coder preloaded programmed logic (EPl\1706-l, AlteraT.lll , 

USA) and allowed generation of d ifferent transmitter funct ions. These func­

tions included sequence resulting in two periods of the sine wave and switched 

pair of 8 bits and 16 bits Golay codes . The signals '"ere routed through po,,·er 

ampl ifier (ENJ 3100LA, USA) to the t ransmi tting transducer mounted on t be 

scanning system. The received signals were t heu ampl ified by Ritec B road­

band Receiver RB-640 and stored using Infinium HP 54 lOA Oscilloscope. 

The decoding of Lhe received signals wa. · performed off-line. 

T he measurements were conducted in vivo on volunteer's heels (three 

ind ividuals- ] 2 measming sites) a nd in vitm on three human heel bones 

wi t h the cortical layer removed. Prior to measurements Lhe bone samples 

were defatted and saturated with water in vacu um chamber. 

For tmnsmission measurements a stnnda rcl procedure of BUA determina­

t ion was applied and the BUA oefrJ.cienL was calculatccl as a slope of a li near 

regression fit of a ratio of amplitude spectra of a pulse transmitted trough 

the bone and a reference pu lse t ransmi tted in water. 

ln the backscatter ing mode two segments of the echo-line gated at two 

different axial distances or depth were used to calculate BU A coefficient. \ Ve 

have found t hat the a mplitude spectrum of a gated backscatterecl s ignal of­

ten contained many random peaks and valleys and consequently co uld not be 

directly used for BUA coefficient calcu la t ion . Therefore, \YC hm·c deye]opccl 

a special procedure to smooth out the specLrulll . First. the portion of t he 

echo signal corresponding Lo Lrabecul8r bone was selccled. \' cxt, two gates 

of t he same length and separated by a constant time distance were used to 
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extract two brief transients from the echo signal. The corresponding a mpli­

t ucle s pectra of the t ransients were compared a nd the values of attenuation 

versus frequency were calculated. Tl1en, the '·double gate" was mo\'ed to an­

other position within the t rabecular bone scattering area and a new value 

of B A was determined. Th i~ procedu re was repeated until the BUA values 

were found for s ix teen gates · posit ions. The BUA values were eventually av­

eraged a nd a slope of a linear regression fit of the averaged BUA values wRs 

used to calculate BUA coefficient . 

3.3 . Measurements in Tra nsmissio n Mode 

The measmcmcnts of BUA coefficient were performed in fom selected 

areas of each bone sample nt the frequencies of 0.5 ~1Hz, J \1H z and 2 ~1Hz. 

For those measurements the S/N ratio was equal to 15 dB because for in 

vitro experiments ,,.e co uld increase the t ransm itted power wi thout t he risk 

of introducing a ny (potential) biological cffecLs. Results of the measurements 

obtained for t ransducer excitation with 16 bits Golay code were compared 

with t hose obtained for 2 cycl es tone burst excitat ion, which wcre then consi­

dered to be a common reference. For 0.5 \ lll z excita tions BUA was calculated 

in the frequency range from 0 . 3 ~11-Iz to 0.7~IHz . At 1 .\Ill z the useful data 

were obtRined between 0.6l\1Hz and J .2 \I l lz. 

We have found a good correlation (r = 0.95 and T = 0.93) for BUA 

values corresponding to 0.5~ II lz a nd 1 1\Jll z measurements. In addition, at 

1 \1Hz we hm·c cstabli heel a good (r = 0.91 ) correlation for both 1 \1Hz GC 

excitation and 0.5 .\1Hz 2 cycles sine burst excitation measured at 0.5 .\III z 

range (i.c from 0.3 0.7 \IJ-I z) . Figure 7 sho,,·s that the J \ III z BUA curve 

follows closely the GC curve in the J i\ lll z range while the 0.5!\ IHz BUA 

cmve is identical with GC one in t he 0.5 .\ J J lz frequency range. 

Similar measu rements ,,·e re performed in vivo bu t here, when J :-IHz fre­

q uency was used . the voltage applied to the trRnscluccr was 30dB lower 

than in lhc experiment " ·ith bone samples. Consequently, the Sfi\,- ratio was 

\'Cry low. close to 0 dB. At 0.5 1\lii z the correlation between B U A coefficient 

measured with sine burst exci tation and using Golay coding ,,.as ,·cry good 

(r = 0.92). This correlation decreased to the value of r = OA for the fre­

quency of J ~I J-lz. Analyzing the data shown in Fig. .. we have found that 

for low 5/-V ratio a nd ine bmst excitation the BUA coefficient co uld not be 

determined correctly. However, for GC transmissions under same condi tions 

\\'C were able to determine BUA coefficient successfu lly. 
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Solid curve: CC excitation, clotted line: sine burst excitation. 

3.4. D et ermination of BUA Coefficient Using Backscatte r ed Waves 

(Pulse-Echo Mod ) 

To validate t he backscattered or pulse-echo approach, the BU A coeffi ­

cients determined using Golay coding in transmi sion mode and those mea­

sured in pulse-echo mode were compared. First, as described in the previous 

section the bone samples were measured in vitro. At 0.5 1Hz the correla­

tion coefficients were low (r = 0.52 and r = 0.51) for both the sine burst 

and GC excitation. A clo er examination of the resul ts indicated that at this 

frequency the useful backscattering di stance (i.e. penetration depth) in the 

trabecular bone was not sufficiently long in comparison to the pulse length 

and resulted in un ·atisfactory averaging. 
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The same measurements were then repeated at 1 MHz frequency and 

relatively good correlation coeffici ents (r = 0. 2, and T = 0.71 ) for GC signals 

and sine burst excitation, respectively, were obtained . The penet ration depth 

of coded ignals was markedly deeper in comparison to that achieved using 

t he burst signals . This extended penetration re ulted in higher correlation 

between the t ransmission and the pulse-echo mode measurements. 

In vitT·o results encouraged us to perform in vivo comparison for 1 MHz 

Golay coded transm ission. vVe obtained the values of correlation lower than 

in t he case of bone sample measurements in vitro (r = 0.64) . A subsequent 

inspection of decoded ignals indicated t he undesirable existence of a minute 

time shift or delay between the two correlated sequences . This shift was 

caused by small changes in heel position of the examined subject during 

the ti:ne need cl to switch transmitter between the two codes and store the 

received echoes. Off-line correction of this time delay increased the correlation 

coefficient to Lhe value ofT = 0. 72. 

3.5. Yi easurem en t at 2 an d 3 M H z 

In transmission mode, Lhe conventional way of BUA calculat ion wa not 

possille as the mean frequ ency shift of a spectrum received from t he bone 

was larger than t he bandwid th of reference pectrum (see F ig. 9) . To alleviate 

this issue, other ind icators of a bone status, for exampl the value of the 

frequmcy shift could be used !SI or, alterna tively, the reference signal should 

be changed . 

In order to gain additional insight into penetration depth properties of 

Golay coded signals in pulse-echo mode we have carried ou t in vitr-o and in 
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FI }U RE 9. Ampl it ude spectra for 3 1\f l-l z Colay coded tra nsmissions t rough water 

(d >tted) and trough the bo ne (so lid , bone spect.rum amplified SO dB) 
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f- IGURE JO. 21\ lll z signal backscatlcred fro m a. heel bone. Penet,ra iion d pt,h 

= G mm . BUA coeff. calcul ated for this case ( frequency ra nge 1.3 2.4 :\IIIz) was 
equal to 3.1 dB (:\lll z mm). 

vwo mea. urements at 2 and 3 \IIIz . We ha Ye obta ined good S j N rat io for 

reconstructed signals and sufficient penet ra ti on depth to determine frequency 

dependent a t Lenuation (see Fig . J 0) . 

4 . Conclusions 

The resul ts presented a bove indica te that in comparison >vi th the conven­

tiona l, tra nsmission mode of bone characterization us ing ult rac;ound. Lhe use 

of coded signals a llows enha ncement of interrogating freque ncies a nd pro­

vides augmented penetrat ion dept h without t he need of increasin g the peak 

pressure a mplitude of the wcn·e probing the tissue. 

\\'e have a lso exa mined the banclwidt h and noise immunity requirements 

of C olRy eo cl eel waves in t ransmission mode. lL was [ou nd th a t in this mode 

Go lay coded signa ls reLa i ned a ll i 11 forinH Lion rela ted to frequency dependent 

at tenua tion and. at Lite same time, doubled the frequency ra nge in whi ch 

ul t rasonic a ttenuation could be d etermined. It \\'HS also pro,·ecl th a t the G C 

signal · arc highly noise immune; thC'y a llowed the at tenua ti on propert ies of 

a bone to be calcula ted at S j.V = 0 dl3 . As noted previously under ·uch 

conditions t he conventiona l s inc-bmst excita t ion fai led completely. 

Our pulse-echo experiments confirmed t hat the B A coeffic ient could 

be dcterlll ined from backsca ltcrcd echo signals . Thus . t he use of GC s igna ls 

holds promise to extend the u a ble [r qucncy range for t rabecula r bone im·es­

tigation , and to enable t he diagnosis of bones accessible fro m one side only. 

Also, t hey provide enhanced bone penetra tion dept h , \\'hich enables a ppli-
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cation of averaging technique necessary for frequency dependent attenuation 

dete rmination. 

As noted above, the reconstruction of coded signals is very sensitive to 

t ime delay of the d ecoded components. I t is possible to t ransmit two Golay 

cod e sequences almost simultaneously, so t he influence of a small, uncon­

t rolled bone movement t hat degrades decoding could be eliminated. To this 

end a new coder for our transmitter is und er development . Jnstead of switch­

ing from one code component to another, t he two sequences will be send 

together (separated by 0.5 ms) and the process of data collection for one 

measurement will be done below 1 ms; this time i sufficiently short to ignore 

uncontrolled bone movements. 
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