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High resolution imaged laser speckle strain gauge
for vascular applications

Sean ). Kirkpatrick Abstract. An imaged laser speckle strain gauge that yields strain rates
Department of Biomaterials and Biomechanics directly is described for vascular applications. The strain gauge does
Oregon Health Sciences University not rely upon cross correlations between a reference image and sub-
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sequent strain-modulated images as most current speckle interfero-

Marilyn J. Cipolla metric methods do. Instead, it relies upon a two-dimensional fre-
Division of Vascular Surgery quency transform of “’stacked speckle histories’”” which are time series
Department of Surgery of one-dimensional views of the speckle patterns arranged into a
Oregon Health Sciences University spatio-temporal array such that space is along the abscissa and time is

Portland, Oregon 97201 along the ordinate. The tilt of the stacked speckle histories is related to

the time rate of speckle pattern shift. The strain gauge is sensitive only
to in-plane strains. Strain rates of 30.1=3.2 and 24.83%2.1 ue/s
were evaluated in vitro on a fresh human tibial artery and rat inferior
vena cava, respectively. The total strains measured were 21.6 and
19.86 ue, respectively. This is at least one order of magnitude more

sensitive than other current soft-tissue strain measurement techniques.
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1 Introduction these changes result in low speckle contfaahd very poor

The use of speckle imaging for measuring displacements and(Tinge visualization.

applied strains to materials has been reported for three de- _Recently, Kirkpc_';ltrick and BrookS reported ona nonim-
cades in the mechanical and materials engineering aging speckle strain gauge based on the earlier work of Dun-

3 . . . _
literature? In biomedical applications, its use has not been as can et af.” that measures strain rates directly in hydrated cor

extensive, yet several authors have reported on the use OIIical bone tissue. The method is relatively insensitive to slow
laser spéckle for evaluating strains in biological hard speckle decorrelation, does not depend upon the formation of

tiSSUGSa,_s for imaging variations in local mechanical proper- interference fringes to measure strdiie., it is not a correla-

ties in soft tissue that is being modulated at acoustic Flon based techniqeand is insensitive to changes in polar-

. . o ization of the scattered light. These characteristics appear to
frequencie$, and for tissue structure monitorifigamong : : ;
o . make the method attractive for evaluating soft-tissue mechan-
other applications, mostly those that involve blood ffow.

Most of the speckle-based strain measurements in hardics' On the other hand, since the method is a nonimaging

biological ti P h b h lied lassical i technique, it is incapable of mapping local variations in strain

lological issues such as bone have relied upon classical In- 504 gye o tissue inhomogeneities, although it can demon-
terferometric techniques, such as electronic speckle pattern

interf ESP) 3 ke ph Hy.and K strate that the strain field is nonuniform around circular
interferometry (ESP),” speckle photography,and speckle 0 i5ionst314 The ability to map local inhomogeneities in

interferometry” Speckle interferometric methods have not ice mechanics may be valuable for the localization of tissue
been entirely successful in the quantitative investigation of pathologies. Furthermore, for the nonimaging case, the obser-
strain patterns in soft tissue. However, Tyrer and Yer@tee,g vation distancel,, must be established in consideration of
applied ESPI to the visualization of strain patterns in elastic ihg (lensless camera pixel pitchp. Specifically, to meet the
artery models and Foth et #l.measured the motion of the Nyquist sampling criteria, it must be arranged so that the
human tympanic membrane by laser Doppler vibrometry. mean speckle sizés,=\L,/D=2p where\ is the wave-
Many of the difficulties in applying speckle methods to soft length, andD is the length of the uniformly illuminated
tissue arise from the cellular and Brownian motion of scatter- stripel® Large speckles can be achieved through either small
ing particles within the tissues which leads to rapid speckle spot sizes or large observation distances. Too small a spot
decorrelation and from the multiple scattering of the light as it sjze, however, results in the speckles being too large in the far
penetrates and is remitted from the tissue. This leads tofield. These issues make the system described by Kirkpatrick
changes in the second-order statistics of the speckle patternsind Brooks less than ideal for soft-tissue research and diag-
and complete depolarization of the scattered light. Both of nostic applications. The advantage of the nonimaging ap-
proach’s requirement for a large illuminated region on the
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time-dependent behavior of materials. Specifically, large ob- y
servation areas are necessary for adequately assessing the sp

tial statistics of creep behavior, particularly in materials that
exhibit spatially varying mechanical propertiés. —
In some tissue disorders, such as atherosclerosis, there is i 0 '

change in the ultrastructure of the arterial wall that can mani- ~_* _— 7D ime
) L. A maging Lenses
fest itself as a change in its mechanical propertfeSurrent

diagnostic techniques, such as ultrasonic and radiological im- “ \_/

Mirror

aging, are incapable of quantifying changes in the wall stiff-
ness due to disease. The ability to detect subtle changes in the

mechanical properties of the arterial wall is considered to be Beam Spiitter +‘;
important in the early diagnosis of atherosclertsiand Ferroelectric Crystal . OH_H_F
knowledge of the constitutive behavior of normal and dis- g/\\/ 5
eased vessel segments may assist the clinician in assessing tr Linear polarizer t—
severity of vascular afflictions, in turn leading to an appropri- Collimated

ate course of disease managenménithe purpose of this ar- Loser Beam

ticle is to describe a prototype speckle imaging system for
evaluating bulk strain rates in biological soft tissue, specifi- Fig. 1 Optical layout of the imaged speckle strain gauge. For the sake
cally artery and vein wall material, with potential future ap- of clarity, the immersion tank and tensile testing rig are not shpwn.
plications to the investigation and diagnosis of vascular dis- "€ ttL.’bILI"a_r”(’bJ_eCttertfsem;tiee"f)“e'h””d?r tﬁft' The ;’ets,se' '? tsﬁ
eases, including atherosclerosis. The system described jg!'cM "y tiuminatec frough =95 by changing e onientation ot e
; . . crystals in the FLC. Depending upon the polarization of the light ex-
applicable toex .VIVO experlments, b.Ut th_e method should iting the FLC, the beam is either transmitted or reflected 90° by the
prove to be readily convertible to an imaging catheter system polarizing beam splitter.

for in vivo applications.

. mal to the sample, and the speckle motions from the two
2 Methods and Materials illumination angles subtracted from each other. This proce-
2.1 Imaged Speckle Strain Gauge dure yields a simple relation describing the differential

The speckle strain gauge used in this experimental study isspeckle motionpA:

based on the speckle strain rate measurement scheme devised _ :
. . . . . A= +6,)— —65)=—2L inég;. (2
for industrial materials described by Duncan et-lwhich OA=0x(0,+6,) 5)((.0’ s) N "GXX.S 0f @)
was a significant departure from the data collection and pro- For purposes of computational efficiency which will become
cessing schemes used in Yamaguchi’'s speckle strainapparent below, it is advantageous to take the time derivative

gauge'®2 of Eq. (2). Doing so and rearranging we arrive at
In using the speckle strain gauge the goal is to observe and
track speckles that are translating in both time and space as a . oX(0,+ 65) — 6% (0,— 65)
result of an applied load. Using a geometric optics approach, Exx = —2L, sin 6, ' ®)

Yamaguchi® demonstrated that the speckle motion observed
at angled, from a straining object illuminated through angle
05 is given by

where the time derivative is indicated explicitly by the dot
over the character.

The speckle motion is imaged by a magnifying lens system
and observed normally by a linear array charge coupled de-
vice (CCD) camera. The backscattered light from each illumi-
nation angle is sequentially placed into separate files, gener-
ating two stacked speckle historieemne for each illumination

L, cos? 6,

———F +C0S 6,
L, cos 6, 0

5X(00 ) as)zax[

L, cos 6, sin 6

8 " cos @ +sin 6, angle, which are time series of the one-dimensional views of
s 0 the speckle patterns arranged into a spatio-temporal array
sin 6, such that spacéhe pixel number on the CQDOs along the

-L, exx(mw%an 00) abscissa and timgas determined by the sample pedidd

0 along the ordinate. A typical stacked speckle history is 512
Cos 6 pixels wide and 200 records in length. The stacked speckle
- y( cos 6, + ) (1) histories appear as tilted corrugated structures, with the slope

of the tilt reflecting the time rate of the speckle pattern shift.
where a, and a, are in-plane and out-of-plane rigid body The corrugated appearance arises from the different intensi-
motions, respectivelye,, is the in-plane strain(}, is a rota- ties of the individual speckles. To extract the time rate of the
tion about the axis perpendicular to the measurement plane,speckle pattern shift, a two-dimensional frequency transform
L is the source distance, ahg is the observation distance is performed on a portiof20—30 recordsof the data. Typi-
(Figure 1. In order to isolate the strain term desireg,, the cally a Fourier transform implemented with a fast-Fourier
sample is sequentially illuminated with a collimatéc., L transform(FFT) algorithm is used to transform the data in the
—o0) beam from two equal, but opposite, illumination angles, spatial direction and a parametric power spectrum estimator
the speckle field from each angle recorded in a direction nor- [autoregressive estimatoAR)] is used to transform the data
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The vessels were sequentially illuminated by a polarized,
collimated beam through two equal, but opposite, angles with
a 150 mW maximum power, single-mode, thermo-electric
(TE) cooled laser diode emitting at 809 nm. The laser was not
PZT = ™ run at full power, however, and the power incident on the

‘ vessels was 10 mW. The beam passed through the wall of the
plexiglass bath(refractive index,n=1.48 and the HEPES
superfusat€n=1.35 before striking the vessels. The beam
impinged upon the plexiglass at an angleto88°. Following

37° Bath

CPU Stop-cock Snell's law, this yielded an illumination anglé,, of approxi-
mately 27°. The sequential illumination was accomplished

Fig. 2 Axial testing fixture used for the strain measurements. The ves- using a ferroelectric crysta(FLC) Iight valve followed by a
sel is submerged in a physiological salt (HEPES) and glucose solution, polarizing beam splitter. The FLC acts as a switchable half-
and pressurized to an intraluminal pressure of 25 mm Hg by a static wave plate, either allowing the polarized beam to pass
pressure head that was created by mounting the syringe vertically over . S o
the vessel. A signal from the signal generator (SG) drives the PZT into throggh the crystgl Whlle,malntammg its po'a,‘”zaF'O” state, or
a triangular wave form, straining the vessel. rotating the polarization in the orthogonal direction, depend-

ing upon the orientation of the crystals in the FLC. The ori-
entation of the FLC is controlled through-a5 V signal. De-
in the temporal direction. The result of this operation is a pending upon the polarization of the beam once it exits the
bright line in the frequency domain, the slope, of which is FLC, it is either transmitted through the beam splitter or re-
the time rate of speckle pattern shift for that illumination di- flected 90° as seen in Figure 1. This arrangement allowed
rection. Equatiori3) can then be rewritten dwith confidence very rapid beam steering>100H2. The beams were then
intervalg reflected off turning mirrors to impinge upon the vessels. The
illuminated spot was Gaussian in profile and approximately 1
_ m,—m;  \(0,)°+(07)? mm in diameter.
Exx= ~2L,sin 6, * 2L, sin 0, t(v,a), (4) The backscattered light for each illumination angle was
observed normal to the specimen by a linear array CCD cam-
where the subscripts 1 and 2 refer to the plus or minus illu- era (7 um pitch). The array consisted of 5000 pixels; how-
mination angleo; and o, are the standard deviations about ever, in the interest of keeping the data sets manageable, only
the slopesm; andm,, respectively, and is the critical value  the middle 512 pixels were triggered. The light was imaged
of the Student'd-distribution with v degrees of freedom ata  through a magnifying lens system. The total magnification of
probability level ofa. Integration over the sample time yields the lens system was approximately 2.0 and the calculated
total in-plane strain for the period of time over which the data strain rates were divided by this factor to arrive at the actual

were collected. strain rate. A positive magnification increases the sensitivity
. of the strain gaugé In the interest of achieving very short
2.2 Experimental Procedures intervals between samples of the speckle patterns, an aperture

A fresh human tibial artery was excised immediately follow- was not placed in the lens system. This allowed a maximum
ing a lower limb amputation and a rat inferior vena cava intensity of light to reach the image plane, and therefore per-
(IVC) was excised from a freshly sacrificed animal. All pro- mitted short camera integration timgd mg. The size of the
cedures were done according to Oregon Health Science Uni-aperture, then, can be taken to be the diameter of the lenses
versity approved IRB and IACUC guidelines. These vessels (5.08 cm). Based upon this optical arrangement and ignoring
were selected because of their relatively large size and accessthe effects of dispersion as the beam passes through media of
ability. The vessels were excised, stripped of remaining con- differentn, the mean speckle size on the detecthy,, was

nective tissue, and placed in a HEPg®Bysiological sajtand on the order of

glucose solution at pH=7.4.The vessels were subsequently

cannulated, pressurized, and completely submersed in the 2.4\v

HEPES solution that was held a7°C with a recirculating, dsp= pat )

plexiglass bath. A static pressure of 25 mm Hg was main-

tained by using a syringe of the HEPES solution mounted where A =809 nm, v is the distance fronU, to the image
vertically over the cannula. Leaks, the limiting factor in main- plane(526.56 mn), anda is the diameter of the apertu(®.08
taining a static pressure value, were monitored by observing cm), or approximately 2Qum. This speckle size ensured that
any changes in the level of the fluid in the syringe. The closed the Nyquist sampling criteria were mét.g.,ds,=2p). The
cannula was attached to the piezoelectric PZT actuator of aspatial resolution on the vessels was then one half of the mean
custom tensile testing machifeThe other cannula was rig-  speckle size, or approximately Jm.

idly fixed and also connected to the static pressure head by a A critical issue for data collection was the selection of an
three-way stopcockFigure 2. A dynamic, triangular loading  appropriate sampling interval. Since the processing algorithm
wave form(0.1 or 0.25 Hxwas applied to the vessels through locates a preferred orientation in the speckle histories over
a signal from a function generator sent to the PZT actuator. 20—30 recordsinstead of over pairs of records as in conven-
The position of the PZT actuator was constantly monitored tional speckle interferometyyit is less sensitive to speckle
through an analog signal sent to an analog/digi#D) board decorrelation than conventional techniques. The requirement
mounted on a computer bus. does exist, however, that any speckle decorrelation be
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minimized!? It is easily observed that the speckles from fresh, The entire system, including data acquisition, camera inte-
hydrated soft tissue are in constant motion, even in a non- gration time, and sample interval, was controlled through cus-
straining sample. Thus, any strain measurement techniqguetom FORTRAN code. At the end of each strain experiment,
must sample at a rate that is fast relative to the random three data files were generated: two stacked speckle histories
speckle motion to ensure that the observed speckle motion is(one from each illumination anglend a file containing the
due to the imposed strain, and not simply due to cellular and position information of the PZT actuator. A separate FOR-
Brownian motion. The limiting factors are that too short a TRAN code was used to process the data. The data processing
sampling interval results in less strain in the tissue for a given routine included visually locating a matched series of 20-30
loading rate and too long an interval leads to an unacceptablerecords on each of the stacked speckle histories that showed
amount of speckle decorrelation. Two approaches were usedminimal decorrelation. Speckle decorrelation was readily ap-
to determine an appropriate sample interval. The first ap- parent on the histories and was manifested as the disappear-
proach involved observing the speckle pattern from a cannu-ance and/or appearance of new speckles. This demonstrates
lated and submerged, but not straining, vessel over time andthe advantage of collecting 200 records per illumination
generating temporal decorrelation curé¢é§.emporal decor- angle; one can select portions of the data that were not subject
relation curves were constructed by computing the intensity to excessive decorrelation or other perturbation, such as cam-
cross-correlation coefficieng, 1 i (), of a reference exposure, era jitter. The records selected were then frequency trans-
I1, with 199 subsequent exposureg,,, wheret is time for formed into two dimensiong2D). Specifically, a Fourier

two different sampling interval6l00 and 500 mis Because a  transform implemented with a FFT was used in the spatial
finite number of samples was used, the autocorrelation coef-direction(Hanning windowN=1024with zero filling) and a

ficient, C;,;, was normalized such that;;;=1.0. The parametric AR spectral estimatgmodified covariancewas
cross-correlation coefficient of the speckle pattern intensities used in the temporal direction. As an alternative a 2D FFT
was calculated as could have been employed, however, the hybrid scheme has
certain advantages. AR estimators by nature produce “spiky”
(<|l|i(t)>_<|1><|i(t)>) spectra, allowipg for good tempo_rgl resolution with relativgly
C|l,|i(t)= P ) (6) short observation periods. In addition, AR models are particu-
R larly appropriate for estimating time-variant power spectra re-

where o) is the standard deviation of the intensity of the sultldr? fr%mF.nolrI\statlonaryt ;lgnals,t S:JCht.as tm the Eresent
speckle patterns and the angled brackets denote an ensemplENAItON-= Finally, parametric Spectral estimators make use
of a priori knowledge of the process. In this case, this infor-

average. The cross-correlation coefficients were plotted as a~ °. )
g P mation comes from the fact that we know that, following the

function of time to yield a plot of the correlation function, . h .
C(t), of the speckle pattern. By looking at the temporal decor .FFT’ the energy in the power spectrum will be highly local-

relation curve, one can decide upon a “time-to-beat” interval ized and therefore the transform in the temporal direction
which is the maximum allowable intersample time before the fhould produce a very naow line specirum at each spatial
speckle pattern becomes unacceptably decorrelated. requency. - . . .

The second method by which to determine an appropriate A potential difficulty with parametric spectral estimators,

sample interval was that used by Kirkpatrick and Brddiks however, is the selection of the model order number. The
their investigation of strains in wet cortical bone. This method accuracy of the spectrum estimation, and therefore the strain

involved inspecting for a shift in the zero-lag position of the meaEurergﬁnt, s Itargily hdepenéjelnt ClIJpon th; mode: oadter
cross-correlation sequence of an initial speckle pattem), number. £noosing too nigh a model order number may lead to

with subsequent speckle pattergén), as observed with in- spurious peaks in the power spectrum estimate, while select-

. o ing a model with too low an order number may artificially
creasing sample rates for a nonstraining vessel segment a%smooth the spectrum. While it is frequently suggested that the

was done above. The goal was to arrive at a sample rate tha .
generated a sequen@@inimum length of 20 or so recorfls numger O; polesdused sr;ouldélée b?.twee”dl.giﬁgfh/z of the
that exhibited a minimali.e., slow shift in the zero-lag po- n#m erho reco(; S t_rans orm b,ear |err]_stu dl . ﬁve |
sition over time. The cross-correlation sequencg(l), of S O(;erl t 'tar;[ ggo esgma_lt_is ca;n € alllcf ieve USI?g atf ree-pole
two sequences of finite duration of lengthmay be expressed modet wi records. Therelore, all Irequency transtorms in
as thg temporal direction were performed with an AR model
using three poles.
The result of the 2D frequency transform is a focused band
of energy in the frequency domain oriented at right angles to
Fxy(1)= Zo x(ny(n—=1, 7 the dire%)t/ion of tilt ir?the s)p/)eckle history. The fina?l step ?n the
processing algorithm is the determination of the location of
wherex(n)=y(n)=0 for n<0 andn=N, and| is the lag this focused line, the slop@), which has units ofxm/s, or the
parametef® Inspection of Eq(7) indicates that (1) has a time rate of the speckle pattern shift. This was accomplished
peak atl =0, the zero-lag position. Thus, by computing the using a weighted least-squar@¥/LS) fit to the points in the
cross-correlation sequence of a reference speckle pattern andrequency domain. The weight was the value of the image at
subsequent speckle patterns, locating the zero-lag position,the peak®> Oncem was determined for both stacked speckle
and observing any shift in this position over time, a sample histories(illumination angle§ e,, was calculated by Ed4).
rate in which there is minimal shift in the peak position can be The total in-plane straine,,, was calculated by integrating
determined. This was more of a brute-force method, but it left Eq. (4) over the elapsed time. Table 1 gives a summary of the
little ambiguity once a sample interval was decided upon. experimental parameters.

N-|l|-1
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Table 1 Physical parameters of the imaged speckle strain gauge. A t=500ms
120
Parameter Value 0
w -
Wavelength 809 nm > 100
X (a)
Source angle 27.13° =
= At=100ms
Source distance o i= 110
[72]
llluminated spot diameter 1.0 mm S 0
Sample inferval, At 20.0 ms D
8_ -140
Camera integration time 10.0 ms o (b)
©
Magpnification, M 2.0 _6 At=20ms
= 80
)}
§ |
0 hn A
3 Experimental Results v
3.1 Speckle Decorrelation and Sample Interval -80
0 50 100 150 200 n

The speckle patterns from the pressurized and submerged ves
sels exhibited rapid decorrelation as shown by &)
curves of Figure 3. These curves represent the correlationFig. 4 (a)-(c) Shift in the zero-lag position of the cross correlation of a
function of the backscattered light for two different sample reference pattern with subsequent speckle patterns at different sam-
intervals,At, 500 and 100 ms, over 200 records. The exact pling intervals. A large §hift in the zero-lag position ind.icates signifi-
shape of these curves will vary depending upon such factorsE;;tpfsﬁﬁlfelfvgfsgez'%t'r(:;' Note the relatively steady line when the
as the amount of biological activity in the samples, the com- ’
position of the vessel walls, the wavelendthand the light
intensity?® The feature of note, however, is the rapid decor-
relation, which emphasizes the need for shbitin order to
ensure that the observed speckle motion is due to the impose
strain and not due to the random movement of the speckles.
In order to more precisely determine an appropriate
the position of the zero-lag position of the cross-correlation
sequence of an initial speckle pattexrin), with subsequent
speckle patternsy(n), as observed for increasing sample
rates for a nonstraining vessel segment was located and an
shift in this position was determined. The goal was to arrive at
a At that resulted in a minimal shift in the zero-lag position
over a length of 20—30 records. Figure@)4-4(c) show the

(c)

results of these experiments forAd of 500, 100, and 20 ms.

t is readily seen that, for the longét’s of 500 and 100 ms,

here was considerable shifting of the zero-lag position be-
tween samples. The location of the zero-lag position was rela-
tively stable at the shortestt of 20 ms. This indicates that
the returning signal was relatively stable over time, and there-
fore by sampling at this rate, any observed speckle motion
will be due to an imposed strain and not due to random move-
Ynent of the speckles. Based on these resulist af 20 ms
was used for the strain rate measurements.

3.3 Strain Rate Estimates
The shifts in the speckle patterns due to an imposed strain

1.0 faithfully followed the loading waveform as shown in Figures
i 5 and 6, where one of the stacked speckle histories and the
08} applied loading wave form are shown for both the human
L tibial artery and the rat IVC. Figures 7 and 8 show the upper
06| A t =500 ms right quadrant of the two-dimensional frequency transform of
= L the analyzed portions of the stacked speckle histories. The
O o04] slope of the WLS lines drawn through the points is the time
i rate of the speckle pattern shift recorded for that illumination
021 angle. The opposite stacked speckle histories and transforms
i At=100ms look similar.
oo0l. . . . L L Based upon the lengtisannula tie-to-cannula tieof the

020 40 60 80 100
Time (s)

vessels and the movement of the PZT actuator, the applied
strain rates were approximately 36.4 and 2g.és for the

tibial artery and the IVC, respectively. These strain rate fig-
ures, however, do not take into account any compliance in the
testing machingwhich because of the low modulus of the
vessels was likely negligiblenor any slippage of the vessels

on the cannulas. Thus, these values are likely to be higher
than the actual strain rate seen by the tissue. The measured

Fig. 3 Temporal decorrelation curves for the speckle patterns at two
sample intervals, 500 (top curve) and 100 ms (bottom curve). These
curves demonstrate the rapid speckle decorrelation observed when a
vessel is illuminated by laser light. The higher final C(t) with a 500 ms
sample interval vs 100 ms is due to the longer time averaging at 500
ms that smoothes the speckle pattern.
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Fig. 5 (a) Stacked speckle history from the + 6; illumination angle for the human tibial artery. Space (position along the CCD array) is along the
abscissa and time is along the ordinate. The tilt in the speckle history is related to the time rate of the speckle pattern shift. (b) Loading wave form
applied to the tibial artery to produce the speckle history of (a). The reversal in direction corresponds to the reversal in the angle of tilt in the speckle

history.

strain rates estimated by E¢) were 30.1+3.2 and 24.83 perfused and superfused vessel segments. The strain rates es-
+2.1uels for the tibial artery and the IVC, respectively. timated from the shift in the speckle patterns were within 18%

Based on the length of time over which these estimates wereof the nominally imposed strain rates, however, as mentioned

made, this leads to total strains of 21.6 and 1986respec- above, it is likely that the imposed strain rates were actually
tively, for the two vessels. These results are summarized in lower than that reported due to slippage at the cannulas. Fu-
Table 2. ture investigations will have to take steps to minimize this

. . error source. For example, the use of barbed needles for the
4 Discussion cannulas may provide better gripping. The strains measured
4.1 Advantages and Limitations of the Imaged Speckle here are at least an order of magnitude smaller than is possible
Strain Gauge with conventional soft-tissue strain measurement techniques,
We have demonstrated that the prototype imaged specklesuch as video dimensional analysis. Further investigations
strain gauge is capable of evaluating microstraisges in into the processing scheme, such as an analysis of the effects
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Fig. 6 (a), (b) The same as in Figure 5, but for the rat IVC.

of the AR model order number, may provide a means by  While the rapid decorrelation of the speckle patterns dem-
which to further improve the resolution of the strain gauge. onstrated by th€(t) curves(Figure 3 may be a complicat-
The necessarily shorkt is advantageous in that experi- ing factor in strain measurement, knowledge about this decor-
ments may be run very quickly and efficiently. If future ver- relation process may prove valuable in other ways. For ex-
sions of the imaged speckle strain gauge are deployethfor ample, by using the principles of correlation diffusion
vivo applications, this may be highly advantageous. On the theory?’ it may be possible to characterize the composition,
other hand, shorf\t’s require a sufficiently high amount of  or at least the relative composition, of suspected diseased tis-
light to be backscattered to allow for very short camera inte- sue.
gration times. This was not found to be a problem in the Other potential error sources include temperature tran-
present application, however, since the incident light power sients in the laser, causing laser wavelength drift, deviations
was a modest 10 mWat 809 nn), which still allowed short from geometric symmetry in the experimental setup, tempera-
camera integration times of 10 ms. Furthermore, such rapid ture transients in the camera and its supporting structures, and
data acquisition does not allow much time for strain develop- barometric pressure fluctuations. The effects of most of these
ment, which may be a difficulty, particularly with low modu- sources can be mitigated by using a TE cooled laser, allowing
lus materials. sufficient warm-up time for the camera, and through care in
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Fig. 7 Upper right quadrant of the two-dimensional frequency trans-
form of 20 records of Fig. 5(a). The slope of the WLS line through the
data is the time rate of the speckle pattern shift for the + 6, illumina-
tion angle. The transform of the data acquired for the — @, illumina-
tion angle appears similar. f,=temporal frequency (Hz); f,=spatial
frequency (um™).

the experimental setup. Barometric pressure fluctuations havi
been discussed by Duncan ef3in the case of a nonimaging

Imaged Laser Speckle Strain Gauge

Table 2 Results of the strain rate experiments.

Imposed €, Measured ¢€,, Total €,,
Vessel (me/s) (ne/s) (1€
Tibial artery 36.4 30.10+3.2 21.6
Rat IVC 29.0 24.83+2.1 19.86

Consider the simplified arrangement of Figure 9. Here, an
optically smooth surface is illuminated by a laser beam
through an off-axis angle ofs. Located on the smooth sur-
face are two point scatterers,distance apart and centered
abouto. The light scattered by these two points is observed
normally in a plane located at some distathceFrom wave
optics, we know that the light scattered from each point will
interfere in the observation plane and result in an intensity
(fringe) pattern,l(x), given by

I(x)x2+2 cos(k X optical path difference), (8)

Swherek is the wave number. From Figure 10, the path differ-

ence for the two scatterers is

strain measurement system. For the present application of the

imaged speckle strain gauge, variations in the refractive index
of the media along the beam paths may be of significant con-
cern.

A change in the refractive index, of the media through

()= |+ rp) === [(rp+ 1] (9)

The following geometric relations can be derived:

which the incident laser beams and the scattered light pass has

traditionally been a complicating factor in applying laser

speckle metrologic techniques. This is because changes in the

refractive index will produce phase shifts in the scattered light
waves. Thus the question of the effects of the change in
over the time course of the experiment on the strain rate esti-
mates arises. We consider a situation in which there is a tem-
perature change in the bath that leads to a changerirboth

ro—r1=s(sin 6;) -

L (10)

and

!

! rl

_ S(X—o)

~— 11)

the superfusate and the plexiglass tank. We assume that the
effects of dispersion are minimal and can be ignored. To ad- The total optical path differenc@PD) for the two scatterers
dress this, we follow an approach similar to that used by is then

Duncan et af? for investigating the effects of changes in
barometric pressure on speckle-based mechanical strain rate

) . g X—0O
estimates. TPD=s|sin §s— —+ (12)
L L
5L .
- X
r1
2 b . _ T Ls
. . 2
: I'1 S/2+G
) ..
T . ‘. .
o 1F . - GS z
T 1
2
or . -Sato
! "0000 0:002 0,004 0.006 0008 0010 0012 0.014 016 0018 0020 0022 Observation L
fs (uit) Plane
Fig. 8 The same as in Fig. 7, but for the rat IVC. Fig. 9 Measurement geometry for two point scatterers.
Journal of Biomedical Optics * January 2000 * Vol. 5 No. 1 69



Kirtpatrick and Cipolla

Vessel

)'((05)—5((—05)=—2§Lsin05. an

A comparison of Eq(17) with Eq. (2) reveals that, when
81 {~ €y, the relative shift in the pattern is approximately

CCD \ Beam- / CCD the same magnitude. Thus the maximum allowable relative
litters change inZ over the course of an experiment is on the order
splitter Mirror of a few ppm or less. Using a recirculating bath and allowing

adequate time for the bath structur@e., the plexiglagsto
thermally stabilize will help to ensure a constant temperature
and therefore minimize changes {n A mitigating factor is
that, with the present setup, an entire experiment lasts only
8.0 s and of that, only 0.7 s of data are analyzed. Thus long-
] term temperature stability is not a requirement of the mea-
splitter surement system, per se, however, good long-term tempera-

ture stability is necessary for proper biological interpretation
Laser of the data. Note that the above argument may be repeated for
a change im along any point of the beam paths.

Beam-

Fig. 10 Optical configuration for observing the speckle shift in the A change inn will, in addition, cause a corresponding
geometrical specular direction for measuring out-of-plane displace- ' ¢

ments (dilation). As an alternative, the scatter could be observed in the Change Infs . lnsPe_Ctl.OH of Eq(fl) ShOWS. that within reason,
exact forward direction. however, small variations af will result in only small errors
in the €,, estimates.

Defining the relative index of refractiort, of the tank and 4.2 Application to Dilational and Contractile (a,)
superfusate as,/ng where the subscriptsands refer to the Measures

tank and the superfusate, respectively, E).become¥’ Changes in the dilational properties of vessels as a function of
intraluminal pressure, disease, and/or drug administration are
] o X—0 frequently of interest to the vascular researcher. These mea-
sinfs— 11—+ T) (13) sures express the structural stiffness of the vessels and are
) usually acquired through planar imaging techniques such as
We now wish to describe the motion of the intensity pattern in video dimensional analysi/ DA ).28%°It is of interest then to
terms of a time derivatived/dt, at a reference positiorg determine if the speckle technique described herein, or a
=0: modification of it, can be used for such evaluations. With
reference to Eq(1), it is the a, term that yields dilational

I(x)x2+2 cosks¢

d ] o X—o0o (out-of-plang information.
a[k%(S'n Os— 1T T) =0, (14) Two optical arrangements immediately present them-
s x=0 selves. The first involves observing the scattered light in the
which may be solved to geometrical specular directions and the other involves observ-

ing the scattered light in the exact forward directions. Both
require the use of two cameréBigure 10. These arrange-

X(0)=%= _£ Lsinf.—ol 1+ L Tol 1+ 5 ments make use of the fact that the bidirectional reflectance
s g s Ls Ls/ )’ distribution (BRDF) of a rough surface is centered around
(15) these two directions, resulting in a higher intensity of scat-

tered light at these observation angles and subsequently al-
lowing a lower laser power to be employed or shorter camera
integration times and thereby allowing shortet.
Using the same formalisms as above, it can readily be
however, also includes rigid body motiofthe terms associ- §hown ”“%t the speckle motion for both O.f these arrangements
is a function of the out-of-planéa,) motion only. For the

ated witho and o). These terms are removed through a dif- case of observation in the geometrical specular direction, the
ferencing procedure. By illuminating throughés, following differential speckle motion is given by

the same formalisms as above, and subtracting the motions
associated with each illumination direction from each other,

where the time differential is indicated explicitly by the dot
over the characters. Equati¢h5) describes the motion asso-
ciated with a relative change & which can be inferred by
actually measuring the shift in the pattern. Equatid’),

L
we get 5Asax(—as,as)—ax(es,—es):zazsin03(1—L—°).
S
Z L L. (18)
X(—6s)=— Z{—LSin Os—o| 1+ L +o|l 1+ At Taking the time derivative as was done in the case of the
s s (16) in-plane strain estimates, rearranging, and assuming uniform
dilational behavior, the total out-of-plane motiddilation)
and rate is given by
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OX(— 0, 05) — OX( 65, — 6s) 6.

a(z’_z): (19)

'491L°
SN 6 L_s

The factor of 2 arises because the vessel is dilating in both the 8

+z and —z directions(i.e., the diameter is increasing in both

directions along the axis). Integration of Eq(19) over the 9.

period of time for which the data were analyzed will yield the
total dilational movement along theaxis. A similar result is
obtained when observing in the exact forward scatter domain.
These equations indicate that through a change in the optical
arrangement the present speckle processing algorithm may be
used to investigate the dilational behavior of vessels.

5 Conclusion
We have demonstrated a truly noncontacting, imaged laser

speckle strain gauge for evaluating in-plane strains and dila- 13

tional changes in vascular tissues. The speckle strain gauge
shows at least an order of magnitude improvement in strain
resolution over other current soft-tissue strain measurement
techniques. The ultimate strain resolution appears to be a
function not of the processing scheme, but of transients in the

experimental apparatus, such as temperature or refractive in-15.

dex changes in the media through which the beams pass, or

thermal effects on the supporting structures of the camera and; g

laser. Adequate warm-up periods and the use of a TE cooled

laser will help to minimize potential errors arising from these 17.

sources” The speckle strain gauge may find applications in
acquiring mechanical constants to develop micromechanical ;g
models of vascular, or other soft tissue, behavior and in evalu-
ating the mechanics of engineered tissues. Furthermore, be-
cause of its high spatial resolutio@pproximately 10um
herg, the strain gauge could be fiber coupled to an endo-

scopic catheter and used to mechanically evaluate local tissuepo.

inhomogeneities due to pathologies, for example.

21.
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