Improved estimates of retinal and CNS blood flow by image registration of angiographic ‘movies’ 
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   Purpose: To improve analysis of ‘movies’ of retina and brain microvasculature by digital processing. Straightforward application of conventional methods can be complicated by sensitivity to noise and by motion artifacts. However, by spatially registering each frame, one can improve and automate the extraction of quantitative image information such as mean times and blood flow.  Method: We applied the techniques of Mulligan (1997) to stabilize scanning laser ophthalmscope image sequences of rat retinal angiograms that were recorded to videotape and later digitized. Image motion was removed by a digital registration method. Fluorescence vs. time curves in all the major retinal vessels near the disc were extracted.   Results: Video fields were registered with sub-pixel resolution.  Eliminating image motion improves estimation of dye-filling. Inspection of transits showed obvious improvement when a sequence was stabilized.The standard deviation of branch arteriolar mean times was reduced.


Conclusion: Modern methods to stabilize and analyze angiographic movies can automate analyses of large video datasets and aid development of further improvements in image quantitation. Computer hardware to capture and process uncompressed video are presently available for  <$10,000, and daily becomes more affordable and feasible. 





OVERALL PROBLEM:


  Eye movement and brain movement during imaging makes the analysis of image sequences slower, less accurate and more complicated. 


SPECIFIC PROBLEM ADDRESSED HERE: 


  Can a retinal videoangiogram be stabilized automatically in order to improve quantitation of arteriovenous transit times?


APPROACH: 


  Stabilize an image sequence digitally, using a correlation-based method (Mulligan, 1997). 


 This method has previously been applied to reflectance images of retina and achieved subpixel precision. 


 We applied this method to angiographic sequences. 





Special Properties of Rat Angiograms


They are dynamic 	Angiographic ‘movies’ are different from the movies to which this method has previously been applied. The total amount of contrast, and the features that have contrast vary dramatically across the pre-fill, early and late phases. This dramatic variation in image contrast potentially complicates image registration. Our approach was to create a template (mosaic) from late phase, to which the entire sequence was registered.


Ocular Torsion  	The input sequence was registered to the template by finding the rigid translation which maximized the value of the normalized cross-correlation. No attempt was made to compensate for torsion, although marked torsion approximately centered about the optic nerve head was sometimes observed. 


Aberrations 	 As Grosof et al. emphasized at this year’s ARVO meeting, lateral aberration of the rat eye can produce dramatic non-rigid transformations of the retinal image with changes in eye position. Often, vessel appearance near the display margin is most affected. Our stabilization method fails to correct this.


Methods


Rodenstock Model 30 scanning laser ophthalmoscope (SLO), equipped with filters for both fluorescein angiography (FA) and indocyanine green angiography (ICG). The SLO produces a RS-170 monochromatic 60 Hz interlaced video signal, and conveys a 320 by 240 view of the retina. When digitized, one pixel is ( 3.7 (m. This has proved to be more than adequate for studies of the dynamics of intravitally labeled fluorescent leukocytes in rat retina (Kimura et al. 1995). 


FAs were obtained from two anesthetized young adult Long-Evans rats via bolus injection in tail vein. The eyes were dilated and fitted with contact lenses. Several angiograms were obtained from each rat. Rat 1 (385 g) had one set of four FAs during a five minute interval (0.1% sodium fluorescein, 0.1 cc each) and a second set of three 3.5 hrs later.  Rat 2 (265 g) had three FAs, also within a 5 min period. Although human FAs are readily available, and ought to be similarly susceptible to effective image stabilization by our methods, these animal sequences enable comparison of repeat measures [which will be part of the final paper about this work]. 


Eleven image sequences of 9-11 sec ==> S-VHS VCR. Sequences were digitized as successive fields of 243 by 640 pixels by a Sirius Video peripheral and stored on a Silicon Graphics Onyx computer.


Image registration involves a cascade of processing steps that have been described previously (Mulligan, 1997). Each image is band-pass filtered and registered to a ‘growing’ template using cross-correlation. 


Details: The correlation value is normalized by the local norm of the template. Subpixel precision was obtained using bi-quadratic interpolation on the 3 x 3 neighborhood centered on the maximum of the cross-correlation ‘image’ (matrix). Registration to the template with sub-pixel offsets is done by application of the Fourier shift theorem (Bracewell, 1965). 
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The retina is an accessible location where one can readily image an entire vascular circuit in the CNS. In rat, major intraretinal branches create a wheel-like appearance near the disc, where ~six arterial ‘spokes’ alternate with ~six venous ‘spokes.’ 


Late phase, SLO retinal fluorescein angiogram





Transit Time & Flow Quantification 


We measured light intensity in circular apertures centered on each major branch of the retinal artery or vein 1-3 disk diameters eccentric to disk


The estimate of arterio-venous transit time (AVTT) is derived from the fluorescent intensity vs. time (I(t)). 


 To estimate and remove the recirculation of dye that traditionally confounds transit time estimates, we fitted to I(t) a 6-parameter function that models (and removes) recirculation as a delayed step function convolved by a double-exponential.


Blood flow = 


[(arteriolar diameter)2 + (venular diameter)2]/AVTT


 We compared I(t) and mean times  from stabilized and unstabilized sequences to answer these questions:


does image stabilization improve measurement of I(t)? Figure 1:  yes 


 of mean time?      Figure 2:  yes


Does image stabilization improve measurement of I(t)?  YES


Figure 1 shows that a region of interest’s (ROI) intensity is noisy when the eye moves  during an angiogram. The stabilization procedure results in a more accurate measure of intensity. A paired arteriole and venule are shown. The ‘drop-outs’ in the unstabilized case changes the estimated AVTT by 30%. This change is apparent even though we used a robust, outlier-rejecting fitting procedure to estimate AVTT.


Does image stabilization improve measurement of mean time?  YES


Figure 2 compares arteriolar mean times in stabilized vs. unstabilized ‘movies.’ Each of 6-7 arterioles should have similar mean times because they fill almost simultaneously. We found that the standard deviation of the mean times is usually lower when the sequence is stabilized. This indicates that image registration improves accuracy. In some sequences that had miniscule image motion, the stabilization procedure does not seem to have significantly distorted the mean times.


Conclusions


Our correlation-based method of image registration increases image stability enough to improve accuracy and efficiency of mean time estimation and therefore blood flow.


By registering each of a repeat set of experiments on an eye to the same template, longitudinal studies of regions of interest are precisely executed.


The method we used does not compensate for torsion. This does seem to affect the periphery of retinal images, probably less in human than rat. 


Image registration of angiographic image sequences is increasingly practical. After digitization using hardware not much fancier than what currently costs   $ 800, stabilization proceeds rapidly on Pentium II 400 MHz processors under  Linux (< 1min/field).


Image stabilization is quicker and easier than manual registration. Stabilization also facilitates other methods such as intravital fluorescent labelling of individual cells (Nishiwaki et al., 1994; Kimura et al., 1995). 
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