Recruitment of Tendon Crimp
st hansen | WIth Applied Tensile Strain

Jeffrey A. Weiss The tensile stress-strain behavior of ligaments and tendons begins with a toe region that
is believed to result from the straightening of crimped collagen fibrils. The in situ me-
chanical function is mostly confined to this toe region and changes in crimp morphology
are believed to be associated with pathological conditions. A relatively new imaging
technique, optical coherence tomography (OCT), provides a comparatively inexpensive
method for nondestructive investigation of tissue ultrastructure with resolution on the
order of 15um and the potential for use in a clinical setting. The objectives of this work
were to assess the utility of OCT for visualizing crimp period, and to use OCT to deter-
mine how crimp period changed as a function of applied tensile strain in rat tail tendon
fascicles. Fascicles from rat tail tendons were subjected to 0.5 percent strain increments
up to 5 percent and imaged at each increment using OCT. A comparison between OCT
images and optical microscopy images taken between crossed polarizing lenses showed a
visual correspondence between features indicative of crimp pattern. Crimp pattern always
disappeared completely before 3 percent axial strain was reached. Average crimp period
increased as strain increased, but both elongation and shortening occurred within single
crimp periods during the application of increasing strain to the fascicle.
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Introduction (SEM) studies. Niven et a[.2] presented a structural model based
. : : . : n a triangular cross-sectional shape with planes of crimped fas-
The relationship between tissue microstructure and contlnuu%cles packed parallel to the longest edge of the triangle. Rowe

level function has long been a topic of interest in biomechani ; .
and tissue engineering. The material properties of biological t%“ﬂ used OM and SEM to develop a rat tail tendon fascicle

- del that suggested that the waveforms of collagen fibrils as-
sues depend on the component materials and structural organ egmble side-by-side with a degree of freedom in any direction in

it:}on ;L%rﬂrmglmlccgi(;igli% to rzsgﬂzsc?np;:;crcl,es\t/redét?l lrJee tos?l:fgiceuslt'e e register of the wave. Regardless of the exact fibril organiza-
y 9 4 Ion, all previous investigations are in agreement that the fascicles

structure-function relations in biological soft tissues are often dif- ! ; ; . - :
9 orm a wavy configuration, or crimp pattern, with variable peri-

ficult or impossible. Although histological methods can prowdogqicity_ Studies have also demonstrated that the band width seen

o e e e M PEEs i el relate 0 hecrnp peri tht s mes
tissue components. ured using histological techniquek5,8. Gathercole and Keller

The material behavior of tendons and ligaments is important ?rﬁjimmirt'rzuec(iutree';rlegsyergrsto?;g’voél: gzl/ennm(l:giégzt ;‘Ite;tk:glnos :(r:]al
the study of injury, reconstruction, and surgical technique%.oncﬁtions " ymp ’ ' P 9

Knowledge of the tissue structure and organization can enhancqn addition to OM. a number of nondestructive techniques have
this understanding. Although there are subtle differences in the - ' i ; niq
en applied to the quantification of soft tissue microstructure.

organization of different tendons and ligaments, the rat tail tend ks et al[9] used a small angle light scattering device to mea-
has been studied extensively as a model tissue. Tail tendons 7S : C gie lig g ae
sure fiber orientation in planar fibrous connective tissue of less

composed of _several fasci_cles, which in turn consi_st of filgFlg. .}]han 500 um thickness with an angular resolution of approxi-
1) [1-4]. A crimp or banding pattern can be readily observed Imately 1'deg and a spatial resolution #254 um. Magnetic

histological preparations of rat tail fascicles via polarized "ghrtesonance diffusion tensor microscopy was used to measure fiber
microscopy. Rigby et al5] and Diamant et al.6] observed that by

crimp pattern disappears above 4 percent strain. The pointOék?ﬁ;atiﬁgr'\;]eftzglpael (Tiglc{)ii]rdga%g]e?snittg?[ganﬁgzaslg:rcr::rne
which the crimp disappears is referred to as the point of criny ectroscopy to investigate t.he composition of the layers of skin
extinction. The stress-strain behavior of fascicle is nonlinear pri tical coherence tomograph@CT) provides a relatively inex- :
to the disappearance of the crimp, forming a “toe region” in the pnsive nondestructivegaltgrnative ?or the analvsi fy ft ti
stress-strain curve. The physiological function of tendon is mostly: ' ! - . inalysis ot soft tissue
icrostructure, with resolution that is superior to the aforemen-

confined to this toe regiofv]. . : . . )
L tioned techniques in three dimensiof@ the order of 15um)
Several models of structural organization have been propos[el ]. OCT is an optical analogue to ultrasound, utilizing reflected

Eg&?iéaééﬁgs;?;{; Elsmianr:aerittié)]fu;ez? ggtlcglimlcr\flzsce)?gr rp}ear-infrared light instead of sound. The intensity of reflected low
P Y 9za9 P coherence light is measured, using a Michelson interferometer to

inherent in fascicle fibrils. Kastelic et dl1] proposed that fas- L . o ) : -
: P - - . . determine its spatial origin. OCT has been used to image biologi-
cicles have a cylindrical array of planar zigzag crimped f'bn%al tissues in vitro and in vivo, including skjn4.15, aorta[16],

based on interpretation of OM and scanning electron microsco Nd tendorf17]
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Fig. 1 Schematic illustrating the ultrastructure of rat tail ten-
don and the level at which crimp is observed within the struc-
tural hierarchy. Tendons and ligaments are composed mainly

of type | collagen. Collagen molecules form into microfibrils
that aggregate to form subfibrils. A number of subfibrils form
fibrils, which associate into fibers or fascicles [1]. Fascicles
finally assemble to form tendons and ligaments. Crimp is ob-
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Fig. 3 OCT system schematic. Using Michelson interferom-
etry, backscattered light from the sample and translating ret-
roreflector interferes when the pathlength is within the coher-

served at the level of the fascicle. ence length of the source.

to be packaged into an arthroscopic probe for clinical use, apebperties of the tissue, fixatives were not used and fascicles were
could provide quantitative measurements of changes in the ultk@pt continuously moist with 0.9 percent buffered saline during
structure of soft tissues that could not otherwise be detected. Thervest, preparation, and imaging. A single-monofilament suture
technique could also be used to determine microstructural parafRolyglyconate, 3-0, Davis & Geck Monofil Inc., Manati, PRas

eters for constitutive models of the tissue material behaviaktached with cyanoacrylate to each fascicle, transverse to the col-
[18,19. The objectives of this work were to assess the ability afgen fiber direction of the tissue in the central third of the fascicle
OCT to visualize crimp period, and to use OCT to determine holength (Fig. 2, insel. The suture served as a fiduciary for regis-
crimp period changed as a function of applied tensile strain in rahtion between successive OCT images. Fascicle ends were
tail tendon fascicles. Our hypotheses were thah& crimp bands wrapped in saline-soaked gauze to increase the gripping area and
observed in OCT images of tendon fascicles would corresponddeoid tissue damage. Each fascicle end was secured in a clamp,
the crimp period measured with OM) the width of crimp bands allowing a small amount of slack to avoid prematurely stretching
would increase and the bands would eventually disappear astife tissue. The mechanical test device was then attached to the
creasing axial strain was applied, angitBe average period of motorized stage for OCT imaging.

sequential, axially aligned crimp bands would increase with in-

creasing strain. OCT System. The OCT system used a short coherence length

source, in this case a superluminescent diode, with a center wave-
length of 1290 nm and a bandwidth of 49 rifig. 3). The infra-
red beam was combined with a red aiming beam and coupled into
Experimental Design and Tissue Preparation. Eight fas- the source arm of a fiber Michelson interferometer. The interfer-
cicles from five rat tails were imaged with OCT at successivemeter split the light into reference and sample arms. In the
levels of uniaxial tensile strain. Rat tails were obtained immedsample arm, light was focused onto the tissue. In the reference
ately following sacrifice, wrapped in 0.9 percent buffered salinerm, pathlength modulation was provided by a galvanometer-
wetted gauze, and frozen at70°C until dissection. Thawed tails mounted retroreflector. Light reflected from the reference and
were skinned and cut approximately 65 mm from the proximalample arms interfered only when the respective pathlengths were
end. Sections of single fascicles were gently teased from the swithin a source coherence lendg#pproximately 16um). Thus by
rounding epitenof3] and clamped into a custom-built mechanicascanning the retroreflector, a determination of reflectivity versus
testing device(Fig. 2). To preserve the mechanical and opticakample deptiian a-scanwas made. This signal was detected by a
photodiode, with an interference fringe frequency dependent upon
the speed of the moving retroreflector. A lock-in amplifier de-
modulated the signal at this frequency and allowed signals weaker
than 10 ° of the incident light to be detected. A two-dimensional
image was created from multiple a-scans acquired while a motor-
ized stage translated the tendon in the lateral direction. The system
axial and lateral(iin-plane resolutions, given by the coherence
length of the source and the sample beam focus in tissue, were 16
and 14um, respectively. Each image voxel was 280.0<10.0
microns, so the image data were oversampled in comparison to
the resolution of the device. Images consisting of 200 a-scans
were obtained in approximately 14 s.

Materials and Methods

T . —
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-

Strain micrometer

Mechanical Test Device and Protocol. The mechanical test
device was designed to apply measured increments of uniaxial
strain to the fascicles. One clamp was attached to a translation
stage and the other was fixed to a stationary plate. A micrometer

/ Motorized imaging stage
-ﬁ:‘e"- S— / —
Fascicle o U i TR kg

Fig. 2 Mechanical testing device used to apply tensile strain

to fascicles while imaging with OCT. The strain micrometer ap-

plied incremental changes in axial strain, while the motorized

imaging stage was used to acquire the OCT images. Inset
shows a close-up of the clamps with a fascicle secured for

testing.

Journal of Biomechanical Engineering

(accuracy+5 um) adjusted the position of the translation stage to
apply strain to the clamped tissue. An 11.0-N capacity load cell
(Transducer Techniques, Temecula, CA, accura®y055 N was
used to continuously monitor applied load during the application
of each strain increment.

The zero-load length of the fascicle was established by con-

FEBRUARY 2002, Vol. 124 | 73



secutively applying and removing a small tare Ig@d1 N via 2
adjustment of the micrometer. The clamp-to-clamp distance w ‘%
then measured with calipefaccuracy+=50 um) to determine the
zero-load length Ig). Three OCT images were taken oriente ¥
perpendicular to the long axis of the fascicle and spaced 3 r
apart. These images were processed using image analysis softv g
(Scion Corporation, Frederick, MDo fit an ellipse to the bound-
ary of the fascicle. The areas of the ellipses from the three imac
were averaged to determine initial cross-sectional afej. (The
accuracy of this area measurement technique depends on the
respondence between the boundary of the fascicle in the Ot
image and the resolution of the OCT image, and the ability of ¢
ellipse to describe the boundary of the fascicle. A conservati -
estimate of this accuracy 5.0 percent. This is based in part on
the error of=1 pixel in the determination of the laterally aligned
(with respect to the OCT systemellipse axis and+3 pixels for Fig. 4 OCT (top) and OM image comparison and measurement
the axially aligned axis of the ellipse, with the ellipse axes typif crimp band period. The two images were obtained from the
cally composed of 36 and 99 pixels, respectively. After acquisiticgame location on a single fascicle. The top image is an OCT
of images for cross-sectional area measurement, the mechaniwabe and the bottom is from OM. The vertical arrows indicate
test device was rotated 90 deg for OCT imaging of the tiss(feat a bright band appears in the OCT image at the same loca-
parallel to the fascicle long axis in the zero-load configuration, ion on the fascicle that a transition between light and dark

] . P ands occurs in the OM image. Measurements from OCT im-
The fascicle was consecutively stretched in increments of g Kes were taken across each visible band pair as indicated by

proximately 0.5 percent clamp-to-clamp strain. The exact inCrgse horizontal arrow  (width of horizontal arrow =110 microns ).
mental change in lengthA() was recorded in order to calculate

clamp-to-clamp engineering strain as=Al/l,. An OCT image
was acquired for each strain increment once the load relaxat

_rate dropped below a Va“.Je of O'O(.)l N/fs' All longitudinal im"’“‘:’e(s/ﬂ\dobe Systems Inc., San Jose, )CA median filter with a radius
included the sutu_re_fldumary. Er!g'“ee”.”g _stré@ was C?ICU' of one pixel was applied to each OCT image. A threshold value
lated at each strain increment using the initial cross-sectional alfas then determined from inspection and applied consistently to
(Ao) _a_r;_d the mf?:s/lxed _Il_oa(g)tat the beglngl_gg of eachblrtnagea” images from a single fascicle, converting the grayscale images
acquisiion aso= o- 10 determine any dierences between, binary (black and whit¢ images to clearly define the banding.

clamp-to-clamp strain and tissue level strain, a pilot study Wa%Hr each OCT image taken in the zero-load configuration, a num-

performed using a series of surgical microscope images frgM o consecutive band pair widtiié—11 were identified and

- ﬁ%asurec(Fig. 4) along the centerline. The measurement was re-
- 0FS'ls'F‘ated at each increment of strain for which any of the band pair
described above. Clamp-to-clamp valued pand Al were mea- iqihs were still visible. The average banding period was calcu-
sured as previously stated. In these _|mages_the f"%‘SC'C'eS did PREd at each strain level by summing the band pair widths and
have suture markers but the center third was identified by two trﬁ*i\/iding by the number of visible band pairs. When a band pair
marks of black stain. Marker-to-markip andAL were measured gisanneared between other pairs, a single measurement was taken
from the images. The difference between the two strain measutRsoss hoth previously visible pairs. A second average was calcu-
was smaller than the lateral resolution of the OCT system. lated that excluded the “merged” measurements. A one-way re-
Band Pair Relationship to Crimp Period. To determine the Peated measures ANOVA was performed on all data for the first

relationship between banding and crimp period observed in O¥i Strain increment¢0—2.5 percentusing the maximum period
studies[5,6,8 and banding observed in OCT images, three fadneasurement for bands that dlsap.pe.ar_ed. qut-hoc Tukey tests
cicles were obtained from a single rat tail and imaged using OC{ere then performed to assess the individual differences between

and subsequently using an optical microscéiikon, SMz-2T)  Strain levels.
between crossed polarizers. The ends of each fascicle were ad-
hered to a microscope slide at each end with cyanoacrylate, siR@sults

that the fascicle was visibly taut. Two monofilament sutures were There was a two-to-one relationship between the banding pe-
attached with cyanoacrylate, 4 mm apart and perpendicular to #igd seen in OCT images and the crimp period seen in OM images
long axis of the fascicle in the center of the length between adhgsig. 4). Stress-strain data from eight fascicles were successfully
sion spots. These sutures served as fiduciaries for registration &tained for strain increments from 0 to 5 percent with the antici-
tween corresponding OCT and OM images. The fascicles wesgted behavior. Crimp data were continuously tracked at strain
kept in a 0.9 percent buffered saline bath at all times. increments from 0 percent to a minimum of 1 percent and a maxi-
Longitudinal OCT images were taken along the center of thAum of 2.5 percent. These data provided insight into the behavior
fascicle with the slide in two separate orientations. One image W@ crimp during uniaxial extension. Average crimp period in-
taken with the slide perpendicular to the imaging beam axis apeeased until crimp disappeared while individual crimp periods
the second with the slide parallel to the beam axis. Two OMoth increased and decreased.
images were also obtained. In the first image, extinction bands

encompassed an entire crimp arm or half of a crimp pef&d . e ; i
such that each OM image band pair width was equivalent to oABC€ Of OCT images was similar to OM images, in that both
owed a banding with variable period. Side-by-side comparison

full crimp period. The second image was taken with the polarizeﬁ%‘I ;
crossed. These images were used to relate OCT image bandin ifhe OCT bands and OM bands revealed a two-to-one relation-
hip (Fig. 4). At each transition from a light to dark or a dark to

OM image banding, which has a known relationship to crim 4 h ; .

period. OM images and corresponding OCT images were cor. ht band in an OOCM |tr)na%e, a bright bandfappgared In thke OCTh

pared visually, side-by-side. Perpendicularly acquired OCT i t_:gﬁdg\vp?ar?a?llee | an-(lj— pi?pewcﬁij:gfgiﬂfi%oagi:lrgi)gee:rr:aazg g’l'ft

ages were compared to each other by their average period. fered from each other by less than the resolution of the OCT
Data Reduction and Statistical Analysis. The OCT images system.

RRre processed and analyzed with image processing software

Relationship Between OCT and OM Images. The appear-
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Fig. 5 Average stress-strain curve for all fascicles tested (mean =SEM, N=8

fascicles ) and percent of crimp bands extinguished as a function of applied
tensile strain

Stress-Strain Behavior. The stress-strain data exhibited thecompletely before 3 percent axial strain was readttéd. 5 and
characteristic nonlinear behavior of collagenous soft tissues. Th@5 percent confidence interval of 2.0 to 2.8 percent strain was
average cross-sectional area of the fascicles was @0T23 calculated for complete band extinction. Banding at the surface of
mn?. At a given strain level, stress values were lower than thée fascicle was visually observed to disappear sooner than along
expected range reported in the literatgt® to 40 MPa at 5 per- the center axis. Nonuniform variations in single crimp periods
cent strain 20,21, Fig. 5. The toe region of the curve was longeroccurred in each straining sequence, both increasing and decreas-
than that documented in the study by Price e{2l]. ing (Figs. 6 and Y.

Individual Crimp Changes With Applied Strain.  Crimp pe- Average Crimp Changes With Applied Strain. Average
riods began to disappear individually rather than simultaneousBCT band period was plotted against applied strain to determine
along the length of the fascicle or successively from the entlse correlation between strain level and crimp period. As strain
toward the center, as might be expected if strain distribution waxreased, the average band periadd therefore crimp period
higher toward the clamped ends. Intermittently, single periods diglso increasedFig. 8). The increase in average band period with
appeared before the whole. Crimp periods always disappeasgiplied tensile strain was nonlinear. When measurements for pe-
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Fig. 6 Box plot of the change in crimp band widths, showing both positive and
negative changes and their distribution. Boxes are 25th to 75th percentile, whis-
kers show the 10th and 90th percentile, dashed lines show the means, solid lines
show the medians, and the circles are the 5th and 95th percentiles.
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Fig. 7 Crimp lengths tracked for a single sample as a function
of applied tensile strain
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Fig. 8 Average band period as a function of applied tensile
strain. Mean =SEM, N=52 band pair periods.

riods that had. merged .With other periods were Omi“ed from ¢ . 9 OCT image sequence for rat tail fascicle under tensile
average, the increase in the average was still non-linear, but ins of (A) 0 percent, (B) 0.5 percent, (C) 1.0 percent, (D) 1.5
curve was smoother. The data point at 2.5 percent strain is Rfcent, (£) 2.0 percent, and (F) 2.5 percent. Bands first began
shown since only three period measurements were availablei@tiisappear on the outer edges. Horizontal image size ~ =2000
this strain level. The one-way repeated measures ANOVA showgitrons, vertical image size =350 microns.
a significant effect of strain level on band period lengih (
<0.001). Post-hoc Tukey tests demonstrated that the band per'%% .

. m. Strong reflections consequently occur at the crests and
at 1.5 percent was greater than 0 percent, the band period Ei . : .
percent was greater than 0.0, 0.5, and 1.0 percent, and the bﬁgzﬂghs of the crimp waveform. The band period measured in

; images is therefore equivalent to half of a crimp period.
E::I(?ednftAzll.itﬁgcsgrgw\g:ﬁsg;gatsﬂowgg r?(l)otlji?flesr’e#:%.LE' and ome variation between OCT and OM measurements of crimp

period may occur due to the difference in the volume of tissue
. . being imaged. An OM image is a projection of the whole tissue,
Discussion while an OCT image is a cross section of the tissue with a thick-
This study utilized OCT imaging to measure changes in tendoress equal to the lateral resolutiob4 um in this casg OM
crimp during uniaxial extension. The comparison of OCT and Olnages produce an average of all crimp planes in the tissue. OCT
images facilitated the interpretation of the OCT bands in relatiamages provide a local measurement of crimp. The individual dis-
to crimp period. The results may also aid the mathematical moappearance of crimp periods suggests that there is nonuniform
eling of ligament and tendon material behavior. recruitment of crimp along the length of the fascicle. This impor-
OM studies of fascicle crimp have shown that image bandirtgnt observation needs further investigation as it may have signifi-
occurs due to the orientation of the fibrils in relation to the incieant implications in the understanding of mechanical behavior in
dent light[8]. A similar phenomenon occurs in OCT images. Théhe toe region.
comparison between OCT and OM images clarified the manner inAs mentioned in the introduction, Kastelic et fl] suggested
which the OCT imaging beam interacts with the crimped fibrilghat fibrils are arranged in planes and cylindrically packed to form
OCT depends on reflected light rather than transmitted light. Mogefascicle and that the crimping plane for a given fibril is approxi-
light is reflected when the fibrils are aligned perpendicular to theately normal to the radius from the fascicle center and that
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crimping angle decreases with decreasing radius. Kastelic etiatreases with applied strain in a non-linear fashion. Crimp re-
[22] presented a model called S$tequential straightening andcruitment was non-uniform along the length of the fascicle and
loading based on the foregoing morphological assumption, icomplete straightening occurred from the outside of the fascicle
which only straightened fibrils produce resistance to strain. In thieward the center.

model, he hypothesized that the inner fibrils straightened first,

inducing the onset of the stress-strain curve, and sequential

straightening occurred toward the outer edge of the fascicldacknowledgments
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crimp visible the longest. Our observations support a structura
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