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Abstract--Quantitative analysis of transmitted cardiac motion in fetal lung is evaluated by applying correlation 
techniques to digitized M-mode images in 21 patients, subdivided into two subgroups by gestational age: (I) 
2 5 - 3 0  weeks (11 patients), and (II)  >_35 weeks (10 patients). The corresponding numbers of M-mode images 
analyzed for each group are 23 and 18, respectively. This partition is expected to reflect functionally "immature" 
and "mature" lungs. The estimated maximum mean radial deformation per unit epicardial excursion, (r>, is 
calculated from the two-time, spatially averaged correlation function obtained between diastolic and systolic 
M-mode lines. The collective results for each subgroup are (r> I = 0.79 + 0.11 (sem) and (r> II : 0.62 + 0.13 
(sem). The analysis presented, albeit in a limited population, is indicative of a trend in accordance with qualitative 
observations of Birnholz and Farrell (1985). M-mode analysis, as indicated by Adler et al. (1989) is a potentially 
useful technique to quantify such tissue motion. 
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I N T R O D U C T I O N  

The noninvasive assessment of fetal growth and de- 
velopment is a routinely performed examination. 
This entails measurement of sonographically deter- 
mined growth parameters which relate to mean ges- 
tational age, fetal well-being, as well as the qualitative 
evaluation of the fetus and its environment (Callen 
1983). Tissue characterization may provide addi- 
tional important information regarding fetal develop- 
ment. While the latter has been primarily qualitative 
in nature, for example, the relative liver/lung echo- 
texture as an indicator of fetal pulmonary maturity, 
extensive efforts have been directed toward quantify- 
ing these subjective features in terms of measurable 
physical parameters (e.g., linear attenuation coeffi- 
cient) (Adler et al. 1989: Thieme et al. 1983; Carson 
et al. 1986, 1989; Birnholz and Farrell 1985). 

Recent work by Birnholz and Farrell (1985) sug- 
gests that transmitted cardiac motion in fetal lung 
may similarly reflect pulmonary maturity, although 
their results are, perhaps, overly optimistic. That such 
a relationship exists would not be entirely surprising 
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in as much as tissue motion relates directly to me- 
chanical properties such as shear elastic modulus 
(Adler et al. 1989). While qualitative analysis of 
transmitted cardiac motion is of some value, a quan- 
titative approach may ultimately be more useful for 
several reasons: 
1. It will provide a mechanism to definitively estab- 

lish whether a relationship between lung elasticity 
and pulmonary maturity does, in fact, exist. 

2. Relevant variables, both intrinsic (e.g., shear elas- 
tic modulus) and extrinsic (e.g., rate of deforma- 
tion), may be identified. 

3. Comparison to other well-established indicators of 
pulmonary maturity, such as lecithin/sphingo- 
myelin (L/S) ratio, is facilitated. 

4. The presence of an appropriate "lung elasticity" 
parameter enables assessment of interval changes 
with increasing gestational age, thereby aiding in 
clinical management of the fetus at risk for early 
delivery. 

In recent years, tissue motion analysis has pro- 
vided insight into normal tissue viscoelastic proper- 
ties, as well as differentiating normal and pathologic 
tissue (Birnholz and Farrell 1985; Meunier et al. 
1988; Adler et al. 1989; Tristam et al. 1986, 1988; 
Truong et al. 1978; Krousop et al. 1987: Lerner et al. 
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1988). Within the context of the current work, the 
radial deformation of fetal lung by adjacent cardiac 
activity is followed by M-mode scans obtained at the 
time of obstetrical ultrasound. As indicated by Adler 
et al. (1989), M-mode images contain information 
regarding the deformation profile as a function of 
distance from the epicardial surface, by tracking the 
motion of specular reflectors which persist through- 
out the cardiac cycle. A parameter which serves to 
characterize the range of transmitted cardiac motion 
in fetal lung is demonstrated to be the time and spa- 
tially averaged systolic to diastolic deformation per 
unit epicardial displacement, ( r )  as this may be 
readily accessible to routine obstetrical ultrasound 
examination. 

In the current work, correlation techniques are 
applied to digitized M-mode images in two trial clini- 
cal subgroups of women undergoing obstetrical ul- 
trasound: those that exhibit a strong predominance of 
immaturity or maturity by their gestational ages, 
25-30 weeks or greater than 35 weeks, respectively 
(Gluck et al. 1974). The former represents a potential 
risk group for development of hyaline membrane 
disease following premature delivery. It is demon- 
strated that these techniques can provide an estimate 
for (r), which, for the limited population considered, 
suggests a trend in accordance with the qualitative 
observations of Birnholz and Farrell (1985). 

A description of this approach is first considered 
along with simulation data in the absence of noise for 
purposes of illustration. The latter provides insight 
into the use of correlation techniques to track motion 
of specular reflectors within fetal lung. Examples are 
presented in the case of two and three specular reflec- 
tors. An approximate expression to calculate mean 
lung deformation resulting from adjacent cardiac 
motion is derived. Since actual gray-scale data will 
exhibit variable peak heights, a simple scaling proce- 
dure is implemented, which does not alter peak loca- 
tion or morphology, in order to apply this expression, 
eqn (2), to estimate mean lung deformation. 

THEORY AND SIMULATION 
In order to establish the applicability of correla- 

tion analysis in evaluating tissue motion, simulation 
examples will be presented. Because of  spatial 
smoothing, correlation functions are well suited to 
examine tissue displacements in the presence of noisy 
data (Oppenheim and Schafer 1989; Papoulis 1965). 
For purposes of illustration, we first consider simu- 
lated gray-scale peaks undergoing differential transla- 
tion in the absence of noise. The importance of fol- 
lowing both position and amplitude information in 
the resulting correlation functions is illustrated. 

Typical time-averaged M-mode data will consist 
of a series of peaks distributed along a line bounded 
by fetal epicardium and chest wall ( ~ 2  cm in dimen- 
sion) in which the mean gray scale intensity (i.e., 
background) has been subtracted. This latter step 
simplifies subsequent correlation analysis. Two such 
gray-scale distributions are considered corresponding 
to systole and diastole. Time averaging is performed 
over multiple (usually 3-6) cardiac cycles. As indi- 
cated by Adler et al. (1989) M-mode data (Fig. 4) 
displays well-defined motion of specular reflectors 
distributed throughout the fetal lung. The resulting 
gray-scale distributions (Fig. 5) will display multiple 
peaks distributed along a given M-mode line. Ideal- 
ized gray-scale data for two specular reflectors is de- 
picted in Fig. 1 for slight "lung" deformation. In sim- 
ulated raw data, the peak situated most closely to the 
origin (Fig. 1) reflects epicardial motion, while the 
remaining peak represents corresponding lung pa- 
renchymal excursion. Correlation data for two and 
three simulated specular peaks (noiseless data) is pre- 
sented in Fig. 2 (see discussion below). 

Mathematical treatment in the case of an arbi- 
trary number of specular reflectors is presented in the 
Appendix. Let f.(x) and J~(x) denote the subtracted 
time-averaged gray-scale distributions for systole and 
diastole, respectively. Cross-correlation of this data is 
performed by the prescription 

'fsd(Y) ~ f ~(x)fd(X + y)dx, (1) 

producing a function of the shift parameter y in 
which the integration is performed over the epicar- 
dial/chest wall distance. In the case for which f~ andJ~ 
are related by pure translation (Fig. 2a), ~sd(Y) dis- 
plays multiple peaks, the largest of which occurs at 
about 19 pixels corresponding to the amount of 
translation, the latter being designated as the primary 
peak or, equivalently, primary peak complex in the 
ensuing discussion. Displacement of distal reflectors 
somewhat less than the epicardium results in either 
slight shift and broadening or splitting of this primary 
peak, depending upon the differential translation be- 
tween specular peaks. This is evident in the case of a 
5-pixel relative displacement (Fig. 2b) in which there 
is slight broadening and shift of the primary correla- 
tion peak, while a 10-pixel deformation (Fig. 2c) 
which exceeds the full width at half maximum 
(FWHM) of the simulated peak results in splitting. 
Furthermore, this shift or splitting is directed toward 
values of y less than the epicardial excursion. 

When three specular reflectors are present, in 
addition to primary peak splitting or broadening, the 
relative amplitude of subpeaks must be accounted for 
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Fig. 1. Simulated gray-scale data for two specular reflectors fol lowing time-averaging and subtraction of  mean 
gray-scale intensity. Ordinate axis denotes relative gray-scale intensity (arbitrary units) versus distance in pixels 
(arbitrary units). The peak closest to the origin represents the epicardial reflector with the more distal peak 
denoting the "parenchymal" specular reflector. Curves (a) and (b) denote systolic and diastolic data, respectively. 
There is a 10-pixel differential translation between the first and second peak in diastole simulating lung elasticity. 
Varying degrees of elastic response are introduced by adjusting the amount of differential motion of the second 

peak. Similarly, multiple peaks undergoing variable amounts of translation can be considered. 
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as indicated in the Appendix. For example, suppose 
that two parenchymal peaks are displaced equally, 
but less than the epicardium (Fig. 2d), the primary 
peak then consists of a couplet with the proximal 
component  being approximately a factor of two 
greater in amplitude than the distal component. 

In view of these considerations, mean radial de- 
formation per unit epicardial displacement, (r), may 
be estimated according to eqns (A4-6), 

Np Np 

(r)  ~ E + j r j / E  +irE, (2) 
j=l  j=l  

in which Aj and ~j refer to location and amplitude of 
the j th  component of the primary correlation peak, j 
= 1, 2 . . . . .  N p ,  respectively, the sum being per- 
formed over all components of the primary peak, and 
AE = Aup refers to the epicardial displacement. Ae can 
be directly estimated from the gray-scale data or by 
performing local cross-correlation in that part of the 
M-mode image limited to the epicardium. The com- 
ponent peaks occurring at locations {Aj }j=Np 1 a r e  de- 
fined as those peaks in the cross-correlation plot for 
which Aj _< A e. Since no reflector, in our experience, 
is displaced by an amount greater than the epicar- 
dium, this prescription is at least empirically justified. 

The accuracy of such an estimate is clearly lim- 
ited by sampling of only relatively few points. In view 
of the observed slow monotonic decrease in the defor- 
mation profile, such an estimate is expected to yield 
reasonable results for an adequate number of specu- 
lar reflectors (probably ~ 3-4) distributed relatively 

uniformly throughout the fetal lung. The problems 
posed by amplitude variation in real data are dealt 
with in a subsequent section. 

MATERIALS AND METHODS 

All examinations were performed with informed 
consent of the mothers, under protocols approved by 
the institutional review board. The study group con- 
sisted of pregnant volunteers and patients undergoing 
routine obstetrical ultrasound examination. Gesta- 
tional age estimates were based on conventional 
growth parameters (biparietal diameter, femur 
length, abdominal circumference), accurately known 
menstrual history and prior ultrasound measure- 
ments when available. All patients examined had no 
known predisposing factors which would unfavorably 
affect fetal well-being (e.g.,  hypertension, smoking, 
diabetes melitus, etc.). Two gestational subgroups 
were selected which are expected to fairly reliably 
separate the pulmonary immature (25-30 weeks) and 
pulmonary mature fetuses (>_35 weeks). Fetal out- 
come data was available in 13/21 patients who deliv- 
ered at term with no significant fetal abnormality in 
the immediate post-natal period. 

Images were obtained using 3.5 and 5 MHz vari- 
able focused phased array scanners in either sector or 
linear mode (General Electric 3600, Radius, Milwau- 
kee, WI) and in either combined B/M-mode or M- 
mode display. The anatomic plane of imaging, as de- 
scribed by Adler et al. (1989), is transverse through 
the fetal thorax with radial lines of data taken through 
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Fig. 2. Correlation coefficient obtained from simulated systolic and diastolic gray-scale data. (a) Correlation data 
for two specular peaks undergoing equal translation. Notice that the primary peak occurring at about 19 pixels 
corresponds to the net epicardial excursion in going from systole to diastole in Fig. 1. (b) Correlation data for two 
specular peaks undergoing mild differential translation (5 pixels). The primary peak is slightly broadened and 
shifted toward the origin. (c) Correlation data for two specular peaks undergoes a 10-pixel differential motion 
(Fig. 1). The primary peak complex forms a couplet separated by 10 pixels. (d) Correlation data for three specular 
reflectors in which two "parenchymal" peaks translate equivalent amounts. The corresponding gray-scale distri- 
bution (not shown) is arrived at by placing a third peak in Fig. la at ~75 pixel location. In the resulting diastole, 
each of the parenchymal peaks is shifted by an amount 10 pixels less than the epicardium. The primary peak is 
then a couplet in which the proximal component is a factor of two greater in amplitude, than the distal 

component. 

the left ventricle and perpendicular to the interven- 
tricular septum (Fig. 3). At this level the adjacent lung 
deformation by fetal cardiac motion is maximal. M- 
mode images were then digitized to 512 X 512 matrix 
using a VICOM 1850 digital image processing system 
(VICOM Systems Inc., San Jose, CA) with approxi- 
mately 7-bit dynamic range in the analog to digital 
conversion. 

Only images that displayed well-defined motion 
of individual specular reflectors distributed through- 
out the fetal lung and over several systolic/diastolic 
couplets were selected to digitize. Since this latter 
feature was not a requirement in acquiring images, 
no attempt is made to estimate our success in obtain- 
ing such data. 

A rectangular Region of Interest (ROI) extend- 
ing from the epicardium up to, but not including, the 
fetal chest wall was interactively selected. Radial lines 
of data corresponding to extremal positions of the 
epicardium and a horizontal line to denote approxi- 
mate range of epicardial motion were chosen from 
data within the ROI (Fig. 4). The fetal chest wall is 
recognized as a fixed bright specular peak easily iden- 
tified in the M-mode image. 

Digital image processing was performed utilizing 
a VAX 11/750 (Digital Equipment  Corporat ion,  
Maynard, MA) and Mercury array processor (Mer- 
cury Computer Systems, Lowell, MA). The VICOM 
1850 was interfaced with the VAX. Time averaging 
of  systolic/diastolic couplets over multiple cardiac 
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Fig. 3. Transverse image through the fetal thorax obtained in sector mode at the anatomic level used for M-mode 
acquisition. Radial lines of data, roughly perpendicular to the interventricular septum, are obtained including 

fetal epicardium (E) extending to fetal chest wall (CW). L denotes fetal lung. 

cycles within the ROI and subsequent subtraction of  
mean  gray-scale intensity enables approximate  re- 
m o v a l  o f  the effects o f  r a n d o m  scat terers  ( i . e . ,  

speckle). The resulting gray-scale distr ibution ob- 
tained from a 37-week gestation is illustrated in Fig. 
5. Multiple, well-defined peaks occur at the mean 

Fig. 4. M-mode record from a 37-week gestation with superimposed region-of-interest (ROI) used for M-mode 
analysis. Ventricular wall motion (open arrow) is seen as a distinct broad specular reflector surrounded on either 
side by fluid with adjacent fetal lung undergoing deformation. Well-defined specular reflectors (straight solid 
arrow) undergoing motion are distributed relatively uniformly throughout the fetal lung. A prominent fixed 
bright echo (curved solid arrow) immediately adjacent to fetal lung denotes fetal chest wall. The ROI includes the 
ventricular/epicardial peak, which demonstrates the greatest differential motion, and adjacent lung up to, but not 
including, the chest wall. Radial lines of data from 3 diastolic/systolic couplets were interactively selected. The 
horizontal line approximately separates transmitted lung data from ventricular wall/lung surface motion. This 
partition is utilized to obtain scaling coefficients for subsequent correlation analysis. The epicardial/chest wall 

distance in this example is ~ 2  cm with an epicardial excursion of ~ 4  mm in going from systole to diastole. 
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locations of specular reflectors in the M-mode image. 
In as much as the final estimate of lung deformation 
is expressed as a ratio, the abscissa is expressed in 
terms of arbitrary units (pixels). 

Epicardial/chest wall distances of ~ 2  cm with 
maximum epicardial excursions of ~4 -5  mm are 
typical. Displacements ~ m m  are easily resolved 
using this technique. ROI's were somewhat variable 
with lines of data represented by ~75-100 pixels 
corresponding to conversion factors of ~0.2-0.27 
mm/pixel. 

Motion analysis requires specular reflectors both 
proximally and distally in fetal lung, relative to the 
epicardium. We, therefore, require the presence of at 
least one peak at greater than 50% of the epicardial- 
chest wall distance. The epicardial reflector provides 
an estimate of immediately adjacent lung tissue mo- 
tion. Gray-scale peaks were defined as those positive 
deflections whose subtracted gray value is greater 
than or equal to zero. This choice appears to corre- 
spond well with the location of specular reflectors in 
the corresponding M-mode image. 

Application of eqn (2) to estimate mean lung 
deformation requires that specular peaks be of com- 
parable amplitude. However, as is evident in Fig. 5, 
the epicardial peak is generally larger than the re- 
maining specular peaks, in several cases by as much 
as a factor of 2. To partially compensate for this dis- 
crepancy, a simple scaling procedure is introduced 
whereby the mean power spectral density due to 
peaks distal to the horizontal line in the ROI is scaled 
to be equivalent to the epicardial contribution. Cor- 
relation analysis of resulting rescaled diastolic and 
systolic data was then performed for individual M- 

mode records satisfying the above criteria. Mean lung 
deformation was calculated from the resulting cross- 
correlation data employing eqns (A4-5). Epicardial 
excursion was estimated either directly from the raw 
data or by performing cross-correlation of epicardial 
data (points proximal to the horizontal bar in the 
ROI) and observing the location of the primary cor- 
relation peak. 

RESULTS AND DISCUSSION 

Birnholz and Farrell (1985) regard mature lung 
as easily deformed by adjacent cardiac motion, 
whereas immature lung, being less compliant, tends 
to move en bloc. They have applied a dynamic scor- 
ing system to evaluate tissue motion during real-time 
examination to distinguish "compliant, stiff and in- 
termediate" patterns of lung motion. Let us consider 
their results assuming stiff and intermediate patterns 
correspond to immaturity, while a compliant pattern 
corresponds to maturity. Based on outcome data in 
54 fetuses scanned within 36 h of delivery, the sensi- 
tivity and specificity for predicting lung immaturity 
derived from their data are 100% and 84%, respec- 
tively. Data for 60 fetuses < 29 weeks (immature) and 
51 fetuses >_ 37 weeks (mature) EGA suggest sensitiv- 
ity and specificity of 87% and 80%, respectively. 

This qualitative analysis suggests the potential 
utility of assessing transmitted cardiac motion in fetal 
lung as an indicator of pulmonary maturity. The abil- 
ity to successfully apply such an observation to evalu- 
ate changes in lung elasticity with increasing gesta- 
tional age requires a quantitative measure which ide- 
ally would be easily determined at the time of 
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obstetrical ultrasound. M-mode analysis, as indicated 
by our simulation results and the clinical example 
presented herein, does in fact, display such transmit- 
ted mot ion in a quantifiable fashion• Our results, 
however, are not so optimistic as previous qualitative 
analysis would indicate. 

Simulations presented in the case of two and 
three specular reflectors indicate that the effect of 
lung motion is either to shift and broaden the pri- 
mary correlation peak or to cause splitting of the pri- 
mary peak. Both location and amplitude information 
of  individual components are used to estimate mean 
parenchymal deformation (eqn 2). The cross-correla- 
tion coefficient for the same 37-week gestation pre- 
sented in Figs. 4-5 is illustrated in Fig. 6. The epicar- 
dial displacement,  est imated from the raw data, 
occurs at approximately 19 pixels. The estimated 
mean parenchymal deformation per unit epicardial 
displacement (r)  for this example is ~0.63.  

Evaluation of  the remaining patient data which 
satisfy the requirement for digital analysis results in a 
scatter plot for the two gestational subgroups consid- 
ered herein (Fig. 7). This particular division separates 
a group, c o m m o n l y  an at-risk group for Hyaline 
membrane  disease, following premature delivery, 
from that pregnancy group which is typically consid- 
ered to be at or near term. 

If we further consider the set of points within 
each subgroup as constituting independent measure- 
ments for two presumed states of fetal pulmonary 
maturity, we obtain mean ratios as follows: 

(r)l = 0.79 + O. 11 (sem), 

(r),, = 0.62 + O. 13 (sem), 
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subgroups (25-30 weeks, >_35 weeks) considered herein. A 
trend towards smaller values of (r), corresponding to 
greater lung deformation, is apparent with increasing gesta- 

tional age. 

where I (11 patients, 23 M-modes) and II (10 patients, 
18 M-modes) refer to early (25-30 weeks) and late 
(>_35 weeks) gestational ages, respectively. Alterna- 
tively, comparison of  the mean radial deformation 
ratios, r, in which the mean ratios for individual pa- 
tients are first calculated, and compared to remaining 
patient data results in 

r~ = 0.76 _+ O. 11 (sem), 

rll = 0.62 + O. 1 (sem), 

with associated mean standard deviations, a, for indi- 
vidual patients given by 

ax = 0.1, 

~. = 0.08, 

which is comparable to the variation between pa- 
tients. In either situation, utilizing Student's t-distri- 
bution, or nonparametric tests of significance, these 
values do not definitively differentiate functionally 
mature and immature lung (p > .05) (Colton 1974). 
These results do, however, indicate a trend suggesting 
the validity of  Birnholz and Farrell's (1985) observa- 
tions. 

The data presented suggest that differences in 
lung elasticity m a y  separate the pulmonary mature 
and immature fetuses indicating the necessity to fur- 
ther refine tissue motion analysis techniques, thereby 
improving estimates of  the deformation ratio (r) .  
Further clinical validation would require larger popu- 
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lations and/or longitudinal studies of individual pa- 
tients with attention to technique in obtaining appro- 
priate images for digital analysis. 

No attempt has been made to adjust the data for 
variation in fetal cardiac rate. As indicated by Adler 
et al. (1989), the estimated degree of lung motion 
should vary with the rate of surface deformation (e.g., 
heart rate), although such effects are expected to be 

5-10%, probably comparable to measurement 
error. The effect of varying rates of deformation will 
be investigated for an in-vitro model of tissue com- 
pression in a future work. 

Sampling of individual specular reflectors within 
a given M-mode image provides a relatively sparse 
data set to estimate tissue motion, although, as indi- 
cated earlier, this may be sufficient in the present case 
for which the deformation profile appears to be a 
slowly varying function. Increasing the number of 
measurements for a given patient should improve the 
estimated mean deformation ratio, (r),  assuming 
that fetal lung is indeed isotropic. A potential tech- 
nique to improve upon current limitations presented 
by sparse data is to take full advantage of the three- 
dimensional data set by observing correlated motion 
in two and/or three dimensions. Furthermore, finer 
sampling achievable by observing patterns of speckle 
motion rather than specular reflectors may ultimately 
provide the best estimate of local tissue deformation 
(Meunier etal. 1988). 

SUMMARY 

Correlation techniques have been applied to M- 
mode data in order to quantitate local fetal lung de- 
formation by adjacent cardiac activity. In particular, 
cross-correlation of the relative gray-scale data ob- 
tained from digitized M-mode scans averaged over 
multiple cardiac cycles taken with eqn (2) provides an 
estimate of the spatially averaged radial deformation 
of fetal lung in going from systole to diastole. Time 
averaging approximately removes effects of random 
scatterers so that only specular reflectors are consid- 
ered. Amplitude variation in the specular peaks is 
accounted for on the average by virtue of scaling pa- 
renchymal data prior to performance of cross-corre- 
lation. No additional signal processing has been ap- 
plied to the data. Observation of both location and 
amplitude of the primary peak multiplets in the cor- 
relation coefficient then allows estimation of the 
mean radial deformation per unit epicardial displace- 
ment, (r), provided that well-defined specular reflec- 
tors are distributed throughout the lung. 

Quantitative results in a limited population indi- 
cate that a relationship between fetal lung elasticity 
and pulmonary maturity probably exists, although 

lung elasticity may not be sufficiently sensitive to dis- 
tinguish the pulmonary mature and immature fetus. 
Alternatively, definitive clinical trials will require a 
large patient population and/or longitudinal studies 
of individual patients. Direct measurement of lung 
deformation as a function of alveolar surface tension 
in an appropriate animal model would establish the 
absolute validity of such a relationship. Further re- 
finement in tissue motion quantification as well as 
better utilization of available gray-scale data should 
improve estimates of local tissue deformation. 
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APPENDIX 

Suppose that the time averaged relative gray-scale intensity 
along a given M-mode line consists of  N specular reflectors distrib- 
uted between epicardium and fetal chest wall. We further assume 
that peaks are maintained in going from systole to diastole. Let A~ 
denote the shift of  the ith peak, with i = 1 corresponding to the 
epicardial reflector. Iffi(x) denotes the relative gray-scale intensity 
of  the ith peak, then 

N 

f ( x )  = E l ( x )  
i=l 

N 

fa(x) = E f ( x  - Ai) 

(A1) 

wheref~ andJ~ represent combined relative gray-scale distributions 
over the entire M-mode line in systole and diastole, respectively. 
Define the cross-correlation function 

~sd(Y) = f ~;(x)fa(x + y)dx, (A2) 

in which the integration is performed over the epicardial/chest wall 
distance and assume that cross terms may be neglected, then 

N 

¢bsd(Y ) ..~ ~ dPi(y -- A t )  ( A 3 a )  
i=l 

with 

• ,l y) = f f ( x ) f ( x  + y)dx. (A3b) 

Based on empirical observation, the set {At} are ordered such 
that A~ >_ A2 >- • • • >- AN. ~sa(Y) will then display correlation peaks 

at y = {Aj, A2 . . . . .  AN}. l f the  width of¢~ is sufficiently narrow, an 
individual peak is resolved at y = At. If, on the other hand, several 
peaks are closely situated, a single broad peak will be apparent. Let 
Aj designate the location of  the j t h  resolvable correlation peak 
consisting o fN j  contr ibut ionsj  = 1, 2 . . . . .  Ne, Ne <- N. I fA is the 
true mean deformation, then 

Np 
A ..~ ~ (Nj/N) ~j. (A4) 

j= I 

Note that individual reflected waves vary in location along 
M-mode line and amplitude, but are otherwise morphologically 
similar. Peak amplitudes will vary due to attenuation effects, vary- 
ing orientations of  specular reflectors relative to the line of  sight of  
the transducer, etc. Suppose that these amplitudes are randomly 
distributed and assume that the mean total power per peak ~0 is 
constant. The amplitude of  the j t h  correlation peak will then be 
proportional to Nj. Let the latter be denoted by cI, j, then 

Ne 

Ni /N  .~ ~ j / E  ~k. (A5) 
k=l 

The effect of  cross-terms in eqn (A2) largely consists of  peaks 
which occur at y >_ At, although peaks whose mean separation is 
less than At, for some i, will contribute to the estimate of  A. Empiri- 
cally, this does not appear to be a frequent occurrence. 

Let Ae denote the epicardial excursion, as estimated from 
either raw or correlation data, then the mean deformation per unit 
epicardial excursion is given by 

NI, Np 
(r)  = A/AE .~ ~ ~ j A j / Z  cbjAe. (A6) 

)=t j= l  


