Blayne A. Roeder
Klod Kokini

Department of Biomedical Engineering,
Purdue University, 500 Central Drive,
West Lafayette, IN 47907-2022

and School of Mechanical Engineering,
Purdue University, 585 Purdue Mall,
West Lafayette, IN 47907-2088

J. Paul Robinson
Sherry L. Voytik-Harbin

e-mail: harbins@purdue.edu

Department of Biomedical Engineering,
Purdue University, 500 Central Drive,
West Lafayette, IN 47907-2022, USA and
Department of Basic Medical Sciences,
Purdue University, 625 Harrison Street,
West Lafayette, IN 47907-2026

Introduction

In vivo, the cellular and extracellular matrigECM) compo-
nents of tissues create a dynamic mechanical environmentfln
which loads are communicated in a reciprocal fashion. Such m
chanical loads have been identified as critical determinants of fqn
damental cellular behaviofe.g., adhesion, migration, prolifera-
tion, and differentiatiopnot only during physiological processes.

Local, Three-Dimensional Strain
Measurements Within Largely
Deformed Extracellular Matrix
Constructs

The ability to create extracellular matrix (ECM) constructs that are mechanically and
biochemically similar to those found in vivo and to understand how their properties affect
cellular responses will drive the next generation of tissue engineering strategies. To date,
many mechanisms by which cells biochemically communicate with the ECM are known.
However, the mechanisms by which mechanical information is transmitted between cells
and their ECM remain to be elucidated. “Self-assembled” collagen matrices provide an in
vitro-model system to study the mechanical behavior of ECM. To begin to understand how
the ECM and the cells interact mechanically, the three-dimensional (3D) mechanical
properties of the ECM must be quantified at the micro-(local) level in addition to infor-
mation measured at the macro-(global) level. Here we describe an incremental digital
volume correlation (IDVC) algorithm to quantify large-0.05) 3D mechanical strains in

the microstructure of 3D collagen matrices in response to applied mechanical loads.
Strain measurements from the IDVC algorithm rely on 3D confocal images acquired from
collagen matrices under applied mechanical loads. The accuracy and the precision of the
IDVC algorithm was verified by comparing both image volumes collected in succession
when no deformation was applied to the ECM (zero strain) and image volumes to which
simulated deformations were applied in both 1D and 3D (simulated strains). Results
indicate that the IDVC algorithm can accurately and precisely determine the 3D strain
state inside largely deformed collagen ECMs. Finally, the usefulness of the algorithm was
demonstrated by measuring the microlevel 3D strain response of a collagen ECM loaded
in tension. [DOI: 10.1115/1.1824127

Keywords: Extracellular Matrix, Large-Strain, Three-Dimensional, Collagen Fibrils,
Biomechanics, Digital Volume Correlation, Digital Image Processing

face of flexible substrates fashioned from silicone, polyacryla-
mide, or collagen and subsequently monitored substrate deforma-
tion in 2D [4—6]. An approach that has received widespread use
I investigating celltissue mechanics within a more 3D physi-
Ological context involves the global application of mechanical
oads to explanted tissues or 3D tissue constructs formed in vitro.
Formation of tissue constructs in vitro routinely consists of seed-
ing cells on or within a 3D scaffoldmatrix). For both tissue

but also during the pathogenesis of disease states. In the majori ) h
- . explants and engineered tissue constructs, the extracellular scaf-
of cases, connective tissue cell typesg., smooth muscle cells,

. ; . fold and resident cells combine to create a tissue with complex,
fibroblasts, and chondrocyjesxperience and exert meChamcanonlinear mechanical behavifT]. Such an approach has shown
loads within the context of a surrounding three-dimensid88) ’ PP

ECM. In fact, depending upon the microstructural organizatio%];t r:jlscsr:)airrlll(;alcgﬁ?s zzf_fgce:t Zr?(;]er?]?i:;;nc:r"uslareiﬁirét;“tesmaénc?];ﬁ_t
and mechanical properties of the ECM, as well as the way a cell Y yp p - 9P y;

attached to its ECM, the deformation applied globally to the tisst own to regulate morphologig], proliferation [9], apoptosis

may deviate substantially from that actually experienced local 0l I gd morp gh ’ F?w(t@AMP) b I'p FEll]

by a cell[1,2]. Unfortunately, the fundamental principles and de-" "’ Cyclic adenosiné monopnosp ) signaling [ 1],

tailed mechanisms underlying how ECM microstructural and m%ﬁd expression of gene products, including collagen, matrix pro-
0

I loading of fibroblasts within a type | collagen matrix has been

chanical properties influence the way mechanical loads are tral ases, transforming growth factgr and tenascin (.[:10'12._16' .
ferred between cells and their surrounding ECKé.g., wever, many of these and other mechanical stimulation studies

mechanotransductiprnave not been defined, especially within &re nonquantitative with respect to their_ de;cription_of the app_lied

3D tissue-like context ' mechanical load. In addition, quantitative information regarding
To determine the rﬁechanisms involved in this mechanotrarﬁ?edﬁc structural and mechanical properties of the scaffold at a

duction process and define their importance in regulating the OV@?I_CI’OSCO]E)IC Izvfel(local to a cel or abde?cnpltlon of how loads

all cellular response, a number of experimental approaches aﬂf& transferred from a macroscopigoba) level to a microscopic

apparatus have been develogede[1] and[3] for reviews. To ocal)_ level is lacking. Such'lnformatlon'ls imperative S|r_1ce_the

study the forces exerted by adherent cells against their supportfiggnitude of the load applied to the tissue construct is likely

substrate or matrix, investigators have plated cells along the sffferent from that experienced by the cfll] and the differential
load distribution is highly dependent upon the material properties
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effects could be better defined at the cellular and subcellular lesenfocal microscopy in a reflection or combination reflection-
els. With the advent of confocal laser-scanning microscopy in tepifluorescence mod@2,23,23 were combined with correlation
mid-1980s and multiphoton imaging technology more recentlprocedures to compute strains on a microscopic or cellular level of
3D spatial information can now be collected from “live,” rela-function. The IDVC algorithm handles the increased noise char-
tively thick specimens, such as tissue explants and engineegateristics of the confocal images by using cross-correlation pat-
tissue constructs, by means of optical sectioning. For examplern matching[36]. Most importantly, application of the IDVC
confocal microscopy has been used previously in a strictly flu@lgorithm to confocal image data results in strain measurements
rescence mode to monitor changes in cellular and nuclear mep a cellular level of function or a size scalel0-20um. Last,
phology during compressive loading of articular cartilage explant8e IDVC algorithm has the capability to measure strains from a
and Chondrocytes grown in 3D Scaffowi%_zﬂ_ These studies series of 3D images representing incremental Changes within the
did not, however, include qualitative or quantitative descriptiorf§sSue construct as they occur over time or in response to mechani-
of the structural-mechanical properties of the ECM portion of théal loading. In this way, the local, 3D micromechanical behavior
tissue explants or model tissues. of tissue explants or constructs can be analyzed in response to
Recently we have applied confocal microscopy in a reflectid?Pth small and large deformations. o _
(or backscattered lightnode to collect 3D structural information _ 1he present paper provides a detailed description of this IDVC
on component fibrils of a collagen ECM as well as resident ceffdgorithm as well as an assessment of the algorithm’s measure-
within live specimeng22—24. Visualization of collagen fibrils, Ment accuracy and precision. In addition, we report, the applica-
the major structural and mechanical component of ECMs, in thdjPn of this algorithm in conjunction with confocal reflection im-
native (unprocessedstate provides for a more accurate descri?9es of mechanically loaded collagen ECM constructs for
tion of the cellular microenvironment and facilitates investigatioflétermination of the 3D strain distribution at a microscopic or
of cell-ECM interactions on an individual cell basis and at a loca?cal 1evel.
level. Although cells and their surrounding ECM can be visualized
simultaneously using confocal microscopy in a reflection modgjaterials and Methods
vital fluorochromes that label specific cellular attribut@sg.,
membranesmay also be introduced to facilitate discrimination of Preparation of 3D Collagen ECMs. Native type | collagen
cell boundaries or to monitor some relevant physiologic procegdepared from calf skin by acid solubilization was obtained from
Other 3D imaging techniquee., magnetic resonance imaging,Sigma Chemical Co(St. Louis, MO and dissolved in 0.01 M
computer tomographyCT], and microCT lack the resolution hydrochloric acid to achjeve desired concentrations: .Three-
necessary to collect images of individual collagen fibrils compriglimensional collagen matrices were prepared by neutralizing col-
ing the ECM, and of organelles within cells. Of these techniquelggen solutions with 10X phosphate-buffered salioeic strength
microCT has the highest resolving power, but resolution is stfl-14 M and pH 7.4 Polymerization of neutralized collagen solu-
limited to approximately 5Qum. Confocal reflection microscopy tions was conducted in a dog bone-shaped mold as described pre-
can resolve features on the order of @ua. viously [24]. In brief, the mold consisted of a glass plate and a
Most recently, we have integrated a confocal microscope withPégce of flexible silicone gasket. The gauge section of the mold
miniature mechanical loading instrument to visualize cell-matrifp€asured 10 mm long, 4 mm wide, and approximately 1.8 mm
interactions within 3D tissue constructs during mechanical loafick. Neutralized collagen solution was added to each mold and
ing. Because this technique does not require fixation or physi¢de mold was incubated at 37°C in a humidified environment.
sectioning, the response of cells and their associated ECM to varrlypropylene mesh was embedded in the ends of each collagen
ous mechanical loads can be monitored in situ over 2. matrix to facilitate clamping for mechanical loading.

While application of confocal microscopy in a reflection or com- confocal Imaging During Mechanical Loading. The micro-
bined reflection-epifluorescence modality can provide new insiglfryctural deformation experienced by the component fibrils of a
into the structural-mechanical properties of the ECM at a micr@p collagen ECM during uniaxial tensile loading was monitored
scopic level as well as the mechanisms involved in mechanotrag$4p (x, y, z, and timg using an integrated mechanical loading-
duction, the resultant images contain no inherent quantitative ifgnfocal microscopy setup as described previo{@§}. In brief,
formation. To derive relevant micro-mechanical informationghe mechanical loading-confocal microscopy setup involved inter-
including the local strain state of the ECM microstructure, a 3Bcing a highly modified Minimat 2000 miniature materials tester
incremental digital volume correlatiaiDVC) technique was de- (Rheometric Scientific, Inc., Piscataway,)Nidith an MRC 1024
veloped. Digital volume correlation provides a means by whicfaser scanning confocal microscop®ioRad, Hercules, CA

3D images of loaded and unloaded structures can be interrogaggstinted on a Diaphot 300 microscofi¢ikon Corp., Tokyo, Ja-

to determine local displacements and strains. Digital volume cqjan). A specially designed adapter plate provided the physical
relation is an extension of digital image correlati@®,27, a 2D connection between the Minimat and the confocal microscope.
technique that has found applications in applied mechanics suphis plate possessed a rectangular hole below which a coverglass
as high temperature deformation measuremg2$ and estima- was bonded, creating a well that allowed the samples to be tested
tion of stress intensity factof29]. In fact, 2D image correlation in an aqueous environment representing physiologic temperature,
procedures have proven useful for quantification and spatial locgH, and composition. Optimal positioning of the specimen for
ization of traction forces exerted by cells as they adhere and ngonfocal imaging was accomplished using clamps that offset the
grate along the surface of a deformable subs{@&0—-33. With  |oading axis and maintained the specimen parallel with and close
respect to tissue mechanics, 2D image correlation procedures h@veéne coverglass.

been used to determine the strain distribution within articular car-imaging of the collagen ECMs during loading was performed
tilage explants during compressive load[3g]. The extension of using the confocal microscope in a reflection m§a2,23. Re-
such correlation procedures to 3D image volumes was originafigction images were collected using a confocal microscope
presented by Bay and coworkers for 3D strain mapping in trabeguipped with a 68, 1.4-NA oil-immersion lengNikon) and a
cular bone under compressip85]. Specifically, they used least- quarter-wave plate. Specimens were illuminated with 488-nm
squares pattern matching to determine strains based on a pailigiit generated by an Innova Enterprise argon-ion lé€eherent

3D microCT images of trabecular bone collected for a single loatlaser Group, Santa Clara, ¢And the reflectedbackscattered

ing step(unloaded and under compressiomnheir 3D image cor- light detected with a photomultiplier tube using a blue reflection
relation algorithm was used to determine load induced strains filter. Image volumeg153x153x35 um?®) were collected as 176
tissue level of function or a size scale ®800—-1000um. In the slices in a 51X512 pixel format. Collagen ECM constructs were
present paper, higher resolution 3D imaging techniques involvihgaded in uniaxial tension in 0.52-mm increments at a rate of 1
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mm/min and paused to facilitate collection of image volumes. Féevel. Therefore, a Gaussian peak-fitting function was imple-
these studies, image volumes were acquired at deformations tented to interpolate the nearby valuesPfand thus obtain a
low 7.8 mm (failure of specimens occurred at an applied defomore accurate measure of [37].

mation of approximately 12 mm For eachu; measured, a signal-to-noise rati®NR) was also
determined. The SNR was defined as the maximum value of cor-
rFIation coefficient matriR(u;) divided by the second highest
‘é@ueR(u{)

Incremental Digital Volume Correlation (IDVC). Mi-
crolevel strains experienced by the 3D microstructure of the ¢
lagen ECM during mechanical loading were quantified in 3D u
ing an IDVC algorithm. In general, the IDVC algorithm involves R(u)
three main steps(l) collection of consecutive 3D confocal im- R= — 2
ages representing changes in cellular morphology and/or ECM R(u/)
microstructure of a tissue construct during incremental mechani- )
cal loading; (2) mathematical correlation of designated subvoll? some cases, displacement values calculated from poorly corre-
umes within consecutive 3D images of the tissue construct Iﬁ\_,ted subvolumes or low SNR were fllter_ed from_ the vector field.
determine a discrete displacement field; #Bdcalculation of 3D Filtered data were replaced by values linearly interpolated from
strain fields from the displacement vector fields. nearby displacement measurements.

A series of 3D image volumes representing changes in ECMncremental Procedure. For each load increment, multiple it-
microstructure during the application of increasing load was cQlyations were made through the correlation procedure, where the
lected using confocal microscopy. Each image volume providedsts of the previous iteration were used as a predictor for the
unique 3D voxel intensity patterns that allowed correlation pattefiy |oad increment. With a converged field of displacements for
matching within consecutive images. Within each image, subvQlych oad increment, the incremental displacements were reas-
umes were established. Each subvolume represented a grouRefipie to determine the total displacements and thus the location
voxels centered about a given point at which a displacement valy€each gridpoint in each load increment. Generally, the location
was sought. Digital volume correlation was then used to identi f the point at grid locatiom, n, p in imaget (x| ) can be
the subvolume within the second image that best matched a speci- ST 1im.n.p
fied subvolume within the first. Deformations were then detef?/1ten as the sum of its initial locationf] , ;) and the sum of
mined between each successive set of images. Essentially, #ie displacementsuf|;, , ;) from all previous increments

“

IDVC algorithm consisted of many digital volume correlation t
steps to determine incremental changes in deformation and strain. X =x7| " E u?l ©)
These incremental deformations/strains could then be combined to ilmnp=Xilmnp™ 4 Uilmnp

determine the total deformation/strain.

The problem of digitally correlating subvolume pairs was exSince each increment determines displacements on a uniform grid,
pressed mathematically as the maximization of the crosseasurements far|,,, were linearly interpolated from nearby
correlation between two 3D arrays of voxel intensity val@ds discrete values. Applying this incremental procedure, rather than
and B) representing the 3D collagen ECM before and after theacking the same point through all the images, made the process
application of an incremental load. For each trial displacemgnt easily solved in parallel on several computers.

a correlation coefficienR(v;) was calculated by summing the . . ) . .
products of the intensities at all coincident image voxel locations, Subvolume Size and Grid Spacingsubvolume size defined

a, in arrayA anda,+v, in array B [Eq. (1)]. This resulted in a the size of the image subvolu.mes correlated, and fur.ther defined
matrix of correlation coefficientsR. To avoid correlating mean the domain where the alg(_)rlthm searched for a displacement
intensities, the average intensitgioted asA and B) was sub- value. For example, correlation of two 844x32 voxel subvol-

tracted from each image volume before correlafigg. (2)]. The Umes allowed a maximum displacementtajf:{sz,sz,l@ voxels
v; that maximizecR defined the displacement. Thus, to be reliably measured. Computational time was also considered

in choosing subvolume size, since doubling each dimension of the
- - subvolume increased the computation time by eight-fold or more
R(vy)= 2 A(X)B(xi+vj) (1) depending on the amount of system memory. For initial iterations,

%i large subvolumes provide a large domain in which to converge a
solution. Since later iterations have the benefit of an initial guess,
small search areas can be used to substantially speed the solution.

A—A_A Grid spacing defined the distances between the locations where

(2) displacementdand subsequently strainsvere to be measured.
~ — For example a grid spacing of 864x32 voxels provided a grid
B=B-B of 8X8%5 (320 points where displacements were determined.

. . - . Computational time was also a concern in selecting the grid spac-
To improve computational efficiency, cross correlations were pgf; . as reducing the grid spacing in each direction by half in-

formed _in_the_frequency domz_ain where cross correlat_ion is defing ased the number of grid points and thus the computation time
as multiplication of one function by the complex conjugate of thBy a factor of eight
second. Therefore, the matrix of correlation coefficients was de= '
termined by taking the Fourier transforms of the image subvol- Strain Determination. Digital image correlation resulted in a
umes, multiplying the first by the complex conjugate of the se@D array of displacement values;|n » ;) at evenly spaced loca-
ond, and then taking the inverse Fourier transform of their produidns (x| n p), Where (n,n,p) represents a discrete grid point.
L To calculate strain fields, the gradients of the displacement field
R=3"J(A)J(B)*] (3) (du;/dx;) were first determined. Numerical differentiation of the
displacement field data was used to calculate these derivatives.
Implementation of the Fourier transform to analyze the discre@splacement fields were smoothed prior to numerical differentia-
data using fast Fourier transforms reduces the computation fraimn. For all points of the grid, except those points on the sides of
9[N®] operationgbased on Eq(1)] to 9[N°log, N] operations the grid, centered difference finite difference equations were used
[based on Eq(3)] for the 3D cross correlatiofB7]. Determining to approximate the displacement gradidr@8]. For points of the
the displacement that maximize®l resulted in a measurementsides of the grid, forward and backward finite difference equations
resolved only to the nearest voxel. Determination of strains rerere used to calculate displacement gradients. Based upon the
quires displacement measurements to be resolved to a subvarsliting displacement gradients, the full definition of the La-

where
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grangian strain tensaofincluding linear and nonlinear portions response of a collagen ECM to a tensile load is known to be a
was then applied to calculate the strain statg)(at all grid multi-dimensional event, where deformation applied along the
locations: specimen length results in large contractions along the specimen
width and thicknes$24,25, the 3D deformation of a collagen
1|dy duy  duydug, ECM was also computationally simulated. The same tensile de-
) ﬁ + ﬁ + ﬁ I (6) formation was applied in the 1-direction, while contractions that
i i i ] were twice the magnitude of the extension were imparted in the 2-
Last, the principal strainsE) and their associated directions(Width) and 3-(thickness dlrectlonso. For example, when a posi-
(4}) at each spatial location were determined by solving the efY® displacement gradientl(, /dxy) of 0.02 was apphgd, the
genvalue problem corresponding transverse displacement gradiedts, [dx; and
duz/dxg) were —0.04 for the first increment. Digital volume cor-
&jj ¢}<: Ek¢jk (7) relation was then used to measure the displacement fields describ-
. ) ) ) ing the deformation. Subvolume size and displacement gradient
Numerical Implementation. The aforementioned techniquesincrement size used for the digital volume correlation were altered

were integrated into a suite ofaTLAB (The Mathworks, Natick, 1o determine the effect of these parameters on the measurement
MA) functions to solve for the displacement field and evem”a”é!recision and accuracy.

the strain fields from a set of confocal image volumes. Correlation

of two 512x512x176 image volume$40 Mb each through one

iteration required approximately 1 h, on a personal computer with

dual 866-MHz Pentium™ [Il microprocessors and 1.0 Gb of

RAM. Results and Discussion

Validation of Measurement Precision and Accuracy. Two ~_ Confocal microscopy used in a reflection mode on 3D collagen
methods were used to characterize measurement precision Bfd/'S generated image volumes with voxel intensity patterns that
accuracy based upon the IDVC approath: correlation of mul- Were representative of the microstructural architecture of compo-
tiple unloadede=0) image data sets of a 3D tissue construct an@ent collagen fibrils and formed the basis of correlation pattern
(2) application of simulatedknown) deformations to an image Mmatching. The IDVC algorithm provided an effective means to
volume and comparison with deformation results obtained froftantify the 3D deformations and strains in the microstructure of
the program. a collagen ECM which is comprised of many fibrils.

The first method used to validate the IDVC procedure involved
a comparison of two image volumes collected successively from
the same 3D ECM construct to which no external mechanical loadCharacterization of IDVC Measurement Precision and Ac-
was applied. This approach represented a known “zero-straigiiracy. Two different techniques were used to verify algorithm
input. Confocal reflection microscopy was used to collect thrageration and to identify operational constraints of the algorithm.
pairs of image volumes representing distinct locations within a 3Birst, measurements of displacement and strain determined from
collagen ECM(1 mg/ml, pH 7.4. Digital volume correlation was repeat unloaded image volumes of a collagen ECM verified that
then used to measure the displacement fields describing the defaé algorithm accurately and precisely measured a zZsroall)
mation of the second image volume of each pair with respect égrain input. Second, measurements were taken from collagen
the first. Subvolume size and grid spacing used for the digitelCM image volumes to which known simulated deformations
volume correlation was altered to determine the effect of theggere applied. Mean and standard deviation values for displace-
parameters on the measurement precision and accuracy. To Stw@nts (i), strains €ij), and principal strainsg;) were used to
the effect of subvolume size, each pair of image volumes wggantify measurement accuracy and precision, respectively. Ide-
correlated using three different subvolume sizes: large, mediugy, true validation of the algorithm would involve a direct com-
and small. Specifically, large subvolumes were comprised of @rison of local 3D strain measurements within real, mechanically
X64x32 voxels and were=20x20x10 um?® in size. Similarly, |oaded ECM specimens as determined by IDVC with those pro-
medium subvolumes were comprised of>X32x32 voxels and vided by a second, independent method. However, to the best of
were ~10x10x10 um? in size. Finally, small subvolumes wereour knowledge, no other means to estimate or measure local 3D
comprised of 16:16x16 voxels and were-5x5x5 um®in size.  strains are available, making such validation strategy impossible
Since the subvolume size limits the magnitude of the displacgr conduct.
ment measurement, the first iteration through the correlation algo-To remove any data resulting from poor subvolume correlation
rithm always used large subvolumes as a predictor step. Use(@fg., outlier datp correlation values were initially filtered based
medium and small subvolume sizes only occurred in later iterapon a defined SNRRefer to “Materials and Methods” section
tions. Additionally, the effects of grid spacing were investigategiere, the filter level was established by selectively removing a
by using three different grids: sparse, normal, and dense. Thercentage of data with the lowest SNR. The appropriate level of
sparse grid had points spaced>@#x32 voxels(~20x20x10 filtering to apply for data analyses was established by evaluating
pm?), which resulted in a grid with 88x5 points (320 points the standard deviation of displacement values obtained for repeat
total). Similarly, the normal grid had points spaced>32x32 image sets of unloaded specimens as a function of filter (&gl
voxels (~10x10x10 um®, which resulted in a grid with 15 1), Specifically, displacement standard deviation was calculated as
x15X5 points (1125 points total Finally, the dense grid had the average of standard deviation values obtained in the 1-, 2-, and
points spaced 1816x 16 voxels(~5x5x5 um®), which resulted - 3-directions for three experimental repetitions. The effect of filter-
in a grid with 29<29x9 points(7569 points total ing on displacement data was also evaluated for three different

A second method used to verify the accuracy and precision §libvolume sizes. Results showed that for analyses involving large
the algorithm involved the computational simulation of a knowgubvolumeg64x64x32 voxels, displacement standard deviation
tensile deformation to an image volume. To simulate tensile der precision was consistent over the range of filtering levels evalu-
formation, an image volume of a 3D collagen EQMmg/ml, pH ated. Therefore, in this case filtering was not necessary to improve
7.4) was computationally deformed in one dimension along thgrecision. For smaller subvolume siz€&2x32x32 voxels and
specimen lengtiil-direction by applying a uniform displacement 16x 16x 16 voxels, selective removal of data with the lowest 2%
gradient €u;/dx}=0.32) in 16 increments. This was accom-of SNRs resulted in the greatest improvement of precision. Appli-
plished by remapping the voxel intensity patterns to new locationation of filter levels greater than 2% affected only analyses per-
representing a perfectly homogeneous 1D deformation. Since foemed with the smallest subvolume siz&6X16X16 voxels.

8ij
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B —©— 16 x 16 x 16 Voxel Subvolume
—8— 32 x 32 x 32 Voxel Subvolume
—A— 64 x 64 x 32 Voxel Subvolume
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Fig. 1 The effect of filtering on displacement measurement precision
deviation ) as a function of subvolume size. Correlation values obtained for indi-
vidual subvolumes were selectively removed based upon defined signal to noise
ratio.

Here, a gradual but steady decrease in displacement standard d&®epeat-Unloaded Image Correlation. Displacement and
viation was observed as the filter level was increased. Based ubrain measurements determined from three repeat image sets of
these results, all subsequent data analyses were conducted witinlaaded collagen ECMs were averaged and the results summa-
filter level of 10%, resulting in selective elimination of correlatiorrized in Table 1. Measurement precision and accuracy were inves-
data with the lowest 10% SNRs. tigated in all three directiongl- (x-) direction, 2-(y-) direction,

Table 1 IVDC results for repeat unloaded image correlation
(a) Variation of subvolume sizénormal grig
Large Medium Small

Subvolume (64%X64x32) (32x32x32) (16X16X16)

u; (voxels +0.0929 +0.0925 +0.1877

u, (voxel9 +0.0397 +0.0523 +0.1651

u; (voxels +0.1775 +0.1944 +0.2721
£11 0.000032:0.000486 0.00001:20.000693 0.00001:30.003491
€99 —0.000058-0.000633 0.0000240.000977 0.0001740.003584
€12 —0.000001-0.000347 0.0000080.000578 —0.000066-0.002641
£13 —0.000898-0.001212 —0.000909-0.001440 —0.000892-0.003056
€93 0.000116-0.001099 0.0001360.001417 0.0000440.003301
£33 —0.000179:0.003071 0.0000980.003622 —0.000983-0.005950
E, 0.0026090.001868 0.0031560.002381 0.0052770.005096
E, 0.000001:0.000500 0.0000280.000718 —0.0000310.002050
Ej —0.002814-0.001785 —0.003062:0.002026 —0.00603%:0.005371

(b) Variation of grid spacindmedium subvolumes
Sparse Normal Dense

Grid (8x8x5) (15%15%5) (29x29%9)

u; (voxels +0.0887 +0.0925 +0.0952

u, (voxels +0.0521 +0.0523 +0.0599

u; (voxel9 +0.1823 +0.1944 +0.2098
£11 0.00003%:0.000405 0.00001:20.000693 0.0000560.001454
€29 —0.000048-0.000540 0.0000240.000977 —0.000002:0.001817
€12 —0.000003:0.000351 0.0000080.000578 —0.000017-0.001151
£13 —0.000875-0.001048 —0.000909-0.001440 —0.000759%-0.002678
€93 0.0000670.000896 0.0001360.001417 0.0001240.002622
£33 —0.000162:0.003376 0.0000980.003622 0.0006140.006693
E, 0.002538-0.001963 0.0031560.002381 0.0053390.004583
E, —0.000023-0.000446 0.0000280.000718 0.0000780.001441
Ej —0.002763-0.002096 —0.003062-0.002026 —0.004744-0.003570
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Table 2 IVDC results for one-dimensional simulated deformation

Large subvolumé64x64x32 voxels

duy /dxy|inc=0.02

duy /dxy|inc=0.04

du, /dxy|ic=0.08

Applied meantstd % error meat std % error meanstd % error
E, 0.3707 0.3642:0.0091 1.75 0.36020.0110 2.83 0.35120.0165 5.26
E, 0.0000 0.0012:0.0010 0.0016:0.0007 0.00020.0008
= 0.0000 —0.0015+0.0012 —0.0009+0.0008 —0.0011-0.0007

Medium subvolum&32x32x32 voxels

du, /dX|inec=0.02

duy /dXq|inc=0.04

duy /dxq[ine=0.08

Applied meantstd % error mean std % error meat std % error
E; 0.3707 0.370%0.0040 0.00 0.371%0.0037 0.11 0.37060.0041 0.03
E, 0.0000 0.0016:0.0014 0.0008:0.0007 0.000Z0.0007
E; 0.0000 —0.0017-0.0014 —0.0007:0.0007 —0.0007-0.0006

Small subvolume16x16x16 voxe)

duy /dXq|inc=0.02

du, /dxy|inc=0.04

du, /dxy|inc=0.08

Applied meantstd % error meanstd % error mean std % error
E, 0.3707 0.3702:0.0031 0.13 0.37050.0019 0.05 0.37060.0027 0.03
E, 0.0000 0.0023:0.0025 0.0016:0.0008 0.00130.0028
E; 0.0000 —0.0030+0.0023 —0.0010+0.0010 —0.0008+0.0012

and 3-(z-) direction] as subvolume size and grid spacing wersimilar magnitudes to those obtained with 2D digital image cor-
varied. Mean displacement measurements are not shown sinelation(DIC). However, IDVC precision was an order of magni-
collection of repeat image volumes did not guarantee a zero digee less than 2D DIC in the out-of-plane directi@direction.
placement, mostly owing to the inability of the focus motor t®reviously, it has been reported that traditional 2D DIC methods
reliably identify the same focal position. yield precision values that are typically in the range of 0.02 pixels
In general, calculated mean strain values for all subvolumer displacement and 20@e for strain [26]. Similar levels of
sizes and grid spacings applied were zero, demonstrating the afecision were achieved with the 3D digital volume correlation
ity of the algorithm to accurately determine a zero applied inpwigorithm developed by Bay and coworkéss]. The differences
strain. Alternatively, the standard deviation of displacement afd aigorithm performance can likely be attributed to the increased

strain measurements was used as an indicator of algorithm pregjse|s of noise and #direction aberration” associated with the
sion. For a given subvolume size, displacement precision was @jlection of 3D confocal images.

ways lowest in the 3-direction, with values that were 1.5 and 4.5, summary, for measurement of smallerd strains from

times lower than those in the 1- and 2-directions. Likely, the popg,eat njoaded images, the IDVC algorithm can be optimized

precision in the 3-direction was associated with a specifif., g application of large subvolume sizes in association with

z-direction aberration that results from the collection of confoc arse grid spacing. However, in specific cases, such as strain

mggoigglﬂlzss' IIc:vxt]eaﬁsr:seoelﬂti\c/)vr?I:ndt%faugs{;;ec(:[c;g?t the confo asurements on a cell surface or strains experienced by ECM
p ’ fiE)riIs or fibril bundles, the application of a spatially dense grid

The subvolume size used to correlate the images was found rove beneficial since it provides increased resolution of
have a significant effect on displacement standard deviation P P

precision. Similar levels of precision were obtained for displacé—r.am measurements. C'are should be_ taken when a spatla_lly dense
ment measurements in all three directions with the application 'f'd IS used. to detgrmme such strain measurements, since the
large (64X 64x 32 voxeld and medium(32x32x32 voxel3 sub- construct being studied may not satisfy continuity at the level of
volume sizes. Comparison of these results with those obtained fBf Mmeasurement sought.
small (16X 16X 16 voxelg subvolume sizes showed a decrease in Sjmulated Deformations.To further explore IDVC as a
displacement precision for the small subvolume size. In the samfthod for determining 3D displacements and strains, both 1D
way, a decline in the precision of strain and principal strain megnd 3D deformations of a collagen ECM were simulated. One-
surements was observed with decreasing subvolume size. Tdisensional simulations involved computationally stretching an
general decrease in precision as a function of subvolume size Wagge volume in the 1-direction to a total strain of 0.3707 at
expected, since decreasing subvolume size reduces the amourfi§lacement gradient incrementslug /dx,|;,) of 0.02, 0.04,
image datgvoxels involved in each correlation analysis. For thisp 08, and 0.16. These simulations involved no deformation in the
study, each image slice was collected in a 8522 pixel format. 2. and 3-directions. Deformations simulated in 3D involved com-
It is anticipated that increased sampling in the collection of inpytationally stretching the image volumes in all three directions.
ages by utilizing a 10241024 pixel format would improve the Here, an overall strain of 0.3707 was applied in the 1-direction
accuracy and precision of algorithm measurements by a facighile strains of—0.4339 and-0.4354 were applied in the 2- and
of 2. ) o ) ) ) _3-directions, respectively. For 3D deformations, the incremental
Systematic variation of grid spacing assigned to correlated imjisplacement gradients applied in the 2- and 3-directions were
ages did not significantly affect displacement precision. Howeveyyice the step value used in the 1-direction so as to reflect the 3D
the standard deviation for strain measurements was found to &ormation observed experimentally for collagen EQZ,25).
inversely proportional to grid spacing; i.e., when grid spacing was should be noted that as the incremental displacement gradient
increased, strain measurements were more precise. It is evidggfeased, fewer image volumes were involved in the overall cor-
that since strains are a function of displacement gradiem§iation analysis. The effect of subvolume size was also deter-
(duy; /dx}’), any error in the displacement measuremenig)is mined as part of these analyses.
amplified in the calculation of strain by the decreased spatial dis-Principal straingmeans-standard deviation of all subvolumes
tance between grid pointsl(). measured for 1D deformation simulations as a function of applied
In the present study, the 3D IDVC algorithm showed precisiotisplacement gradient increment and subvolume size are summa-
levels in the in-plane directiond- and 2-directiopthat were of rized in Table 2. Algorithm results did not converge for any of the
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Table 3 IVDC results for three-dimensional simulated defor- those for 1D simulations. Such results can be explained by com-
mation paring the Von Mises equivalent strains.g) for both simulations

Large subvolumé64x64x32 voxe) as calculated below

16002 AT ®

i 0,
Applied mean-std 6 error For the 1D simulated stretch, acceptable measures of the strain
E, 0.3707 0.36230.0233 2.27 state were obtained for displacement gradients of 0.08 and below,
Ez :8-3222 :8-2%55[;8-882; ggg which corresponds to a Von Mises equivalent strain of 0.08 or
3 Medium subvolume32x32x 32 voxel : Ie_ss. However, snm_ulated deformations in 3D re_quwed incremental
duy /dxyinc=0.02 Uz, U.U4, . - LT -
1 /%[ ine displacement gradients of 0.02, 0.04, and 0.04 in the 1-, 2-, and 3

directions, respectively. These values of applied strain correspond

Applied meantstd Y eImor {0 ag,, of 0.06. Therefore, it is apparent that the algorithm func-
E, 0.3707 0.37920.0129 2.32 tioned reasonably well as long as thg, applied at each strain
E, —0.4339 —0.4345-0.0021 0.14 increment was less than approximately 0.10. Therefore, for analy-
Es —0.4354 —0.4422-0.0036 1.56 sis of experimental data involving mechanically loaded collagen

ECMs (in which a 1D stretch causes 3D deformajioncremen-
tal deformations should not exceed: g, of 0.10.

In summary, these results indicate that the IDVC algorithm ef-
fectively predicts the known 3D strain state of a collagen ECM at
. . the local level. Algorithm parameters such as subvolume size and
subvolume sizes evaluated when the lafgel® displacement jncremental displacement gradient can be adjusted to yield strain
gradient increment was applied. For an applied displacement gfgaasyrements with error rates of 2.5% or less. Based on these test
dient increment of 0.02, the maximum principal straify X strain  gata when applied to a series of images with a similar level of

was measured as 0.3642, 0.3707, and 0.3702 for large, mediytyormation between images, IDVC should result in similar accu-
and small subvolumes, respectively. These results accurately #&cy and precision as demonstrated here.

flected the applied value of 0.3707 with a percent error ranging
from 0 to 1.75%. All other principal strain components measured Measurement of the Local 3D Strain State of a Collagen
for this specific displacement gradient were close to zero, withEBECM Under Tensile Load. Application of IDVC to a series of
maximum absolute error of 0.0030. Despite the incremental disrage volumes representing a collagen ECM loaded incremen-
placement gradient applied, the accurac¥gfmeasurements im- tally in tension allowed determination of the local 3D strain his-
proved significantly for analyses involving medium and smatbry of collagen ECM microstructure. Visualization of the 3D
subvolumes. When the displacement gradient was increasedjnee-varying response of a collagen ECM microstructure to
decrease irE; accuracy and precision was noted, but only founiaxial tensile strain using confocal microscopy in a reflection
analyses involving large subvolumes. Changes in displacemembde has been demonstrated previoy&ly|. IDVC provided a
gradient yieldedE; measurements of comparable accuracy andethod by which deformations experienced by collagen fibrils
precision when medium and small subvolumes were used. Evatbserved qualitatively could be translated to quantifiable micro-
ation of E, andEj; results showed that similar levels of accuracylocal) level displacements and strains in 3D. IDVC was applied
and precision were obtained despite the displacement gradienttma series of image volumes representing a collagen E@Ny-
crement and subvolume size used in the analysis. merized at 1 mg/ml collagen concentration and pH 8ubjected

Algorithm performance for simulated deformations in 3D wato a uniaxial tensile load of 7.8 mm. This subfailure load, which
also evaluated as a function of subvolume size and displacemeotresponded to a strain of approximately 0.35, was chosen based
gradient incremen(Table 3. Interestingly, algorithm results con- upon the stress-strain properties for such matrices as determined
verged only when a displacement gradient of 0.02 was appligeteviously by our laboratorj24]. The load was applied in steps
The algorithm did not converge for analyses involving small sulof 0.52 mm so to provide an incremental displacement gradient of
volume sizes. Comparison of results revealed that use of medi@@2. Based upon data generated from the simulated deformation
subvolume size provided the best levels of precision and accurayperiments, application of displacement gradient increments less
for principal strain measurements for these simulated deformatitian 0.02 would provide improved levels of accuracy and preci-
experiments. Together, Tables 2 and 3 shows that, in generakian; however, such step sizes led to practical difficulties.,
reduction in subvolume size improved the accuracy and precisitmial time required to complete an experimeint evaluating the
of strain calculations. For 3D simulated deformations, the secotatal mechanical behavior of collagen ECMs at large strain levels.
and third principal strains were much more precise even thoughThe ability of the IDVC algorithm to effectively track a given
the applied strains were larger. A potential explanation for thismage subvolume surrounding a single grid pdimecessary step
observation is that as the volume was computationally deformed, make deformation measurements and determine siraias
component collagen fibrils tended to align in the direction of thestablished upon visual inspection of the sequential confocal im-
simulated stretch. This alignment likely caused a loss of intensi@ges. Figure 2 shows the progressive deformation of component
gradients(variations in voxel intensity values that comprise theollagen fibrils at each load increment. Although the first and last
3D image$ along the 1-direction, but preserved intensity gradiimages were not recognizably similar, each pair of successive im-
ents in the transverse directions. The use of small subvolumesges had similar voxel intensity patterns, which provided the basis
sizes to improve accuracy and precision of strain measuremeotshe correlation analysis. Movies showing the progressive defor-
for large strain analyses is in direct contrast to those results abation of a collagen ECM microstructure in response to increased
tained for zero- or small- strain input experiments. When imagésnsile loading can be viewed at http://www.cyto.purdue.edu/
volumes of structures that experience large relative deformatioiDC/videos.htm(Video 1).
are compared, image data near the periphery of subvolumes useBased upon these qualitative data, quantification of the local 3D
for correlation pattern matching undergo a much larger relatiwtrain response was initiated by the assignment of grid points to
deformation than image data near the center of the subvolumttee undeformed image in order to establish appropriately sized
As such, application of a large subvolume size may introdudeage subvolumefFig. 3(a)]. It should be noted that the volume
increased noise into the correlation procedures involving largé points correlated~100X100x25 um®) represented 32% of
strain analyses, thus reducing both accuracy and precision.  the imaged volumé~150x150x35 um®) and a much smaller

In addition, displacement gradient increment requirements fpercentage(0.000025% of the overall specimen volume. The
3D simulated deformations were found to be more restrictive thémad-dependent deformation of the initial image could be readily
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of the mechanically loaded collagen ECM was provided by an
evaluation of the six independent components of the Langrangian
strain (g;;) as a function of the applied deformatigRig. 4). All
deformations and strains within the image volume appeared ho-
mogeneous in magnitude, as noted by the strain cont®igs 3)
and the small variatior{standard deviationin principal strain
measurementéig. 4). These results showed that while the me-
chanical deformation was applied in the 1-direction, the largest
deformations occurred in the transvefge and 33 directions and
all shear strains remained near zero. A significant transverse con-
traction was observed in the strain through the thicknes3, (
which approached-0.50. Note that a Lagrangian strain of this
magnitude corresponds to the dimension reducing to zero. Quali-
tatively, these results are consistent with visualizations of collagen
ECMs loaded in tension, where significant transverse contractions
were observed both macroscopicall4] and microscopically
[25]. Quantitatively, macroscopic measurements regarding the re-
duction in the width and thickness dimension of the gauge section
of the specimen25] correlate well with those measured micro-
scopically from the ECM microstructure in the present study.

Note that the length scale of the local strain measurements
(=~20.0 um) in theses studies was much larger than the size of an
individual collagen fibril(=0.4 um). As such, the strains mea-
sured in this paper are strains in the microstructure of the collagen
ECM, not strains in a single fibril. The IDVC algorithm assumes
the collagen ECM microstructure to be a continuum. This assump-
tion is consistent with many microstructural models of the ECM
used to predict the behavior of tissyds,40—-48.

A practical requirement of our experimental setup which in-
volves the integration of a miniature mechanical loading device

(@)

m.)

®) with a confocal microscope is that images are acquired during
ﬁl =024 M =026 | —0.28 a4l —0.30 pausegapproximately 5-10 minin the mechanical loading25].
™ ine inc ine During the imaging process the specimen was held isometrically,

virtually eliminating vibrations of the sample and any unantici-
e X b pated failure during collection of 3D images. Additionally, IDVC
projections ) representing a correlated subvolume within a col- . S .
lagen ECM during incremental mechanical loading as tracked was effective a_t determl_nlng th_e 3D local strain state of collagen
by the IVDC algorithm ECMs at subfailure tensile strain levels of nearly 0.40 and below.
Resolution of the fibrous microstructure of the collagen ECM at
higher strain levels or near failure strain levels is limited by the
alignment and compaction of fibrils in the direction of loading
Bee Fig. 2 It has been shown that biaxial loading does not cause
unidirectional fibrillar alignment within collagenous tissUé$].

Fig. 2 A series of 3D confocal reflection images (shown as 2D

sitions [Figs. 3b)—3(d)]. Additionally, the maximum principal
stra;n asAdetermlner(]j by th;eh IDVCtaIgorlt?m |s.plotted .on.th herefore, this IDVC algorithm could possibly perform even bet-
contour. A movieé showing thé contours of maximum princip g for biaxial or possibly even triaxial experimental data.
strains throughout the imaged volume at increasing load leve

S . . )

: In conclusion, as demonstrated on both calibration and real data
can be seen at http://www.cyto.purdue.edu/IVDC/videos.ht : s : : ]
(Video 2). Another presentation of the 3D local-level strain statgbtamed with confocal reflection microscopy, IDVC allowed ac

Eurate and precise quantification of 3D large deformation and
strains in collagen ECM microstructures under applied mechani-
cal load. We are currently utilizing IDVC to determine the effect

of collagen microarchitecture on the 3D strain response at the
E, 0.14 . . . .

microscopic level. IDVC can also be applied to tissue constructs,

0.12 in which cells are cultured within 3D collagen ECMs. IDVC

would provide much-needed quantitative descriptions of the mi-
cromechanical interactions between cells and their surrounding
ECM and subsequent effects on tissue structure and function. For

(a)

(c) such studies, cells within the tissue construct should be stained
with a vital fluorescent dye. Reflected light from the collagen
> fibrils can then be collected simultaneously with cell-based fluo-

rescence using confocal microscopy in a combined reflection-
epifluorescence modg23,25. In this way, fluorescence images
representing an individual cell within the tissue construct provide
intensity gradients that are suitable for digital volume correlation.
Recently, such a strategy has been implemented in our lab for
determining 3D microlevel strain states of both an individual cell
and its surrounding ECM induced k) application of external
mechanical loads an®?) ECM remodeling by cells over time.

1

Fig. 3 Progressive volumetric deformation and changes in the
microlevel strain distribution for a region within a mechanically
loaded collagen ECM. Maximum principle strain (extensional

stretch ) is plotted on the contour for applied macro level Precise measurements characterizing the 3D strain state of the
strains of (a) 0; (b) 0.1; (¢) 0.2; and (d) 0.3. Original image rep- local microenvironment of an individual cell will also make it
resents a 100 X100X25 um?® volume within the collagen ECM. possible to relate a particular cellular response such as changes in
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Fig. 4 Changes in the six independent components of the Lagrangian strain
(means over the entire volume evaluated ) as the external mechanical load was
incrementally increased. Error bars indicate standard deviation.
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