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Abstract. Image Scanning Microscopy (ISM) enables good signal-to-noise ratio (SNR), super-resolution and
high information content imaging by leveraging array detection in a laser-scanning architecture. However, the
SNR is still limited by the size of the detector, which is conventionally small to avoid collecting out-of-focus
light. Nonetheless, the ISM dataset inherently contains the axial information of the fluorescence emitters. We
leverage this knowledge to achieve computational optical sectioning without sacrificing the conventional bene-
fits of ISM. We invert the physical model to fuse the raw dataset into a single image with improved sampling,
SNR, lateral resolution, and optical sectioning. We provide a complete theoretical framework and validate our
approach with experimental images of biological samples acquired with a custom setup equipped with a sin-
gle photon avalanche diode (SPAD) array detector. Furthermore, we generalize our method to other imaging
techniques, such as multi-photon excitation fluorescence microscopy and fluoresce lifetime imaging. To enable
this latter, we take advantage of the single-photon timing ability of SPAD arrays, accessing additional sample
information. Our method outperforms conventional reconstruction techniques and opens new perspectives for
exploring the unique spatio-temporal information provided by SPAD array detectors.

1 Introduction dataset. We leverage such information to construct the
ISM image with a novel computational method enabling
super-resolution and improved optical sectioning at excel-
lent SNR. Thus, we named our approach s’ISM (Super-
resolution Sectioning Image Scanning Microscopy). Since
optical sectioning is enabled in post-processing, our ap-

proach allows for uncompromised collection efficiency

In Confocal Laser Scanning Microscopy (CLSM), the
objective lens focuses an excitation laser beam in a
diffraction-limited region of the specimen. The induced
fluorescence is collected by the same objective lens, fil-
tered by a pinhole located in the image plane, and recorded

by a single-element detector. The pinhole plays a dual
role: the smaller it is, the less out-of-focus light is col-
lected and the higher the lateral resolution. However,
super-resolution comes at the cost of irremediably com-
promising the signal-to-noise ratio (SNR). Image scanning
microscopy (ISM) was conceived as an improvement over
CLSM. Indeed, ISM allows for harnessing the benefit of
the confocal effect by replacing the pinhole with a de-
tector array [1]. Each sensitive element is small enough
to act as a closed pinhole, but the whole array is large
enough to guarantee good collection efficiency. The most
established algorithms used to convert the raw ISM dataset
into a single image are adaptive pixel reassignment and
multi-image deconvolution [2]. Both techniques are ca-
pable of achieving lateral super-resolution but do not pro-
vide any optical sectioning. Thus, the rejection of out-of-
focus light is conventionally carried out by limiting the
size of the detector array: a poorly effective approach
that constrains the collection efficiency. In this work, we
demonstrate that the knowledge required to achieve op-
tical sectioning is inherently encoded into the raw ISM
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and paves the way for gentle super-resolution and high-
contrast imaging. Furthermore, we generalized the algo-
rithm to fluorescence lifetime imaging, enabled by single-
photon avalanche diode (SPAD) array detectors.

2 Results and discussion

For this work, we developed a custom image scanning mi-
croscope (Fig. la) equipped with a 5 X 5 asynchronous-
readout SPAD array detector [3]. For each scan point
and each detector element, we record the complete flu-
orescence decay using a multi-channel digital frequency
domain (DFD) acquisition scheme [4]. Thus, the raw
dataset is five-dimensional with two scan coordinates x; =
(x5,Ys), two detector coordinates x; = (x4,Y4), and one
temporal coordinate . Considering a thick specimen with
a three-dimensional distribution of emitters, we model the
ISM dataset formation as the linear combination of contri-
butions from multiple axial planes
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Figure 1. a, sketch of the image scanning microscope, equipped with a 5 X 5 SPAD array detector and oil immersion objective lens
(NA = 1.4). The inset depicts the fingerprint map of an in-focus and out-of-focus specimen. b comparison of the reconstructed s>’ISM
image (20 iterations) with a conventional confocal image (detector size: 1.4 Airy units). The specimen is a group of fixed HeLa cells

with tubulin stained using Abberior STAR RED.

where Ay (2, x|x4) is the set of spatio-temporal spread func-
tions, oy (t, x,) is the distribution of emitters with the cor-
responding fluorescence decay, i(f, x|x,) is the recorded
ISM dataset, * is the convolution operator with respect to
coordinates ¢ and x;, and k is the depth index. More in
detail, h(t, x5|x,) is given by the product of the tempo-
ral impulse response function (IRF) and the spatial point
spread function (PSF) of the corresponding detector ele-
ment. The PSFs are inherently weighted by the finger-
print fi(x,), which encodes the axial position of fluores-
cence emitters [5]. Indeed, the narrower the fingerprint,
the closer the specimen is to the focal plane (Fig. 1a).

Our goal is to distinguish and discard the out-of-focus
light. Thus, we assume the axial contributions are lim-
ited to N = 2. Furthermore, we exploit the absence of
read-out noise of the SPAD array detector to safely as-
sume that the data are solely affected by the photon shot
noise. Thus, we developed a Poisson likelihood, whose
maximization leads to the inversion of Eq.1. We discard
the out-of-focus reconstruction, obtaining a single-plane
image. However, the maximum likelihood algorithm re-
quires prior knowledge of the PSFs. We estimate these
latter using the relevant parameters naturally encoded into
the raw ISM dataset, and we compute them through the
vectorial diffraction theory [6], removing the need for ad-
ditional measurements.

As demonstrated by the result in Fig. 1b, the s2ISM
method improves optical sectioning and lateral resolution,
beating the diffraction limit and revealing details previ-
ously hidden in the background. Furthermore, s>’ISM can
also beat the Nyquist sampling criterion by leveraging the
redundancy of the ISM dataset and producing an image
upsampled by a factor of two [7]. Thus, our method en-
ables speeding up the experimental acquisition fourfold
while lowering the sample’s light exposure.

Finally, fluorescence lifetime measurements also ben-
efit from s2ISM. Indeed, the robustness improves thanks
to the lack of cross-talk between different axial planes and
the enhanced SNR and resolution.

3 Conclusion and perspectives

The complete ISM dataset contains a multitude of infor-
mation which — if fully exploited — leads to the reconstruc-
tion of a single image with improved sampling, signal-
to-noise ratio, lateral resolution, and optical sectioning.
Our method is fully capable of leveraging such informa-
tion without drawbacks. Indeed, no modification to the
optical architecture of a conventional ISM microscope is
required to achieve all the reported benefits. Nonetheless,
the s’ISM approach is general. It can be easily extended
to any incoherent scanning technique with a detector ar-
ray, such as multi-photon excitation (MPE) fluorescence
or stimulated emission depletion (STED) microscopy. In
particular, we envision that the combination of s2ISM with
MPE and adaptive optics will enable deep imaging at un-
precedented detail.
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