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Abstract: RESM (REfocusing after SCanning using Helical phase engineering) microscopy
is a scanning technique using engineered point spread functions which provides volumetric
information. We present a strategy for processing the collected raw data with a multi-view max-
imum likelihood deconvolution algorithm, which inherently comprises the resolution gain of
Pixel-Reassignment Microscopy. The method, which we term MD-RESCH (for multi-view de-
convolved RESCH), achieves in our current implementation a 20% resolution advantage along
all three axes compared to RESCH and confocal microscopy. Along the axial direction, the
resolution is comparable to that of Image Scanning Microscopy. However, because the method
inherently reconstructs a volume from a single 2D scan, a significantly higher optical sectioning
becomes directly visible to the user, which would otherwise require collecting multiple 2D scan-
s taken at a series of axial positions. Further, we introduce the use of a single-helical detection
PSF to obtain an increased post-acquisition refocusing range. We present data from numerical
simulations as well as experiments to confirm the validity of our approach.
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OCIS codes: (110.6880) Three-dimensional image acquisition; (180.5810) Scanning microscopy; (100.1830) Decon-
volution; (110.4850) Optical transfer functions;
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1. Introduction

RESCH microscopy [1] is a scanning microscopy with detector array collection and helical
pupil phase engineering in the detection path. When implemented with a double helix, the im-
age of a fluorescent point scanned by the excitation focus appears as a double-lobe on the de-
tector whose orientation contains information about the emitter’s axial location. Exploiting this
principle, we have recently demonstrated that RESCH allows sectioning and volume reconstruc-
tion of the sample after the acquisition has been performed, within an axial range that is mainly
defined by the length of the excitation focus. Extracting a slice off the nominal focal plane is
achieved by applying appropriate synthetic pinhole (SP) pairs to the raw images acquired at
every single sampling point. While the axial position of the confocal image obtained this way
depends on the rotational angle of the chosen pinhole-pair, its spatial resolution depends on the
pinhole size, just like in a standard confocal microscope [2]. The highest achievable resolution
corresponds to a pinhole-pair consisting of merely two individual pixels (one per pinhole). The
implied low light throughput however demands choosing larger pinholes for most applications,
thereby trading resolution against signal.

Here we present a method to process the raw data collected by a RESCH microscope, which
improves the spatial resolution of RESCH microscopy as presented in [1]. Our approach, which
we name MD-RESCH (for “multi-view deconvolved” RESCH) is purely numerical (after the
fact that images are obtained with engineered point spread functions (PSFs)) and can be under-
stood as a generalization of the principle used in Image Scanning Microscopy [3,4]. Therefore
it is also applicable to any other camera-based scanning microscope, regardless of the shape of
the PSF used.

Furthermore, we prove the feasibility of a single helix detection PSF [5-7]. In contrast to
widefield localization microscopies, the single-helix can retrieve depth from a single recording
in RESCH, because there is no ambiguity between lateral position and rotation. The single-helix
variant used for this work offers better refocusing performance than the double-helix used in [1]
and has the additional advantage of a more compact shape (one lobe instead of two) and thus a
better signal to noise ratio.
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This paper is organized as follows: In section 2, we briefly review the principle of Image
Scanning Microscopy and compare it to RESCH using engineered and non-Gaussian PSFs. In
section 3 we provide details to our single-helix detection PSF design. Section 4 explains our
multi-view deconvolution approach. Numerical and experimental investigations on the obtain-
able spatial resolution are presented in section 5, followed by a simulated imaging example
(section 6) and experimental results from stained microtubules in COS-7 cells (section 7).

2. Spatial resolution in confocal microscopy using pixelated detectors

Resolution improvement in confocal scanning microscopy using pixelated detection was inves-
tigated in the 1980’s [3, 8, 9]. A simple and effective pathway to process the camera data in such
a configuration was provided in 1988 by Colin Sheppard [3]. Probably due to the lack of suit-
able detectors at the time, however, the experimental realization of the principle occurred more
than 20 years later [4], under the naineage Scanning MicroscogySM). We briefly review
the principle of ISM in the following.

The PSF of an incoherent confocal imaging system with a point-like pinhole located on the
optical axis is the product of the excitation and detection PSFh(p@ = hex(X) - hget(X) [2].
This PSF is further referred to as “combined PSF”. When a camera is used as detector, with
proper magnification, each pixel can be essentially considered a point-like pinhole. Each of
these “pixel-pinholes” delivers an individual single-detector confocal image at a resolution close
to the theoretical maximum. One can now add up all single-detector confocal images in order
to generate a high resolution confocal image with a significantly increased signal to noise ratio
(SNR). Before adding up, however, one must compensate transverse shifts that exist between the
images, which are a consequence of the different positions of the camera pixels. The influence
of the pixel position on the image shift is depicted in Fig. 1. Here we assume a magnification
of one for the sake of simplicity. If we assume stage-scanning, the excitation PSF remains on
the optical axis, i.ehex(X) 0 G(X, Tex), With G(x, 0) = exp(—x?/a?). Conversely, the detection
PSF can be thought of being placed on the position in the sample plane which is conjugate to
the pixel-pinholehgei(X) O G(X— Xm, O4et), Wherexy is the distance of pixeh from the optical
axis.
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Fig. 1. Point spread function of a confocal microscope with a point-like off-axis detector:
the combined PSF, which is the product of the excitation and detection PSFs, is shifted by
half of the distance the detector has from the optical axis. This is however only valid for
PSFs whose shapes fulfill certain symmetry conditions, such as e.g. Gaussian PSFs.

Generally, the product dfiex with hget leads to the following expression for the combined
PSF:

2 OexOdet

o,
h(x) 0G | X— ——2%5%m, ; 1)
0%+ Oc%et \/ O3+ oget
which simplifies to
Xm Oex
h(x)DG(x——,—) (2)
272

if we neglect the Stokes shift. In this case the combined PSF is centered on the midpoint between
optical axis and pixel positiory,. This means that, prior to summation, each confocal image
has to be shifted back Hyalf of the distance between the pixel-pinhole and the optical axis.
This translation can be done numerically, but also optically [10-12].

Obviously, the procedure outlined above is only valid for PSFs whose shapes fulfill certain
symmetry conditions, such as for instance Gaussian PSFs. For arbitrary detection and/or excita-
tion PSFs, the collected single-detector confocal images are blurred by combined PSFs which
may have individual shapes and locations. Hence, in order to achieve improved resolution, the
procedure of imagback-shifting(also denoted as “pixel-reassignment”) has to be replaced by
the more general approach of deconvolution from multi-sensor data [13—-16]. Such algorithms
aim at estimating the most likely image of an object based on several different images taken
with varying PSFs.

3. Design of a single-helix detection PSF

The generation of single-helical beams has first been reported by Piestun et al. in 1996 [17]. A
general pathway for the engineering of helical PSFs exists in the employment of an algorithm,
which iteratively projects light fields onto defined constraint sets [18], in conjunction with a
suitable starting condition. Such a starting condition has been shown to exist in the superposition
of selected Gauss-Laguerre modes [7, 19]. The phase profile of the mode superposition is a
diffractive phase pattern that already produces a single-helix PSF. This pattern serves as starting
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condition for the iterative algorithm, which improves on the PSF properties by successively
propagating to multiple PSF cross sections, where intensity constraints replace the single-lobed
intensity profiles by Gaussian fits. Finally, the light fields in all planes are back-propagated
to the phase mask, where they are averaged to form the new field for the following iteration.
Usually, the algorithm converges quickly, after some tens of iterations. In our particular case,
we use Gauss-Laguerre modes with the following radial (r) and azimuthal (a) indices to form
the initial phase mask: (r,a)=(1, 1); (2, 4); (3, 7); (4, 10); (5, 13). The algorithm propagates to
11 planes, which are equally spread over a z-range of 4 um. Figure 2 shows the phase mask
(left) and an iso-intensity surface plot (NA 1.25, wavelength 660 nm) of the final single-helix

PSF. The PSF'’s total angle of rotation is less thand¥6Which is why ambiguities in assigning
sample structures their correct depths cannot occur.

z\pm

x\pm

Fig. 2. Phase mask (left) to shape the detection PSF. Grays/eduieespond to phase values.
An iso-intensity surface plot of the corresponding single-helix PSF is shown on the right
(NA=1.25, wavelength=660 nm); length scales apply to a medium with refractive index of
152

4. Multi-view deconvolution in RESCH microscopy

RESCH [1] is a camera-based scanning technique in the sense that it collects an image (e.g. 20
x 20 pixels) around the focus location at every single scan point. The collected data can thus
be expressed as a 4D datagy(x, y, Xm, Ym), with X,y denoting the 2D scan position arg, m

the lateral coordinates of the detector pirelin the course of a scan, every camera pixel
detects its own confocal imadg(x,y) with an imaging performance defined by a 3D intensity
PSFhn(x,Y, 2). If we approximate the shape of a pixeby the delta functio® (X — Xm,y — Ym),

these PSFs can be expressed as [1]

hm(xv Y, Z) = [5()(_ )A(m,y— 9m) *2D hdet(xv Y, Z)] heX(X, Y, Z)' (3)

Here, the symbok,p represents the two-dimensional convolution operator acting irx,the
plane. The peculiarity of RESCH is that thdsg(x,y,z) have substantially varying axial posi-
tions. Descriptively, this can be understood by considering that some camera pixels are only
exposed to light if an observed light emitter is out of focus such that its helix-image appears
sufficiently rotated to cover these pixels. It is important to note that the combined imaging PSFs
hmn do notexhibit helical shapes such g, but look quite similar to confocal PSFs [1].

We employ a maximum likelihood multi-view deconvolution algorithm based on the
Richardson-Lucy (RL) algorithm [20, 21]. In an iterative fashion, the algorithm estimates a 3D
object from the set of given 2D single-detector confocal imdgésy) and the corresponding
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Fig. 3. Flow diagram of the multi-view Richardson-Lucy algorithm.
3D PSFshim(x,Y, 2):
E”*l(r):E”(r)- i % Kvmi(r)—l>*h* (—r)] +15. (4)
M &, [\ E"(r)«hm(r) m

The equation above describes a basic implementation, which can be derived in analogy to the
original RL algorithm [21] under consideration of taking multiple independent views. Here,
E(r) is the estimate of the object. The quantitgscorrespond to volume grids containing the
measured confocal imagés(x,y) in their middle slices, and zeros elsewhere (see Fig\3).
denotes the total number of detector pixels used, i.e., the number of different views. Prior to
dividing by E" x hp it is sensible to replace too small values in this expression by a user-defined
threshold value, e.g. 18, in order to avoid singularities in the ratios. The initial estimafe

is defined as a volume grid filled with a constant value corresponding to the average intensity
over all measurements. The variable represents the 3D coordinate vectos: (x,Y,z). Note

thathy;, = hm as the PSFs are real-valued. A flow diagram of the algorithm working principle is
shown in Fig. 3. For our work we employed an accelerated version of this basic scheme in terms
of convergence speed [22]. Based on simulations and comparing the deconvolved data with the
ground truth, we find that the accelerated version obtains a similar RMS error after only half
as many iterations, when compared to the performance of the basic scheme outlined in Eq. 4.
This result was found for the “tree-example (3 views)” shown in Fig. 7. We would like to note,
however, that the performance gain will generally depend on the problem at hand.

5. Spatial resolution and refocusing range

The spatial resolution and refocusing range of MD-RESCH are investigated by inspecting the
dimensions of numerically calculated and experimentally measured R$SHhe simulated

PSFs are derived by first calculating the 3D excitation PSF using the vectorial Debye approxi-
mation [23], followed by simulating a 3D stage-scan over a single fluorescing sample point and
calculating the single-helix response on the camera for every single scan step. The intensity vari-
ations at camera pixeh due to the 3D stage scanning define the RS, y,z). The excitation
polarization is assumed linear for RESCH and circular for ISM. The scan steps are 97 nmin the
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Properties of simulated PSFs
PSF strength /a.u. z-shift / nm FWHM values / nm

+320 320
I . .150

: E 320
! E150
! 320
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Fig. 4. Properties osimulated PSFs for every detector pixel (NA=1.25, wavelength:
ex./em.= 640/660 nm). The properties are color-coded in the respective pixels. Compared
are three methods: MD-RESCH for different helix orientations and ISM. The red arrows
on the left indicate the excitation laser polarization. 1st column: Integrated PSF-strengths;

2nd column: axial PSF shifts, determined as z-centroid coordinates of 3D Gaussian fits to
the simulated PSFs; 3rd-5th columns: FWHM-values of 3D Gaussian fits to the PSFs;

-
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lateral directions and 100 nm in the axial direction. The numerical light propagation along the
detection path likewise considers vectorial effects. Here we assume that the fluorophore emits
unpolarized light, regardless of the excitation polarization, i.e. it was modeled as three orthog-
onal and mutually incoherent dipole emitters of equal strengths. The aplanatic factors applied
to the electric fields in the objective pupil for excitation and emission #rgdog6) and 1,
respectively, withd defined as the polar angle measured from the optical axis.

Figure 4 summarizes the results. The figure contains several images, each representing the
detector array. Each pixel in the images corresponds to an individual detectanpielperties
of the PSFs that belong to the individual detector pixels are encoded in the respective pixel col-
ors. Three methods are compared: MD-RESCH for differently oriented helix-PSFs with respect
to the laser polarization (here denoted as MD-RESCH “iso” and “aniso”) and ISM. One can see
from the lateral PSF widths (3rd and 4th image column) that the helix orientation matters: if its
long lobe axis lies parallel to the excitation polarization, we see a notable difference between
the x- and y-resolutions (hence the label “aniso”). The reason for this anisotropy is that both,
the long axis of the detection PSF as well as the y-directed polarization contribute to a lower
resolution along the y-axis. The effect is more emphasized for high imaging NAs. However,
both anisotropies compensate each other to a large extend if the long lobe-axis lies orthogonal
to the polarization. This leads to an almost isotropic transverse resolution for the given NA.

The firstimage column in Fig. 4 shows total “strengths” of the PigEs.e., Yy ,hm(X, Y, 2).
The data of too “weak” pixels are discarded to restrict the amount of data: for the cases shown
here, a threshold was set such that all PSFs with peak values below 25% of the strongest PSF’s
peak value are discarded (15% for the ISM case: this leads to a total detector area of the size of
an Airy disc).

The second image column shows the axial PSF shifts. They correspond to the z-centroid co-
ordinates of 3D Gaussian fits to the individual PSFs. In this configuration, MD-RESCH allows
post-acquisition refocusing by approximateift00 nm at an NA of 1.25, which roughly equals



Research Article Vol. 24, No. 14 | 11 Jul 2016 | OPTICS EXPRESS 15463|
Optics EXPRESS \

the z-resolution as defined by Rayleigh. Conversely, ISM shows only in-plane information. The
last three columns contain full-width-at-half-maximum values of 3D Gaussian fits to the PSFs,
thus providing estimates of the obtainable 3D resolutions.

Reducing the number of views

Faster data readout and thus compatibility with high-speed galvo scanning can be obtained by
reducing the number of detector pixels, i.e. the number of views. In this case, the relatively slow
camera can be replaced by a fast segmented photo-detector. Of course, this comes at the cost of
a reduced spatial resolution as the “pixel reassignment advantage” is lost. Figure 5 shows the
case of “binning” the 61 detector pixels of Fig. 4 to merely three large “super-pixels”, according

to the z-centroids of their PSFs: the entire refocusing range is grouped into three equal intervals
and each detector pixel assigned to one of the three “super-pixels” according to the interval
which contains the z-centroid of its PSF. The large “super-pixels” could in practice be the ends
of light collecting fibers. In our example, the areas of the corresponding SPs are 0.5, 0.8 and 0.5
Airy discs. The PSFs of the SPs are calculated as the arithmetic averages of all PSFs that belong
to pixels within the respective SPs. As these PSFs show mutual shifts along x, y and z, their
average is wider along all axes and the resolution accordingly reduced. Also the refocusing
range is reduced from about400 to+300 nm. A quantitative comparison of average PSF

z-shift / nm FWHM values / nm
H ] HH 320 H 800
: -320 150 600
Fig. 5. Properties adfimulated PSFs for three detectors for the MD-RESCH (iso) case. The
properties are colour-coded in the respective detector areas. The helical RESCH PSFs are
off-centered with respect to the optical axis. 1st column: axial PSF shifts; 2nd-4th columns:

FWHM-values of 3D-Gaussian fits to the PSFs; refocusing range and PSF widths apply to
a medium with refractive index of 1.52

MD-RESCH
(iso, 3 views)

Table 1.Calculated spatial resolution estimates (in nm) for MD-RESCH (iso and aniso,
61 views), MD-RESCH (iso, 3 views), ISM and confocal microscopy. The numbers are
FWHM values of mean PSFs for the respective methods.

method X y z

MD-RESCH (iso, 61 views) | 250 | 230 | 650

MD-RESCH (aniso, 61 views) 210 | 280 | 660

MD-RESCH (iso, 3 views) 280| 320 | 760 °

ISM 190 | 190 | 700

confocal 300 | 300 | 800

widths for MD-RESCH for 61 and 3 views, ISM and confocal microscopy (with Airy-disc-
sized pinhole) is given in table 1. The numbers are rounded to 10 nm accuracy. The numbers
show that the resolving power of MD-RESCH for 61 views surpasses that of the 3-view case by
about 20% along all three axes and lies between that of a confocal microscope and ISM.

Measured PSFs

Figure 6 shows measured PSF properties for MD-RESCH (iso, 64 views) and ISM (38 views).
Imaging parameters such as NA and wavelengths are the same as for the simulation. The thresh-
olds to cut off “weak views” have been raised to 40% and 30% of the PSF peak value of the
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strongest PSF such that the number of views becomes comparable to the simulations. We ob-
serve that all measured PSF widths are generally larger by about 20-30% compared to the
simulations (see table 2). However, the relations between the PSF-widths for RESCH and ISM
and the refocusing range are as predicted.

Properties of measured PSFs

PSF strength /a.u. z-shift/ nm FWHM values / nm
0.5 +700 450
e I X y z
W = "
x-S
o<
=% I
0 -700
I 1 I+700
B
=2
(2
©
° I i
0 -700

Fig. 6.Measured PSF properties for MD-RESCH (iso) and ISM.

Table 2.Measured FWHM values (in nm) of PSFs for MD-RESCH (iso, 64 views), MD-
RESCH (iso, 3 views), ISM (38 views), and confocal microscopy (Airy-disc-sized pinhole).
method | x |y | z
MD-RESCH (iso, 64 views) 320 | 270 | 820
MD-RESCH (iso, 3 views) | 380 | 340 | 1010 .
ISM 270 | 250 | 940
confocal 370| 330 | 1110

6. Simulated imaging

We validate our approach by numerically simulating RESCH and MD-RESCH (iso) imaging of

a fluorescent 3D sample (NA=1.25, ex./em. wavelengths=640/660 nm). Our assumed specimen
is a sketch of an apple tree, which is designed as a 3D structure: leaves, branches and apples
are located in three distinct axial planes, separated by 200 nm (see Fig. 7, “ground truth”). The
size of the simulated scan area isx188 pnt. A confocal imagéem(x,y) is constructed for each
pixel-pinholem by numerically 3D-blurring the sample withy, and taking the center-plane of

the result, as this is the plane imaged onto the camera. Shot noise was assumed. The maximum
number of photons at a single detector pixel was assumed to be about 70. This can be inferred
from the top left image, which shows the confocal image of the “strongest” pixel-pinhole.

RESCH microscopy similar to as presented by Jesacher et al. [1] is simulated by adding
up all single-pixel confocal images which belong to each of the three SPs defined for our 3-
view-case (see Fig. 5). Differences to the original implementation [1] are that here, the SPs
are not circularly shaped and that the emission PSF is a single-helix rather than a double-helix.
These differences, however, have only a small influence on the image quality. The resulting
three RESCH views are shown in the second image row. From these views, we obtain the 3-
view MD-RESCH results by deblurring them with our accelerated multi-view deconvolution
algorithm for 400 iterations using simulated PSFs. The results are shown in the third image row
of Fig. 7. Finally, the last image row shows the results from simulated MD-RESCH imaging
based on 61 views, which we likewise deblurred for 400 iterations using simulated PSFs. .
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Fig. 7. Simulated MD-RESCH imaging: the assumed sample is a sketch of an apple tree
with branches, leaves and apples in three different axial planes; top left image: confocal
image of the strongest detector pixel; 1stimage row: ground truth; 2nd row: RESCH based
on the three SPs shown in Fig. 5; 3rd and 4th rows: MD-RESCH results (iso) for 3 and 61
detector pixels, after 400 deblurring iterations

Generally, the simulation proves that MD-RESCH is capable of imaging volumetric samples.
The z-locations of apples, branches and leaves are reproduced in their correct depths. Com-
paring the three different methods reveals a clear 3D resolution advantage of the MD-RESCH
methods over RESCH. This is little surprising considering that the RESCH images are not de-
convolved at all. The “pixel-reassignment” effect, which discriminates the MD-RESCH 3-view
from the 61-view case, leads to a further small resolution improvement. Differences between
the corresponding tree reconstructions become visible at close inspection (see orange images).
Comparing both deconvolution results with the ground truth, we find a 1% smaller RMS error
for the 61-view case.

7. Experimental results

Figure 8 contains experimental MD-RESCH results from stained (Alexa 647) and fixed COS-7
cells on a cover slip. The imaging NA is 1.25. The experimental set-up is described in [1]. The
only notable difference is the the type of detection PSF (here single-helix rather than double-
helix). The image series in Fig. 8(a) shows different z-sections through a microtubule network.
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All layers were generated from data collected in a single RESCH scan and subsequent decon-
volution by 200 iterations based on 84 views (the larger number of views stems from choosing
a lower threshold value for the PShg). Measured PSFs were used for the deconvolution. The
larger image in the lower left corner exhibits an increased depth of focus. It is generated by
computing the maximum intensity projection along z of the entire reconstructed sample volume
(Visualization ). The images in Fig. 8(b) highlight reconstruction differeathat originate

from taking different numbers of views. The 84-view result is better resolved than the 3-view
result. Both reconstructions share the same raw data and were deconvolved for 50 iterations.

(a) Volumetric data acquisition with MD-RESCH

z=+200 nm z=+400 nm

max. intensity
projection

MD-RESCH MD-RESCH

; . cross-section
3 views 84 views

= 3 views
== 84 views

Fig. 8. a) MD-RESCH images from Alexa 647 stained microtusiie COS-7 cells
(NA=1.25). The multi-view deconvolution comprised 200 iterations and is based on 84
views. Projecting the image volume along the optical axis generates a significantly in-
creased depth of focus. The entire image volume is showNiguélization 3. b) Com-
parison of specimen reconstructions based on 3 and 84 views, respectively. Taking a larger
number of views provides improved resolution, which is also shown by cross sections along
the same region (marked by white dashed line) of both reconstructions.

8. Discussion and summary

We presented a multi-view 3D deconvolution approach for processing RESCH microscopy data.
The approach, which we term MD-RESCH for “multi-view-deconvolved RESCH?”, represents

a generalized version of pixel-reassignment and is as such applicable to scanning microscopy
systems with arbitrary PSFs. The resolution advantage compared to RESCH as presented in [1]
was found to be about 20% along all three axes. Thus, the resolution lies between that provided
by ISM and confocal microscopy with Airy-disc-sized pinhole. We would like to emphasize
that this resolution advantage is real in a sense that it is caused by an improved optical trans-
fer function and not by numerical re-weighting of spectral components (such as e.g. done by
Wiener deconvolution). However, the resolution gain of our deconvolution method appears to
be significantly higher than 20%. We mainly ascribe this to the mentioned spectral re-weighting,
although it is known that maximum likelihood deconvolution can also lead to a true increase
of the frequency passband (see e.g. Ref. [24]). In this context, a remarkable feature of MD-
RESCH is that it is capable of providing the “spectral re-weighting - induced” resolution gain
even along the z-axis fromsingle2D scan. Consequently, a single MD-RESCH image exhibit-

s significantly higher optical sectioning than a single confocal image. Obtaining comparable
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z-resolution from a confocal microscope requires taking multiple scans at different z-positions.

We introduced the use of a single-helix detection PSFs for RESCH, which provides a higher
signal to noise ratio than the double-helix [1] as well as an approximately 20% larger refocusing
range, which is comparable to the z-resolution. For MD-RESCH, it has the further advantage
that a smaller number of pixels (views) have to be read out. We would like to emphasize that
what we define as refocusing range is a rather soft-limited quantity. The numbers for “z-shifts”
stated in this paper do only reflect the center-positions of PSFs and as such represent a lower
limit. What can be achieved in practice depends on experimental parameters such as the signal
to noise ratio and can easily exceed this nominal refocusing range. Preliminary simulations
show that 3D reconstructions spanning even twice this range should be feasible. This is subject
of ongoing investigations.
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