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Abstract--The planar fibrous connective tissues of the body are 
composed of a dense extracellular network of collagen and elas- 
tin fibers embedded in a ground matrix, and thus can be thought 
of as biocomposites. Thus, the quantification of fiber architecture 
is an important step in developing an understanding of the me- 
chanics of planar tissues in health and disease. We have used 
small angle light scattering (SALS) to map the gross fiber ori- 
entation of several soft membrane connective tissues. However, 
the device and analysis methods used in these studies required 
extensive manual intervention and were unsuitable for large- 
scale fiber architectural mapping studies. We have developed an 
improved SALS device that allows for rapid data acquisition, 
automated high spatial resolution specimen positioning, and new 
analysis methods suitable for large-scale mapping studies. Ex- 
tensive validation experiments revealed that the SALS device 
can accurately measure fiber orientation for up to a tissue thick- 
ness of at least 500 txm to an angular resolution of -1 ~ and a 
spatial resolution of +254 Ixm. To demonstrate the new device's 
capabilities, structural measurements from porcine aortic valve 
leaflets are presented. Results indicate that the new SALS device 
provides an accurate method for rapid quantification of the gross 
fiber structure of planar connective tissues. 

Keywords---Collagen, Fiber architecture, Lasers, Light scatter- 
ing, Optical methods, Heart valves. 

INTRODUCTION 

The planar fibrous connective tissues of the body are 
generally composed of  a dense extracellular network of  
collagen and elastin fibers, embedded in a ground matrix 
consisting of  proteoglycans and water (8). It is well known 
that collagen fibers can withstand high tensile force, but 
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appear to have low torsional and fiexural stiffness (10). 
Thus, directions in which the fibers are oriented can 
be identified with the directions in which the tissue is 
ableto withstand the greatest tensile stresses. Gross fi- 
ber orientation thus leads to an understanding and pre- 
dictability of the mechanical properties of  the tissue. For 
example, the structure of  the aortic heart valve is uniquely 
suited for efficient transmission of mechanical stresses 
with the minimal use of  material. Although available mi- 
croscopic techniques can provide quantitative informa- 
tion on fiber structure (15), this information is by defini- 
tion highly localized, making it difficult to quantify larger 
scale fiber structural features. Thus we need a rapid 
method to map the complete gross fiber structure of planar 
tissues. 

Several methods have been previously used for the 
analysis of the fiber architecture in soft tissues (15). Image 
processing techniques, which use either optical (35) or 
scanning electron microscopic images (4,9,19), have been 
used to provide highly localized information on the size 
and orientation of  fibers. However, these are destructive 
approaches requiring time-consuming tissue preparations 
and are thus not suitable to large-scale mapping studies. 
Small angle X-ray scattering techniques have been used to 
analyze the collagen molecular architecture ( 15,16,25,31 ). 
Scattering patterns are recorded on film, which require 
long exposure times, and the technique suffers from simi- 
lar mapping limitations of  the electron microscopy meth- 

ods. 
In the technique of  small angle light scattering (SALS), 

laser light is passed through a tissue specimen, and the 
spatial intensity distribution of  the resulting scattered 
light represents the sum of all structural information 
within the light beam envelope. HeNe is used because 
its wavelength (~ = 632.8 nm) is within an order of  mag- 
nitude of  the diameter  of  the col lagen and elastin 
fibers, SALS has been used to quantify the fibrous struc- 
ture of  both polymers  (2,23,26,33,34) and collagen 
films (5,22). Kronick and Buechler (17) found close agree- 
ment between the fiber orientation measurements made 
by SALS and X-ray diffraction, indicating that SALS 
was an inexpensive alternative to X-ray diffraction for 
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quantitative measurements of soft tissue fibrous net- 
works. 

Sacks and Chuong (28) expanded the use of SALS to 
the study the diaphragmatic central tendon (DCT), using 
similar methods developed in the analysis of calf dermis 
structural defects (18). By performing SALS tests through- 
out the tissue, a map of the fiber architecture of the DCT 
was generated. Structural data were consistent with the 
direction and degree of mechanical anisotropy (6). We 
have also used SALS to study the relation between fiber 
architecture and biaxial mechanical anisotropy in bovine 
pericardium (29), suggesting that SALS is a successful 
method for mapping the gross fiber structure of tissues 
used in heart valve bioprostheses. 

The previous SALS devices used rotating photodiode 
arrays to digitize the scattered light intensity, as well as 
requiring manual positioning of the specimen (27). Fur- 
thermore, analysis of the SALS data was performed us- 
ing nonlinear curve-fitting methods that required the 
user to generate initial parameter estimates for each test 
location (28). The methods of data acquisition and analy- 
ses are clearly unsuitable for practical applications of 
large fiber structure mapping. With these considerations 
in mind, we have developed an improved SALS device 
that uses high-resolution automated specimen positioning 
and data acquisition for rapid scanning of large areas of 
tissue. New, fully automated analysis methods were also 
developed that eliminated the need for user intervention. 
The results from extensive accuracy, sensitivity, and reso- 
lution studies are presented, as well as structural measure- 
ments from bovine pericardium and porcine aortic valve 
leaflets to demonstrate the new device's mapping capa- 
bilities. 

METHODS 

Hardware Description 

The SALS device consists of an unpolarized 4 mW 
HeNe laser (X = 632. 8 nm; Uniphase, Manteca, CA, 
USA), spatial filter-beam expander, sample positioner, 
projection screen, and a CCD NTSC-compatible auto-iris 
videocamera (Model SSC-M350, Sony, Inc., Tokyo, Ja- 
pan) equipped with a telecentric lens to minimize image 
distortion (Edmund Scientific, Barrington, NJ, USA), all 
mounted on a rigid optical platform (Fig. 1). Since the 
laser has a Gaussian intensity profile, we used the common 
definition of the beam diameter as that diameter of the 
laser beam core that contains all but 1/e 2 (i.e., 13.5%) of 
the total radiant beam power (20). Thus, all beam diam- 
eters reported in this study contain 86.5% of the total beam 
intensity. As the laser light passes through the tissue, it is 
scattered by the fibrous structures, and the resultant scat- 
tering pattern is cast onto the projection screen (Fig. 1). 
The video image of the scattered light is digitized to a 
resolution of 640 x 480 8-bit pixels using a Data Transla- 
tion image grabber board (Model 3851; Marlboro, MA, 
USA) mounted in the 486/33 MHz PC (Fig. 1). The image 
grabber board has sufficient video memory to allow for 
image analysis while the subsequent image is being 
acquired. 

The sample positioner allows for two axes of move- 
ment in a plane perpendicular to the optic axis (Fig. 1). 
Both axes use a precision linear travel system using 16 
threads/inch of lead screws with anti-backlash nuts. Posi- 
tioning of each axis is accomplished by rotating the lead 
screws using two PC-controlled stepper motors (Arrick 
Robotics, Hurst, TX, USA) with 400 steps/rev resolution, 
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FIGURE 1. A schematic of the SALS de- 
vice, which consists of an unpolarized 4 
mW HeNe laser, spatial filter-beam ex- 
pander, sample positioner, projection 
screen, and a CCD videocamera. The 
sample positioner allows for two axes of 
movement in a plane perpendicular to 
the optic axis. All motion control, video 
processing, and data analysis are per- 
formed by custom C++ programs that 
can scan one test location in -1 sec. 
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FIGURE 2. (a) A digitized image of the scattered light inten- 
sity from a porcine aortic valve. The /(d)) versus d~ data is 
extracted from the SALS image along a circle of radius Rcen- 
tered on the optic axis (dot on circle), corresponding to a 
scattering angle 0 = tan-l(R/L), where L is the distance from 
the specimen to the projection screen (Fig. 1). (b) The ex- 
tracted ~ }  versus d~ data, showing the locations of ~p, d~ c, 
and the definition of the distribution skew, ~ = ~p - ~ Be- 
cause light is scattered perpendicular to the fiber axes, all/(d)) 
measurements are automatically shifted by 90 ~ so that / (~ )  
represents the true fiber orientation. 

resulting in a net movement resolution of 4 ixm/step and a 
total travel range of 25 cm along each axis. All motion 
control, video processing, and data analysis are performed 
by custom-written C++ programs (Turbo C++ 3.0, Bor- 
land; Scotts Valley, CA, USA). This system allows for 
video acquisition, initial data analysis (see below), storage 
of the analyzed data to the hard disk, and movement to the 
next test location, all in -1 sec. 

tive slit width is an average of the fiber diameters and the 
spaces between the fibers (see the Appendix). According 
to single-slit diffraction theory, light is scattered in a di- 
rection perpendicular to the fiber axis (13), although there 
will be no observable minima due to the distribution of 
"sl i t"  widths (i.e., fiber diameter and interfiber spaces) in 
the tissue. Each fiber, having an angular orientation qb, 
will thus contribute its scattered light intensity at an an- 
gular orientation of �9 + 90 ~ As long as the fiber diameter 
and interfiber spacing distribution are independent of ~,  
the angular distribution of scattered light at a constant 0 
represents the angular distribution of fibers about the optic 
axis within the light beam envelope (Fig. 2). 

To extract the angular fiber orientation information, 
scattered light intensity values were taken from the digi- 
tized SALS image at 1 ~ increments through the angle qb 
about a circle corresponding to a constant 0 centered on 
the optical axis (Fig. 2a). The extracted intensity distribu- 
tion, I(~), is taken as the average detected intensity using 
a 3 x 3 pixel grid centered on the current pixel location. 
Because light is scattered perpendicular to the fiber axes, 
all I(qb) values are actually acquired at qb + 90 ~ so that 
I(~) represents the tree fiber orientation (Fig. 2a). 

Because the light scattering pattern is symmetric about 
the preferred fiber direction, the I(qb) versus qb distribution 
is repeated twice over the full 360 ~ range (Fig. 2). The two 
intensity minima will demarcate where the axis of sym- 
metry occurs in the scattering pattern, with the data from 
either symmetric segment usable for analysis. From each 

9 0 -  

80 

70 

~"  60- 

~:~ 5 0 -  

v 40 

e ao 

20 

lO 

~  1 ................................... .... 
_ _ _ _ J  ffl I1) 

. . . g  ............. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , .... 

. . . . . .  1 .~ 

< 

-2 
+ i 

0 10 20 ao 40 so 60 7o ao 90 

T i s s u e  o r i e n t a t i o n  ( d e g r e e s )  

Analysis of the Light Scattering Pattern 

Assuming no optical interactions, a fibrous network 
optically behaves like a two-dimensional assembly of 
single slits. In the case of dense fibrous tissues, the effec- 

FIGURE 3. Mean ~c and angular position error versus speci- 
men orientation ~ for a 500 pm bovine tendon section for 
0 �9 _< d~ <_ 90 o. For all orientations, there was close agreement 
between measured and actual (line of identity) d~ values, 
along with angular position errors all below 1 ~ These results 
indicate a -1" angular resolution in d)~. 
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FIGURE 4. I(~) versus ~ data for two 
overlapping 200 pm bovine tendon sec- 
tions rotated 0 ~ 17 ~ 31% 52 ~ 74 =, and 
90", with respect to their preferred direc- 
tions, showing both the experimentally 
measured and synthetically generated 
data. The second specimen's fiber orien- 
tation distribution can be seen to be- 
come increasingly distinct as the angle 
between the two specimens increases. 
Good agreement can be see between the 
experimentally measured and syntheti- 
cally generated data for all values of ~.  

symmetric 180 ~ segment, the preferred fiber directions, 
degree of symmetry of the fiber distribution about the 
preferred direction, and the degree of fiber orientation can 
be determined (17,28). First, we define the preferred di- 
rection as the distribution centroid (~c): 

qbm'"+lSO~ [ E  ((I) -- (I)rnin) I(dP) + I(dP- 1)] 

cbc = r ........ o (1) 

where the summations are computed directly from a 180 ~ 
segment (qbmi . to  (I)rnin + 180  ~ of the SALS data using 
increments of 1 ~ (we arbitrarily choose the segment clos- 
est to 0~ ~c represents the overall preferred direction of 
the fiber network and is computed without the need of any 

distribution model, such as the Gaussian as used in Ref. 
28. If the distribution is symmetrical about the qb c, the 
intensity peak ~p will coincide with qb c (Fig. 2b). Devia- 
tion from the condition of symmetry is defined as the 
distribution skew, qb s = ~p - qb C (Fig. 2b). Note that large 
values of dp~ will generally indicate that the fiber angular 
distribution cannot be considered as a single population, 
implying the existence of multiple layers of fibers with 
substantially different orientations. 

The width of the I (~)  versus dp distribution is indicative 
of the degree of fiber orientation: highly oriented fiber 
networks result in a very narrow peak, while less well- 
oriented fibers yield a broader peak. We have previously 
used the (cos2qb) to compute the degree of orientation 
normalized to a percentile scale (28). However, the 
(cos2~) has no direct physical interpretation and is a non- 
linear function of the distribution width. To develop a 
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FIGURE 5. Comparison of the measured and "'synthetic" 
SALS analysis for (a) OI and (b) ~s using the SALS data of Fig. 
4 showing good agreement between experimental and syn- 
thetic data. These results indicate that the SALS device can 
detect multiple populations to -5  ~ separation in their pre- 
ferred directions. 

physically intuitive orientation index (OI), we used the 
property of the I(dp) versus dp distribution that when nor- 
malized to a total area of unity, it represents a statistical 
probability function of fiber orientation. We define a new 
OI as the angle that contains one-half of the total area 
under the I (~)  versus cb distribution, representing 50% of 
the total number of fibers (Fig. 2b). Thus, highly oriented 
fiber networks will have low OI values, whereas more 
randomly oriented networks will have larger values. Note 
that the OI is computed directly from the I(qb) versus cb 

data without the need of any distribution model. 

SALS Calibration 

Evaluation of the SALS device's capabilities included: 
(i) assessment of the angular and spatial resolutions, (ii) 
sensitivity to the presence of multiple fiber populations, 
(iii) effects of beam diameter, and (iv) effect of tissue 
thickness. To determine angular resolution, two 10 mm 
square sections of bovine tendon (chosen for its uniformity 
in fiber structure, see Ref. 28) 100 and 500 p~m thick, were 
mounted on a rotatable positioning device and tested at 
angular positions ranging from 0 ~ to 90 ~ SALS data were 
acquired over the entire specimen using a I-ram-spaced 
rectilinear grid. 

When two fiber populations exist, the resultant SALS 
data will contain two overlapping populations (28). Sen- 
sitivity to multiple populations was determined using two 

200 Ixm bovine tendon sections placed partially overlap- 
ping each other in the SALS device. One specimen was 
rotated with respect to the other for values of the differ- 
ence in preferred directions, z~qb~ ranging from 0 ~ to 90 ~ 
I(dp) was acquired for each Aqb C value from the overlap- 
ping area of the sections using a 254-p.m-spaced testing 
rectilinear grid. Because we assumed no optical interaction 
between fibers, the resultant scattering pattern of the over- 
lapping sections should be the sum of the two individual 
layers. To test this assumption, we summed the SALS data 
from the individual bovine tendon sections at the same 
AdP C values used in the overlapped sections to generate 
"synthetic" multiple population SALS data. Both the qb s 
and OI were computed from the synthetic datasets and 
compared with the actual overlapping tissue SALS mea- 
surements. The effect of beam diameter on SALS spatial 
resolution was also determined using the same two sec- 
tions, which were scanned using a 254 p~m rectilinear grid 
and 100, 350, and 500 txm beam diameters. 

As tissue thickness increases, multiple scattering ef- 
fects caused by light rescattered by succeeding collagen 
fiber layers also increases, causing potential loss of struc- 
tural information (7,12). It was previously determined us- 
ing bovine tendon, a dense collageneous tissue, that thick- 
nesses up to 400 txm do not detectably effect SALS mea- 
surements (28). To assess more fully the effects of 
bioprosthetic heart valve (BHV) tissue thickness, SALS 
data were acquired from a 19 mm square specimen of 
bovine pericardium using a 2.5 mm increment grid. Next, 
the specimen was frozen and sectioned at 25 txm incre- 
ments using a freezing microtome, with sections mounted 
on a glass slide. SALS data were acquired for each indi- 
vidual section using the same scanning grid, with care 
taken to ensure consistent registration of the SALS test 
locations for all sections. The results of the intact tissue 
and the individual sections could then be compared with 
determined differences in the SALS data between the in- 
dividual sections and the intact, full thickness tissue. 

Maps of the Collagen Fiber Architecture 

To demonstrate the SALS device's capabilitie s to pro- 
vide detailed fiber orientation information, we SALS- 
tested porcine aortic valve leaflets as follows. Fresh por- 
cine aortic valve leaflets were obtained fresh from a 
slaughterhouse, and fixed under a constant transvalvular 
pressure of 0 and 4 mm Hg for 24 hr in buffered 0.625% 
glutaraldehyde solution. The leaflets were then dissected 
from the aorta, cleared for maximal tissue transparency 
using graded glycerol solutions to 100%, and scanned us- 
ing a 254-txm-spaced rectilinear grid. Vector maps indi- 
cating ~c were produced, along with color fringe plots of 
the OI, generated by forming triangular elements whose 
vertices are the test locations and colors represent the av- 
erage OI of the three vertex tests. 
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FIGURE 7. OI and d) v e r s u s  the horizontal distance traversing 
the boundary between the two overlapping 200 pm bovine 
tendon sections used in Fig. 6. Both OI and d) s will have 
greater values in the overlapping area, compared with iso- 
lated tissue. A sharp, distinct transition occurred at the 
boundary between the single and overlapping layers of tissue, 
indicating that the SALS device can distinguish tissue struc- 
tures to a spatial resolution of 250 pm. 

RESULTS 

Angular Spatial Resolution and Sensitivity to 
Multiple Populations 

The relationship between true angular position and 
mean ~c was consistently linear, and demonstrated an 
accuracy o f - 1  ~ (Fig. 3). This accuracy was observed for 
the 100 and 500 p~m thicknesses, indicating that the SALS 
device can accurately distinguish qbr up to at least a 500 
Ixm thickness. When multiple populations occur, the 
gradual separation of the fiber populations becomes 
clearly visible in the intensity distribution curves as A~  c 
increases (Fig. 4). There was also close agreement be- 
tween the experimental and synthetic curves, indicating 
that the I (~)  response is the algebraic sum of the scattered 
light contributions from the individual bovine tendon sec- 
tions (Fig. 4). To determine the sensitivity of the SALS 
parameters (~c, qb, and OI) to multiple populations, the 
parameters were plotted against the angle between the 
populations A~ c (Fig. 5). Both ~ and OI predictably 
increased at larger Aqb values, and showed close agree- 
ment between the synthetic and experimental data over the 
complete range of Aqb (Fig. 5). The values for dp~ com- 
puted from the synthetic data were within _+3 ~ of the actual 
value also over the complete range of 2~qb. These results 
indicate that the SALS device can accurately detect the 
presence of multiple populations when there is at least a 
-5  ~ separation in their preferred directions. 

Effect of Beam Diameter on SALS Spatial Resolution 

As beam diameter is decreased, speckle (i.e., self- 
interference) becomes more prominent, which appears in 
the SALS data as random noise that will reduce accuracy 
(Fig. 6). As the beam diameter increases speckle dimin- 
ishes, and the scattering pattern becomes more regular. 
The best data were obtained with a 1/e 2 beam diameter of 
600 txm (Fig. 6), which was used on all tissues in this 
study. 

However, increasing beam diameter will reduce spatial 
resolution by averaging SALS results over larger tissue 
areas. To determine the spatial resolution of a 600 txm 
beam, changes in qb s and OI along the horizontal distance 
transversing the boundary between the two overlapping 
200 txm bovine tendon sections were examined (Fig. 7). 
Both parameters will have lower values (smaller skew/ 
higher degree of orientation) in the single layer area, and 
a greater value (larger skew/higher degree of orientation) 
in the overlapping tissue area. A sharp, distinct transition 
occurred at the boundary between the single and overlap- 
ping layers of tissue for both parameters (Fig. 7), indicat- 
ing that the SALS device can distinguish tissue structures 
to an effective spatial resolution of +254 p.m with a 600 
txm 1/e 2 beam diameter. 

Tissue Thickness Effects Using Bovine Pericardium 

SALS results indicated that the overall fiber orientation 
of the bovine pericardial section changed gradually from 
the outer (epipericardial) to the inner (visceral) surfaces 
(Fig. 8a-c). This can be seen to occur at single test loca- 
tion, where the I (~)  intensity distribution can be seen to 
change with thickness (Fig. 8a-c). Because we are assum- 
ing no optical interactions between the light scattered from 
each fiber, the total light scattering pattern should be the 
algebraic sum of the contributions from each individual 
fiber layer. To verify this assumption, the SALS data from 
two locations near the center of each 25 txm section was 
averaged and compared with the SALS data for sections 
obtained before sectioning at the same location (Fig. 8d). 
The close agreement between the averaged and intact 
SALS data indicates that the SALS pattern is the algebraic 
sum of the contribution of each layer in the tissue, and that 
multiple scattering effects due to tissue thickness were 
negligible. 

Effects of Fiber Diameter and Interfiber Spacings 

In our treatment of SALS data, we assume that the fiber 
diameter distribution is independent of fiber orientation qb. 
As long as this assumption is true, the angular distribution 
of scattered light intensity accurately represents the angu- 
lar distribution of fiber orientations. Based on Fraunhofer 
diffraction theory (see the Appendix), larger fibers tend to 
scatter light closer to the beam axis and smaller fibers 
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FIGURE 8. Fiber-preferred direction vector plots of sequential 25 pm sections taken from a single bovine pericardium specimen at 
depths of (a) epipericardial side, (b) 225 pro, and (c) 375 pm (visceral side)�9 I(~) versus ~ data from each location indicated by the 
circle is shown in the plots below each vector plot. (d) Averaged normalized I(~) versus (I) data from each 25 pm bovine 
pericardium section shown along with the data from the intact specimen for the location indicated by the circle. The close 
agreement between the averaged and intact SALS data indicates that the SALS pattern is the algebraic sum of the contribution 
of each layer in the tissue, 
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FIGURE 9. Two porcine aortic valve (PAV) leaflets fixed at (a) 0 mm Hg and (b) 4 mm Hg. Each leaflet was SALS tested using a 
254-pro-spaced rectilinear grid. The corresponding d~r data are shown for each valve as vector plots superposed over color fringe 
of the OI for (c) 0 mm Hg and (d) 4 mm Hg, wi th  vector data shown for every third test location for clarity. Note the dramatic change 
in OI wi th  only a 4 mm Hg pressure change, demonstrating substantial mobi l i ty of the fiber network at low transvalvular pressures. 
Histological results for (e) 0 mm Hg and (f) 4 mm Hg showing substantially reduced collagen fiber crimp amplitude, compared wi th  
the 0 mm Hg valve. Because the 4 mm Hg valve showed substantially reduced collagen fiber crimp amplitude w i th  l itt le change 
in preferred directions, the change in OI from 0 to 4 mm Hg is due to a decrease in fiber waviness only. 
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farther out. Thus, if the fiber diameter distribution was a 
function of q), then the I(dp) versus dp data would tend to 
change with 0. We examined the I(dp) versus ~ data, nor- 
malized to account for the decrease in absolute scattered 
light intensity for 2 ~ _< 0 -< 7 ~ to validate this assumption 
for bovine pericardium and porcine aortic valve leaflets. 
Both tissue types demonstrated no detectable change in the 
I(~) intensity distribution for all values of 0, indicating 
that I(dp) is independent of fiber diameter and interfiber 
spacing for these tissues, so that the f iber diameter distri- 
bution does not affect their f iber orientation measure- 
ments. This result is consistent with the fiber morphology 
of these tissues, which do not indicate that the collagen 
bundle diameters are a function of their orientation (8). 

Maps of Collagen Fiber Architecture 

Fiber-preferred directions can be seen to course 
smoothly along the circumferential direction in both 
valves, although the preferred directions are more ordered 
in the 4 mm Hg leaflet (Fig. 9c, d). However, there was a 
dramatic change in OI with only a 4 mm Hg pressure 
change, demonstrating substantial mobility of the fiber 
network in the PAV at low transvalvular pressures. The 
nodulii of Aranti can be seen as a more randomly oriented 
region, and the free edge is clearly delineated in both 
leaflets as a band of highly oriented fibers along the upper 
leaflet boundary. Histological examinations indicated that 
the collagen fiber bundles are closely packed with similar 
fiber bundle orientations, with the 0 mm Hg showing sub- 
stantially higher collagen fiber crimp amplitude (Fig. 9e). 
Because there was little change in the fiber-preferred di- 
rections with increased loading (Fig. 9c,d), the improve- 
ment in the degree of orientation (lower OI value) was 
almost entirely due to a decrease in crimp amplitude (Fig. 
9e,f). Interestingly, when we fixed bovine pericardium 
both stress-free and under stress along the fiber-preferred 
directions (data not shown), changes in OI were found to 
occur as a result of both overall fiber alignment and crimp 
amplitude. 

DISCUSSION 

The improved SALS device lends itself to rapid analy- 
sis of large areas of tissue without the need for expensive 
equipment and time-consuming tissue preparations. The 
device provides high-resolution information on local fiber 
orientation, to an angular resolution o f - 1  ~ and a spatial 
resolution of _+254 txm. The spatial resolution may at first 
seem to be rather high, considering the use of a 600 txm 
1/e e beam diameter. However, the scanning grid increment 
(254 txm) represents about one-half a beam diameter, re- 
suiting in an overlapping region of only -33% of the total 
beam area assuming a circular beam of uniformly distrib- 
uted light intensity. Furthermore, because the laser has a 

Gaussian intensity profile, the overlapping area contains in 
actuality only -20% of the total light beam intensity. Thus, 
the spatial resolution of _+254 t~m demonstrated in Fig. 7 
is made possible from the fact that -80% of the beam 
passes through "new"  tissue at each succeeding grid lo- 
cation. 

Another important aspect of SALS demonstrated in this 
study is that the distribution of scattered intensity repre- 
sents the algebraic sum of the contributions from each 
tissue layer. This was demonstrated by the results for bo- 
vine tendon (Figs. 4 and 5) and bovine pericardium (Fig. 
8). Thus, SALS measurements represent the total structure 
of the tissue throughout its thickness, with each layer con- 
tributing in proportion of its thickness to the total thick- 
ness. Waviness of the collagen fiber bundles will also 
contribute to the scattered light distribution, but its effects 
are combined with local fiber orientation and cannot be 
distinguished. For the aortic leaflet, OI changes occurred 
only by alterations in waviness, whereas for bovine peri- 
cardium OI changes occurred by alterations in both fiber 
orientation and waviness. This result demonstrates the po- 
tential complex changes the fiber architecture of planar 
tissues undergo with stress and underscores the need for 
quantitative morphological studies. 

Polarized light microscopy has often been used to as- 
sess the gross collagen fiber architecture of soft tissues by 
taking advantage of their inherent birefringence (1,15). 
Hilbert et al. (14) applied polarized light microscopy to 
virgin and accelerated tested bioprosthetic heart valve tis- 
sues to visualize fiber directions and crimp. They were 
able to make accurate crimp measurements and could ob- 
tain general information on fiber orientation. However, 
this technique is difficult to apply as a detailed mapping 
method, because it requires extensive manual operation, 
and the inability to distinguish accurately multiple layers 
of fibers deep within the tissue limits measurement to the 
more superficial layers. Generally, polarized light micros- 
copy can be a complimentary technique to SALS to pro- 
vide crimp information, because the same tissues can be 
used by both techniques without additional processing. 

This information obtained by SALS should be useful in 
many applications, including the study of the microstruc- 
ture of bioprosthetic heart valves. Bioprosthetic heart 
valves are generally made from either bovine pericardium 
or porcine aortic valve tissues, which are chemically 
treated to stabilize and sterilize them for in vivo implan- 
tation. In vivo valvular degeneration results from collagen 
fiber disruption leading to leaflet tearing at the free edge, 
or at points of leaflet attachment to the supporting stent 
and calcification (3,11,21,32). Thus, quantification of the 
accumulation of fiber damage by SALS either during in 
vitro accelerated durability testing or investigation of ex- 
planted leaflets can potentially improve our understanding 
of the fatigue process by quantifying regional collagen 
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fiber damage. We have also recently used SALS to obtain 
quantitative collagen fiber architecture measurements of  
t issue-engineered dermal replacements (30) and human 
cranial dura allografts (24). Thus, SALS lends itself to the 
study of a wide range of  planar soft membranous tissue 
structures in health and disease. 
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APPENDIX 

The Fraunhofer diffraction for a single slit of  width w 
is given by 

sin cx z 
I(O) = Io(----s ) 

TrW 
e~ = -~ -  sin(O), (A1) 

where I is the scattered light intensity measured along the 
scattered angle 0, and I o is the incident light intensity (13). 
For two slits separated by a distance d, I(0) is now given 
by 

sin ~ 2 
I(0) = I o ( - - )  cos 2 (13) 

v d  
~3 = -~- sin(0), (A2) 

If  the separation of the slits is comparable with the slit 
width (w/d_= 1), the intensity variations due to slit width 
and slit separation are approximately equal, where w now 
represents the average of the slit size and interslit spacing. 
This is approximately the case for dense connective tissues 
such as the aortic leaflet. Although possibly limiting the 
accurate determination fiber diameters from the SALS pat- 
tern, all orientation information is preserved because the 
fibers and the spaces between the fiber have the same 
orientation. 


