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Non-Isoplanatic PSF and Image Estimation Using Speckle Illumination

We propose a speckle-illumination statistical method to recover the point-spread function (PSF) and high-resolution fluorescence images in the presence of aberrations, without any calibration or isoplanatism assumptions. The accurate PSF estimation enables its use in deconvolution for high-resolution 3D imaging.

Introduction

Speckle illumination provides a convenient and effective solution for structured-illumination imaging, enabling resolution enhancement [START_REF] Mudry | Structured illumination microscopy using unknown speckle patterns[END_REF], optical sectioning [START_REF] Ventalon | Quasi-confocal fluorescence sectioning with dynamic speckle illumination[END_REF], and PSF estimation [START_REF] Meitav | Point spread function estimation from projected speckle illumination[END_REF]. One key benefit of structured illumination is the possibility to enhance resolution by a factor x2 using linear methods. Unfortunately, deterministic patterned illumination, such as sinusoidal patterns, falter in the presence of aberrations. Interestingly, under easy-tosatisfy assumptions, speckle statistics are not affected by aberrations and hence random speckle patterns are attractive for structured illumination with aberration caused by the optics, the medium, or the sample [START_REF] Premillieu | Blind speckle illumination for aberration correction[END_REF]. The reconstruction and PSF estimation can be accomplished from a speckle-illuminated large field-of-view image under the assumption that the image is obtained from an isoplanatic imaging system [START_REF] Mudry | Structured illumination microscopy using unknown speckle patterns[END_REF][START_REF] Ventalon | Quasi-confocal fluorescence sectioning with dynamic speckle illumination[END_REF][START_REF] Meitav | Point spread function estimation from projected speckle illumination[END_REF]. Isoplanatism is thus a common assumption that limits applicability and performance.

Here, we propose a method for fluorescence image acquisition and reconstruction, in the presence of aberrations, using multiple image frames acquired by illuminating a fluorescent sample with randomly varying speckle patterns. From the acquired images, multiple sub-images are extracted to estimate the local PSF, and the variance of the images are calculated to recover high-resolution images. Finally, a deconvolution process using the calculated image and the estimated PSF provides imaging with twice the resolution of the equivalent wide-field system. Multiple sub-images are extracted from the series of images in the region of interest. The Fourier magnitude of the PSF is estimated using power spectrum averaging (top). The Fourier phase is estimated via coherent averaging using the cross-correlation (bottom). The cross-correlation is calculated iteratively, updating the image resulting from the combination of the estimated Fourier magnitude and phase. PSF estimation -As illustrated in Figure 1, the acquired speckle-illuminated image frames at the region of interest (ROI) are split into multiple sub-images so that they are uncorrelated. Thus, coherent averaging of the sub-images can be used to estimate the Fourier phase of the PSF [START_REF] Hwang | Imaging through random media using coherent averaging[END_REF]. To estimate the Fourier magnitude of the PSF, we perform power-spectrum averaging of the sub-images. The Fourier phase of the PSF is extracted from the Fourier phase that results from averaging the shifted sub-images based on the cross-correlation. The PSF within the ROI is retrieved by iteratively recombining the Fourier phase and the Fourier magnitude.

Method

High-resolution image recovery -Calculating the variance of the images enables coherent averaging of the randomly scattered Fourier-transformed objects at the center of the k-space. From the Fourier perspective, the Fourier-transformed images contain the low-resolution information limited by the (local) optical transfer function (OTF) at the center and the high-resolution information beyond the OTF outside the center. The low-resolution information can be easily removed by subtracting the mean of the acquired images. The high-resolution information beyond the OTF is randomly scattered and superposed in the k-space. By calculating the mean square of the remainders, the high-frequency image is reconstructed beyond the OTF.

Figure 2 illustrates the method through a simulation of fluorescence imaging. 

Conclusion

From the randomly generated speckle-illumination microscopy, the imaging PSF and a high-resolution image are reconstructed using simple statistical calculations without assuming isoplanatism or performing calibration. The mean of the aligned sub-images provides the imaging PSF, and the variance of the acquired images directly yields a high-resolution image. The estimated PSF and the variance can be used in a deconvolution algorithm to obtain a high-resolution image without the aberration effects of the detection path. 

Fig. 1 .

 1 Fig. 1. Flow chart of the non-isoplanatic PSF estimation. Image frames are acquired using a series of speckle-illumination patterns (left).Multiple sub-images are extracted from the series of images in the region of interest. The Fourier magnitude of the PSF is estimated using power spectrum averaging (top). The Fourier phase is estimated via coherent averaging using the cross-correlation (bottom). The cross-correlation is calculated iteratively, updating the image resulting from the combination of the estimated Fourier magnitude and phase.
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Figure 2 (

 2 Figure 2 illustrates the method through a simulation of fluorescence imaging. Figure 2(a) shows the actual aberrated PSF, while 2(b) shows the estimation, exhibiting excellent agreement. Figures 2(c) and 2(d) show respectively the actual and estimated power spectrum. Figure 2(e) shows the aberrated wide-field image and 2(f) shows the reconstructed image after deconvolution with the accurate PSF estimation. The deconvolution is performed using the estimated PSF and the variance of the speckle-illuminated image frames to reconstruct a highresolution image without the effects of the aberrations. In this example, the aberrations are a linear combination of equally-weighted Zernike modes 3,4,5,7,8,12,13 and the image frames have additive Gaussian noise (SNR = 4.6).

Fig. 2 .

 2 Fig. 2. PSF estimation and image reconstruction simulation example: (a) the aberrated PSF as the input, (b) the estimated PSF, (c) the power spectrum of the input, (d) the estimated power spectrum, (e) the aberrated wide-field image, (f) the reconstructed image by applying the estimated PSF to the variance (deconvolution).
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