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Abstraet--Osteoarthritis (OA) is a common disease which affects nearly 50% of people over age 60. Histologic 
evaluation suggests that fibrillations ~20-150 ttm. are among the earliest changes in the articular cartilage. We 
propose a technique to quantify these surface fibrillatory changes in osteoarthritie articular cartilage by consider- 
ing the angular distribution of the envelope-detected backscattered pressure feld from an incident 30-MHz 
focused transducer. The angular distribution of the scattered acoustic field from an insonifyiag source will directly 
relate to the distribution of surface fibrillatory changes. Data are presented for three different grades (400, 500 
and 600 grit) of commercially available emory paper and three samples of osteoarthritic femoral head articular 
cartilage, which were visually assessed as having smooth, intermediate and rough surfaces, respectively. Our 
preliminary results indicate a probable monotonic relationship between articular cartilage roughening and the 
degree of broadening in the angle-dependent pressure amplitude. When applied to the emory paper, the technique 
indicates sensitivity to differences as small as ~5-10 ~tm in mean roughness. This procedure may provide an 
extremely sensitive and reproducible means of quantifying and following the cartilage changes observed in early 
osteoarthritis. 
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INTRODUCTION 

Osteoarthritis (OA) is a very common disease and the 
early morphologic and biochemical changes in the ar- 
ticular cartilage are well known. However, the initiat- 
ing factors and exact sequence of events involving the 
subchondral bone and synovium remains conjectural 
(Mankin and Lippiello 1970; Minns et al. 1977; 
Bland and Cooper 1984). At present, treatment is lim- 
ited to relatively advanced disease in part because of 
the inability to detect and monitor OA in its early 
presymptomatic stages. The development of a nonin- 
vasive technique to identify and follow early OA has 
important implications for assessing therapeutic regi- 
mens advocated for the treatment of the arthritis and 

Address correspondence to: Ronald S. Adler, M.D., Ph.D., 
University of Michigan Medical Center, Dept. of Radiology, 1500 
E. Medical Center Drive, Ann Arbor, MI 48109/0030. 

Portions of this research supported in part by NIH Grant #'s 
K11-AR01793 and 5P60-20557. 

the prevention of disability (Paulus 1989; Bran& 
1990). 

Histologic evaluation (Minns et al. 1977; Bland 
and Cooper 1984) suggests that fibrillations --~20-150 
um in height are among the earliest changes in the 
articular cartilage. These distance scales are particu- 
larly conducive to quantification by relatively high- 
frequency acoustic scattering (10-30 MHz), which is 
within the range of commercially available trans- 
ducers. In particular, the angular distribution of scat- 
tered acoustic radiation from some insonifying source 
will directly relate to variations in surface height, or 
roughness, resulting from the distribution of surface 
fibrillatory changes. In the simplest case, in which the 
surface fibrillations are sufficiently small relative to 
the acoustic wavelength, the angular scattering is a 
direct measure of surface root-mean-square (RMS) 
roughness (Thorne and Pace 1984). Similar surface 
phenomena have been extensively investigated within 
the nondestructive testing and laser speckle literature 
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Fig. 1. (a) Photograph of scan apparatus used for ultrasound data acquisition (see description in text). (b) scan 
geometry. The interrogation angle fl of the transducer T is determined by the degree of rotation about the y-axis. 
denotes the azimuthal orientation of the sample, S. (c) Block schematic of ultrasonic instrumentation (SRL) for 

RF data acquisition, digitization and storage (see text). 

(Quentin et al. 1975; De Billy et al. 1976; Thorne and 
Pace 1984; Goodman 1985). 

We propose a technique to quantify surface fi- 
brillatory changes in osteoarthritic articular cartilage 
which considers the angular distribution of  the enve- 

lope detected backscattered pressure field from an in- 
cident 30-MHz focused transducer. The measured 
acoustic field reflects the degree of  surface roughening 
by the departure of  the angular distribution from that 
expected from a specular reflector (i.e., perfectly 
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Fig. 2. Plot of In RF amplitude data taken from 600 grit size emory paper as a function of polar angle fl for three 
different azimuthal orientations (0 °, 90 °, 135°). Quadratic regression curves are illustrated along with weighted 
angular SD. The latter are obtained from the coefficient of x 2 with weights determined by the R 2 for each fit. 

Ref = 0 °. 

smooth surface). Data are presented for three differ- 
ent grades (400, 500 and 600 grit) of commercially 
available emory paper and three samples of OA in- 
volved femoral head articular cartilage, which were 
visually assessed as having smooth, intermediate and 
rough surfaces, respectively. Our preliminary results 
indicate a probable monotonic relationship between 
articular cartilage roughening and the measured 
acoustic angular dispersion. Furthermore, the tech- 
nique may allow one to detect differences in mean 
roughness as small as ~ 5-10 #m, and if duplicated in 
vivo provide an extremely sensitive and reproducible 
means of quantifying and following the cartilage 
changes observed in early osteoarthritis. 

METHODS AND MATERIALS 

A photograph of the scan apparatus, simplified 
schematic of the scan geometry and block diagram of 
the ultrasonic instrumentation are depicted in Fig. 1. 
The transducer and sample are denoted by T and S, 
respectively. The sample is placed onto a circular plat- 
form which may be positioned vertically and with re- 
spect to the azimuthal coordinate ~b. A 30-MHz, l- 
mm active diameter ultrasonic transducer (Ultran 
Laboratories Inc., State College, PA) focused at 3 mm 

(Meyer et al. 1988a,b) is positioned within a 2.5-mm 
diameter hole in the distal position of an aluminum 
C-arm, Fig. lb, the proximal portion of which is rig- 
idly fixed to an electronically calibrated, manually 
operated rotor. The latter defines the axis of rotation 
of the transducer (y-axis). The transducer is further 
positioned into a normal saline bath which surrounds 
the sample to a level several millimeters above the 
sample surface, corresponding to the focal zone of the 
transducer. The scan angle f~ is determined by the 
angular position of the C-arm. In order to avoid dif- 
ferential attenuation and variable transducer effects, 
the interrogated surface is placed at the approximate 
center of rotation. 

T a b l e  1, A n g u l a r  d i s t r i b u t i o n  d a t a  f r o m  e m o r y  pape r .  

SD 
Grit  sizet Median particle size (degrees)~ 

600 14.5 ~tm 4.15 
500 18.2 ~m 4.77 
400 22.1 ~m 5.59 

t Increasing grade refers to smaller mean  grit size. 
J; Calculated angular  s tandard deviation assuming  Gaussian an- 

gular distribution with weighted average performed over three dif- 
ferent azimuthal  orientations. 
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Fig. 3. Plots o f  In RF  ampl i tude  data taken from the visually graded articular cartilage samples as a funct ion of  
polar angle f~ for three different az imuthal  or ienta t ions  (0 °, 30 °, 60°). Quadrat ic  regression curves are illustrated 
along with weighted angular SD: (a) smooth ,  (b) intermediate ,  (c) rough. The progressive broadening o f  these 
curves with increasing roughness is evident.  Re f  = 0 °. No definable Gaussian fit is obtained in the rough sample 

for which individual nicks are resolved at 30 MHz.  
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The 30-MHz transducer has a -6-dB bandwidth 
of 12 MHz with axial and lateral resolution of  100 and 
150 #m at the focus, respectively. The supporting ul- 
trasonic instrumentation (Systems Research Labora- 
tories, Inc., Dayton, OH), Fig. l c, is employed as a 
pulser, linear amplifier, digitizer, B-mode display and 
data storage system. The pulse width of the pulser is 
optimized for the center frequency of the transducer. 
The receiver has a fiat frequency response up to 30 
MHz. The 8-bit digitizer operates at a sampling fre- 
quency of 50 MHz. Since the folding frequency for 
this system is 25 MHz, radio frequency (RF) signal 
components at 30 MHz are aliased down to 20 MHz. 
Estimated angular resolution (A~2) is ~0.75 °. The 
look angle is sensed by an optical encoder mounted 
on the transducer subsystem. The acquired RF is ad- 
ditionally stored on 3.5-in floppy disks for future refer- 
ence (Meyer et al. 1988a,b). 

Three different grades (400, 500 and 600 grit) of 
commercially available emory paper (3M Company, 
Tri-Mite, Minneapolis, MN) were first examined. 
While considerable overlap in grit size does occur in 
each of these, the distribution of  particle size results in 
a smaller mean value with increasing grade. The 
corresponding grit size ranges of  the study samples 
were 10.5-40.0, 8.0-34.6 and approximately 5.0- 
32.0 um with associated median sizes of 22.1, 18.2 

and 14.5 um, respectively (Grinding Wheel Institute, 
1977). For the second set of observations, human car- 
tilage samples from the femoral head articular surface 
were obtained from patients with OA undergoing hip 
replacement. On gross examination of the cartilage 
surface, these were divided into three categories: 
smooth, intermediate and rough. Samples of each 
were first sectioned into approximately 1-cm 3 rectan- 
gular plugs containing portions of  the subchondral 
bone. Each plug was oriented with the cartilage sur- 
face toward the transducer. The free bone surface was 
affixed to a cylindrical cap (Fig. l a) which was subse- 
quently filled with normal saline covering both the 
specimen and active surface of  the transducer. Follow- 
ing ultrasound data acquisition, histologic prepara- 
tions of the cartilage specimens were obtained after 
standard paraffin embedding, sectioning and staining 
with hematoxylin and eosin as well as Safranin O. 
Light microscopic images of the cartilage surfaces 
magnified 10× were then digitized using a video cam- 
era linked to a VICOM 1850 image processing system 
(VICOM Systems Inc., San Jose, CA) to a 512 × 512 
matrix with approximately 8 bit dynamic range. A 
series of morphologic operations were then applied to 
the resulting digitized image of  the chondral surface in 
order to establish quantitative estimates of the extent 
of the fibrillatory changes. Distance calibration was 
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accomplished by obtaining a digitized image of the 
intermediate roughness sample along with a transpar- 
ent l-cm graticule containing millimeter divisions 
under otherwise identical conditions to those applied 
to the initially digitized cartilage histologic samples. 
The distances (in pixels) between common fiducial 
points on the cartilage surface of the two digitized in- 
termediate roughness images (i.e., with and without 
the graticule) were used to verify this equivalence. 

The digitized images were first visually thresh- 
olded producing a binary image depicting the carti- 
lage contour. This was followed by interior pixel fill, 
logical shift and interior pixel remove operations re- 
suiting in a one-pixel thick estimate of the cartilage 
boundary which was subsequently superimposed on 
the initial digitized image to confirm accuracy of the 
approximated margin. A series of morphological 
operations (Serra 1986; Sternberg 1986; Zhuang and 
Haralick 1986) including fattening (32 iterations), 
hulling (40 iterations) and thinning (64 iterations) 
were then applied to this "rough" edge estimate, re- 
spectively, to obtain the low spatial frequency surface 
trend. The first two of these resulted in a gross surface 
trend with removal of high spatial frequency cusps by 
virtue of the hulling operation. Thinning applied to 
this gross surface trend produced a one-pixel thick 
skeleton curve from which the histologic mean sur- 
face roughness could be derived (see below). 

RESULTS 
Data from scans performed on emory paper and 

representative cartilage specimens from each category 
were displayed as plots of In RF amplitude as a func- 
tion of polar angle fl, for three different azimuthal 
orientations. The data were fit to Gaussian distribu- 
tions (or equivalently, quadratic fits to log-data). The 
standard deviation (SD) of each generated curve gives 
a measure of angular distribution. A weighted average 
of individual values of the quadratic coefficient was 
obtained with weights determined by R 2 values for 
each fit from which the weighted SD is obtained. A 
typical set of In RF amplitude data for the 600 grade 
emory paper is given in Fig. 2. The R 2 for these data 
range from approximately .9 to .98, indicating the va- 
lidity of the Gaussian fit in this angular range. Similar 
results are present with the remaining emory paper 
samples. The results of the emory paper scans are pre- 
sented in Table 1, indicating grade, median particle 
size and mean standard deviation. A trend toward 
larger SD values with increasing grit size is demon- 
strated. 

Angular data for the three different cartilage spec- 
imens are presented in Fig. 3 and summarized in Ta- 
ble 2. Parabolic fits to the In RF data were poor (R 2 
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Table 2. Angular distribution data from cartilage samples. 

SD 
Visual grade Mean roughnesst (degrees)~t 

Smooth 7.9 #m 3.3 
Intermediate 29.1 §um 7.8 
Rough 49.1 #m **** 

t Based on boundary estimates from digitized histologic images. 
Calculated angular standard deviation assuming Gaussian an- 

gular distribution with weighted average performed over three dif- 
ferent azimuthal orientations. 

* No definable Gaussian angular distribution. Individual nicks 
resolved at 30 MHz. 

§ Arithmetic average of two separate determinations (see text). 

= 0.44-0.79) in the "rough" case in which individual 
nicks are resolved in the reconstructed B-mode 
images. The resulting fit in this latter situation is close 
to being fiat or slightly concave. This result is not sur- 
prising since at 30-MHz individual nicks are compara- 
ble in size to the acoustic wavelength. The SD values 
between smooth and intermediate articular cartilage 
samples differ by approximately a factor of two. In 
Table 2, the scan data are compared to absolute mean 
roughness based on the digitized cartilage images. The 
calculated area between approximated and smoothed 
(low spatial frequency) cartilage surfaces normalized 
to the smoothed surface arc length provides a mean 
roughness modulus estimate. Two separate determi- 
nations were obtained in the case of the intermediate 
roughness sample to crudely evaluate reproducibility 
which differed by approximately 1 #m (28.6, 29.7 
#m). Examples of the estimated cartilage boundaries, 
low spatial frequency surface trends and correspond- 
ing histologic images are presented in Fig. 4. The 
rough edge estimates appear as black boundaries on 
the composite images formed with their associated 
cartilage histology. 

DISCUSSION 

Our preliminary work demonstrates that acous- 
tic scattering is well suited to investigate surface 
roughness which are secondary to cartilage surface fi- 
brillations occurring in OA. Areas of cartilage that 
differ in mean surface roughness by 20-30 #m are 
easily distinguished at 30 MHz. Concommitant 
changes in the cartilage itself include alterations of the 
collagen matrix, which may significantly affect the in- 
ternal acoustic properties of the cartilage, changes in 
the state of hydration and diminished proteoglycan 
content (Mankin and Lippiello 1970; Minns et al. 
1977; Bland and Cooper 1984). Changes in the sur- 
face impedance expected to occur with alterations in 
the cartilage matrix, would more likely affect the mag- 
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(a) (b) (c) 

Fig. 4. Composite images of cartilage histology, estimated boundaries based on thresholding of VICOM image, 
and the low spatial frequency surface trend obtained from fattening, hulling and thinning operations for smooth 
(a), intermediate (b), and rough (c) articular cartilage samples. In each composite figure the top image depicts the 
VICOM image of the digitized histologic slide alone. The middle images contains a superimposition of the 
histology and estimated histologic boundary (black). The bottom image is a superimposition of the estimated 
histologic boundary and the low spatial frequency surface trend form which the absolute mean roughness may be 

calculated. 

nitude of the backscattered pressure amplitude rather 
than the angular distribution. It is interesting to note 
that the concentration of collagen as well as the organi- 
zation of the collagen matrix have the most significant 
effect on the acoustic attenuation and speed-of-sound 
measurements relative to the remaining constituents 
in the transmission experiments performed at 100 
MHz by Agemura et al. (1990). A large sample of 
cartilage specimens in which both the angle-depen- 

dent acoustic backscatter and biochemical composi- 
tion have been determined would be required to fully 
investigate the effects of scattering due to local imped- 
ance changes. 

The averaging performed over multiple azi- 
muthal directions enables several realizations of scat- 
tering from the same surface, but presupposes that 
there is symmetry about the axis of rotation. If indeed 
there is a preferred direction for fibrillations to occur, 
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the mean  surface roughness may  display local aniso- 
tropy. Acoustic scattering off o f  roughened surfaces 
has been the subject o f  extensive investigation in the 
nondestructive testing and laser speckle literature 
(Quentin et al. 1975; De Billy et al. 1976; Thorne  and 
Pace 1984; G o o d m a n  1985), which in the simplest 
case relates the angular distribution of  scattering to 
the RMS roughness. In a more  realistic approxima-  
tion (Goodman  1985), the angular distribution di- 
rectly relates to the pair  correlation function of  the 
local height distribution h(u, v), 

• (x, y) = (h(u + x, v + y)h(u, v))  - ( h )  

in which (x, y) and (u, v) denote surface points, and 
( ) indicates ensemble average over the distribution 
of  the stochastic variable h(u, v), taken to be station- 
ary r andom process. The presence of  localized angu- 
lar correlations could then, in principal, be inferred. 

The paucity of  data do not  permit  an extended 
analysis but  they do support  the following two conclu- 
sions. First, the emory  paper  experiment  demon-  
strates the ability of  the current  technique combined  
with a 30-MHz transducer to discriminate between 
surfaces coated by particles whose size distributions 
differ by about  5 -10  #m.  Equally important ,  this dis- 
cr imination occurs in the lower end of  the predicted 
size range o f  the surface fibrillations previously de- 
scribed in osteoarthritic h u m a n  cartilage. And sec- 
ond, the initial observations on cartilage establish that  
a qualitative correlation exists between the backscat- 
ter ampli tude plots and the degree of  surface fibrilla- 
tion at gross intervals f rom normal  to extremely ab- 

normal.  These results together suggest that  this tech- 
nique may  provide a sensitive means  of  quantifying 

and following the cartilage surface changes observed 
in osteoarthritis. 
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