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Abstract: Temporal-statistical analysis of laser-speckle image (TSLSI)
preserves the original spatial resolution, in contrast to conventional spatial-
statistical analysis (SS-LSl). Concerns have been raised regarding the
tempora independency of TSLSl signals and its insensitivity toward
stationary-speckle contamination. Our results from flow phantoms and in
vivo rat retinas demonstrated that the TSLSl signals are temporally
statistically independent and TSLSI minimizes stationary-speckle
contamination. The latter is because the stationary speckle is “non-random”
and thus non-ergodic where the tempora average of stationary speckle
needs not equal its spatial ensemble average. TS-LSl detects blood flow in
smaller blood vessels and is less susceptible to stationary-speckle artifacts.
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1. Introduction

Laser speckle imaging (LSl) is a simple and economical method to image surface blood flow
(BF) in vivo [1-5]. The random speckle pattern is formed when coherent light is illuminated
on a scattering surface. Movement of individual scatterers results in a change of speckle
pattern, which is quantified as speckle contrast (K). A unique advantage of LSl is that BF
image can be obtained in a snap shot without line scanning as is the case for laser Doppler
flowmetry [6].

The most commonly used LSl analysis method utilizes spatial statistics (SS-LS) in which
a square matrix of 5x5 or 7x7 pixels is used to compute the speckle contrast image [2,7]. A
disadvantage of SS-LSl is that it markedly compromises spatial resolution by size of the
spatial kernel employed [7], making it less competitive against other BF imaging techniques
[8]. An alternative approach based on temporal statistics (TS-LSl) has been proposed to
preserve spatial resolution [9] in which the speckle contrast is computed using images
acquired along a few time points without employing a spatial kernel. This approach has been
applied to monitor changes in cerebral BF associated with stroke [10,11] and on intact skull
[12]. However, questions have been raised regarding 1) whether the TS.LSl signas are
temporaly statigtically independent [13,14] which would invalidate the approach, and 2)
whether TS-.LSI can minimize contamination due to stationary speckle [15]. Consequently,
TS-LSl has not been widely utilized. In the present study, we re-derived a simplified TS-LS
framework to show that it has the same form as SS-.LSl and validated the TS-LSI approach
using a redlistic flow phantom. Moreover, we utilized this approach was to demonstrate a
novel application by imaging retina BF in rats breathing air and oxygen. The temporal
independence of the TS-LSl signals and its ability to minimize stationary speckle artifacts
were investigated. Comparisons between TS-LSI and SS-LSI were made.

2. Framework of TS-LSl

We recently introduced a simplified SS-LSI method to image blood flow, which can be
described as[16]:

2
T/z. =YK, ®
where Ky is the speckle contrast in the spatial dimension, 1. is the light coherence time, and T
isthe CCD camera exposure time. T/z. is proportional to the mean velocity [17] and generally
taken as the measured BF index. This method was independently verified by another group
[18].
The TS-LSI method can be described as[ 9],
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YN, =<1>?[[<1?>-<1>7] @
where < | > and <I?>> are the mean and mean-square values of time-integrated speckle
intensities during the time interval t for a specific pixel, and 1/N; is proportional to the mean
velocity of the scattering particles. Equation (2) can be rewritten as,

YN, =1°/o? =1/K 2 3)

where K; is the speckle contrast in the time dimension, | is the mean intensity and ¢ is its
variations during time interval t.

Comparison of Egs (1) and (3) showed that the TS.LSl and SS-LSI methods have the
same form. An advantage of TSLSl is that it preserves the original spatial resolution, in
contrast to SS-LSI which degrades spatial resolution by a 5x5 or 7x7 pixel kernels. A
disadvantage of TS-LSl isthat it has lower temporal resolution compared to SS-L Sl because a
few time points are needed to derive BF images athough analysis using a moving time
window can be employed to preserve its tempora resolution with some “tempora
smoothing.”. Thus, depending on the types of studies, one method may be preferred over the
other.

3. Validation of TS-LS

To validate the TS'LS method, flow phantoms were studied. Intralipid (2%) solution is
flowed in a polyethylene tube (0.58 mm inner diameter) from 0 to 10 mm/s (mean velocity) in
steps of 1 mmV/s driven by a digital syringe pump. LSl was performed using a 785-nm laser
diode with AA of ~1 nm and a modified video imaging system (Imager 3001, Optical imaging),
operating at 25 Hz, 4x4 pm resolution, and 10-ms camera exposure time T. The CCD camera
pixel resolution was 7.4x7.4 um. The objective lens consisted of atandem of 50 mm, 13 5mm
Nikon lens, 2X converter lens and a custom-designed lens for the rat eye. The system
magnification was 1.78. The f-number was 2.2. Under our experimental conditions, TS-LSI
typically requires 15 frames to derive reliable blood-flow image. For comparison herein with
SSLS analysis which used a 5x5 spatial kernel, 25 frames were employed for TS-LSI
analysis. A total of 300 frames were acquired. Both analyses were performed on the same data
sets. Five sets of measurements were repeated for each flow condition.
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Fig. 1. Normalized blood flow indices calculated using temporal statistics (TS-LSI) and spatial
statistics (SS-LSI) versus input flow velocities. Each data point represents five repeated
measurements. Error bars are standard deviations. The linear correlation coefficients were
0.9956 and 0.9832 for TS-LSI and SS-L S| respectively.

Figure 1 shows the results of TS-LSI and SS-LSl analysis of the same flow-phantom data.
Both TS-LSlI and SS-LSI showed high correlation with the input flow rate, demonstrating the
validity of the TS-.LSI. At low flow rate (0-5 mm/s), TS-LS and SSLSl were essentially
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identical. At high flow (5-10 mm/s), TS-LS| yielded better linear correlation with input flow.
TS-LSI results are consistent with a previous report [9] in which a porcelain plane was driven
by a stepping motor to simulate in-plane motion which has different characteristics than BF
[7]. Thus, TS-LSI is applicable to both rigid in-plane motion and flow.

A concern has been raised regarding the temporal independence of TS-LSl analysis[13,14]
— that is the speckle signals obtained along the time domain may be correlated. Consider a
typical laser diode with a wavelength ranging from 600-800 nm and AA of 1 nm, the

—-2
coherence time 7, = A4 / (cAA) ~ 10™s. For atypical camera exposure time T of 5 to 20

ms, the minimal time interval between sequential image acquisitions is much larger than .
and thus the speckle signals along the time dimension are uncorrelated and thus statistically
independent [19]. Thus, it is not necessary to disperse the laser beam by passing it through a
rotating diffuser to achieve temporally statistically independent images [13]. Our phantom
results support this conclusion.
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Fig. 2. (a). Spatia statistical (SS-LSI) and temporal statistical (TS-LSI) analysis of the retinal
blood-flow images associated with air or oxygen breathing and their percent-change images.
Blood-flow images are in arbitrary unit. The non-expanded image area is 4.5x4.5 mm. TS-LSI
preserves high spatial resolution compared to SS-LSI but has lower signal-to-noise ratio as

expected. SS-LS|I and TS-LSI were calculated from the same data set of 300 frames. (b) A
blood-flow profile across a blood vessel when the animal breathed air (Ieft) or O, (right).

To demonstrate an application of TS-LSl, rat retina BF was imaged in which the animal
breathed air for 3 mins followed by oxygen for 3 mins. Three rats were anesthetized under
~1% isoflurane, mechanically ventilated and paralyzed with pancuronium bromide (1 mg/kg,
ip). End-tidal CO2, heart rate, arterial oxygen saturation and rectal temperature were
monitored and maintained within normal physiological ranges. SS-LSl and TSLSl were
calculated from the same data sets (300 frames during air and 300 frames during oxygen).
Two to four sets of measurements were repested for each animal.
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Figure 2(a) shows the TS-.LSI and SS-LSI analysis of arat retina For each effectively
time point, TS-LSI was computed using 25 consecutive frames without using a spatial kernel
and SS-LSI was computed using a 5x5 spatial kernel followed by averaging 25 time points
(the total acquisition time were the same). As expected, TS-LSI retains the origina spatial
resolution, whereas SS-L S| substantially degrades the spatial resolution. The signal-to-noise
ratios (SNR), computed by taking the standard deviation along the time dimension of the time
series data, were 17 for TS-.LSI and 85 for SS-LSl — a difference of a factor of 5. This is
because low-resolution SS-LSI derived by 1 frame using 5x5 pixel kernel had the same SNR
as the high-resolution TS-LSI derived by 25 frames. The SNR of SS-LSI with 25 averages
was thus 5 times higher than that of TS-LSI. This was also verified by analysis using a 7x7
and 9x9 kernels.

Following oxygen breathing, whole-retina BF decreases 20-30% (n = 3) due to hyperoxia-
induced vasocongtriction, consistent with blood-flow results obtained using laser Doppler
flowmetry [20] and magnetic resonance imaging [21, 24]. The blood-flow percent change
map by TS-LSl had considerably higher spatial resolution and thus allowed detection of blood
flow changes in smaller vessels. Although there are regional differences, whole-retina BF
reductions are not datisticaly different between the two methods (P > 0.05), further
supporting the validity of TS-LSl. Improved spatial resolution with TS-LSl is also evident in
the BF profiles taken across a single vessel under air and oxygen breathing (Fig. 2(b)). As an
aside, although it was not needed to detect steady-state oxygen responses herein, analysis
using amoving time window can be employed to preserve high temporal resolution of TS-LSI
to alow rea-time monitoring of visually evoked BF changes, abeit some “temporal
smoothing.”

4. Minimization of stationary speckle

Another concern is whether TS-LSI can minimize artifacts arising from stationary speckle.
Our experimental setup alows this hypothesis to be tested. Figure 3(a) illustrates a source of
this artifact. When the laser beam from the optical fiber is splitted, with half illuminating the
object of interest and the other “unused” half illuminating a rough static surface, the latter
signal is also recorded on the CCD camera and thus contaminates the speckles of the object of
interest. This manifests into bright dots (arrows) on the retinal image obtained using SS-LSI
(Fig. 3(b)). When the rough static surface (rough black clothe) is changed to a smooth surface
(smooth black paper), the artifacts on the retinal image were less severe, but not completely
eliminated in SS-LSl. However, when the same data were analyzed with TS-LSl, the artifacts
were eliminated for both smooth and rough surface (Fig. 3(c)), demonstrating a unique feature
of TSLS. Similarly, the optical fiber reflected off the corneal surface and appeared as aring
on the retinal image in SS-LSI (arrowheads). This artifact was essentially eliminated in TS
LS.

We propose the following explanation. If the roughness of the static surface exceeds the
laser coherence length (cxt. ~ 0.3 mm) as is the case of the rough static surface, the light
coming off this surface became non-coherent and is detected by the camera. For SS-L S, flow
information is derived using spatial statistics and the non-coherent light from the static surface
mixes with the speckles of the object of interest, resulting in dots on the retinal images [22].
For TSLSI, however, no spatial statistical analysis is performed and, as these non-coherent
light is temporally stable (as is the case by definition of a static object, albeit the presence of
noise), little or no artifacts are registered on the retinal image. The same explanation also
applies to the artifacts from the optical fiber (a static object). Indeed, TS-LSl has been
successfully used to image cerebral BF through intact skull, a static scatterer [12]. Note that
these observations may appear to violate the ergodic theorem which states that the temporal
average of speckle should equal to its spatid ensemble average [23]. However, it is not the
case. The ergodic processis only valid for random speckle arising from moving objects. In the
case of the stationary object, its speckle is static (not temporally varying) and thus non-
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ergodic. Consequently, the temporal average of stationary speckle needs not equal its spatial
ensemble average [23]. It can thus be generalized that TS-LSl has the unique feature of being
less susceptible to artifacts from stationary speckle and this feature does not violate the
ergodic theorem.
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Fig. 3. (a). Schematic of stationary speckle artifacts. Half of the laser beam that passes through
the beam splitter incidents on a static background. Light from the static background is reflected
onto the camera and can contaminate the speckle images of interest. (b) Spatial statistical (SS-
LSl) and (c) temporal statistical (TS-LSI) analysis of retinal blood-flow images obtained with a
rough (rough black cloth) or smooth (smooth black paper) surface. Artifacts from the static
surface (arrows) and optical fiber ring (arrowheads) were substantial in SS-LSI but were
essentially eliminated in TS-LSI. SS-LSI and TS-LSI were calculated from the same data set of
50 frames. Image area is 3.5x3.5 mm.

5. Conclusion

This study demonstrates the validity of TS.LSl to calculate blood-flow images. TSLSI
speckles are temporally independent under typical in vivo experimental conditions. The
equation of TS-.LSl has the same form as that of SS-LSl. Although TS-LSlI has poorer
temporal resolution than SS-TSl as expected, it preserves high spatial resolution and is less
susceptible to artifacts arising from stationary speckle. To minimize the impact of time
penalty on TS-LSI, a smaller number of time frames can be used abeit lower signal-to-noise
ratio and/or a moving time window analysis can be utilized to preserve high temporal
resolution albeit some tempora “smoothing”.
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