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We report a novel superresolution microscopy approach for imaging fluorescence samples. The reported
approach, termed virtual k-space modulation optical microscopy (VIKMOM), is able to improve the lateral
resolution by a factor of 2, reduce the background level, improve the optical sectioning effect and correct
for unknown optical aberrations. In the acquisition process of VIKMOM, we used a scanning confocal
microscope setup with a 2D detector array to capture sample information at each scanned x-y position. In
the recovery process of VIKMOM, we first modulated the captured data by virtual k-space coding and then
employed a ptychography-inspired procedure to recover the sample information and correct for unknown
optical aberrations. We demonstrated the performance of the reported approach by imaging fluorescent
beads, fixed bovine pulmonary artery endothelial (BPAE) cells, and living human astrocytes (HA). As the
VIKMOM approach is fully compatible with conventional confocal microscope setups, it may provide a
turn-key solution for imaging biological samples with ∼100 nm lateral resolution, in two or three
dimensions, with improved optical sectioning capabilities and aberration correcting.

DOI: 10.1103/PhysRevLett.117.028102

Fluorescence microscopy has become the workhorse
tool for modern biological research and clinical diagnosis.
The resolution of conventional fluorescence microscopy is
determined by the diffraction limit of the employed
objective lens. This diffraction limit, however, is estab-
lished under the assumptions of single image acquisition
and linear light-matter interaction. The structure illumina-
tion microscopy (SIM) technique is able to achieve a
resolution doubling that of wide-field microscopy by
sinusoidal pattern illumination, multiple image acquisition,
and a numerical processing algorithm. A series of deriving
techniques have been developed to further enhance
resolution, including saturated SIM (SSIM) [1–3], three-
dimensional (3D) SIM [4], Blind-SIM [5,6], and other
Bayesian estimation approaches [7]. All the mentioned
methods use illumination patterns to modulate the high-
frequency information into the low-frequency passband.
Imaging scanning microscopy (ISM) approach [8–12] is a
good example to this end. In 1987 Bertero [13] and in 1988
Sheppard [14] described this approach for a 2D detector
array imaging system to improve resolution of confocal
system. Later this technique has been commercialized by
Zeiss in the Airyscan system [15]. Similar to SIM, the
captured ISM raw data are then processed to recover
the superresolution image of the sample. To increase the

imaging speed, multiple spots can be used in the ISM setup
to realize signal multiplexing (MSIM) [16–19].
Recently, the link between SIM and ISM has been

established by a virtual SIM method (vSIM) [20,21], which
shares the same confocal setup and data acquisition method
as the ISM approach. Particularly, vSIM converts the ISM
data into SIM data by performing virtual k-space modu-
lation. The superresolution images can be recovered by the
conventional SIM algorithms. Because the sample modu-
lation is implemented in a digital manner, vSIM could
freely control the orientations and lateral phases of the
modulation patterns. In addition, the use of point-scanning
setup in vSIM reduces the background level of the
recovered image. In spite of these progresses, up to now,
experimental demonstration of vSIM has only been con-
ducted for nonfluorescent samples.
In this Letter, we report a new superresolution imaging

approach for fluorescent samples by integrating the virtual
k-space modulation method and a ptychography-inspired
imaging procedure [22,23]. The reported approach,
termed virtual k-space modulation optical microscopy
(VIKMOM), is able to improve the lateral resolution by
a factor of 2, reduce the background level, improve the
sectioning effect, and correct for unknown optical aberra-
tions. We tested the performance of the reported approach
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by imaging fine structures of 2D bovine pulmonary artery
endothelial (BPAE) cells and 3D living human astrocytes
(HAs). As the reported approach is fully compatible
with the confocal microscope setup, we can potentially
extend it for deep tissue imaging via two-photon excitation
and for nanoscopy imaging via stimulated emission
depletion (STED).
The imaging procedures of the VIKMOM system is

shown in Fig. 1, where a confocal microscope with a 2D
detector array was used for image acquisition (also refer to
the Supplemental Material [24], Fig. 1 for more details).
For each scanning position in the x-y plane, the excitation
point spot was projected on the sample and the correspond-
ing imagewas recorded on the detector array. As the sample
was scanned to different x-y positions, we obtained a series
of intensity images Idescanðrd; rÞ, where r represents the
scanning position in the x-y plane and rd represents the
position in the detector array. The imaging procedures can
be divided into two major steps. In step 1, we convert the
acquired images Idescanðrd; rÞ into a set of SIM data. In
step 2, we used these SIM data to recover the super-
resolution images of the sample.
For step 1 of VIKMOM, we modulate the acquired

images Idescanðrd; rÞ with 144 different digital masks as
followed [21]

ImðnÞðrÞ ¼
X

pðnÞðrþ rdÞ × Idescanðrd; rÞ;
ðn ¼ 1; 2;…; 144Þ; ð1Þ

where pðnÞðrdÞ is the nth digital mask (see Note 2, in the
Supplemental Material [24]) and

P
denotes the sum of

the pixel intensity values over the entire detection area. The
output of this virtual modulation process in Eq. (1) is a set
of SIM data ImðnÞðrÞ. In conventional confocal microscopy
with a single detector of finite size, the sample signal at
the scanning position r is simply the intensity sum of the
corresponding recorded intensity image Idescanðrd; rÞ over
the detector area. If a detector array with distinguishable
elements is employed instead of a single detector, the
captured images contain sample information beyond the
cutoff frequency of the objective lens, and thus, facilitate
the reconstruction of a superresolution image of the
sample (see Note 1 in the Supplemental Material [24]).
Unlike methods based on structured light, the k-space
modulation method is implemented using digital masks
[21]. Therefore, the parameters of the virtual modulating
mask, such as its period, initial phase, and direction can be
freely chosen, reducing the complexity of the imaging
system.
For step 2 of VIKMOM, we use the set of SIM data

ImðnÞðrÞ to recover the superresolution image. Inspired by
the principle of Fourier ptychographic microscopy [22,23],
we have developed an imaging procedure (better than
the termed algorithm) that is insensitive to noise and able
to correct for unknown aberrations. The imaging procedure
switches between the Fourier domain and the spatial
domain in an iterative manner, as shown in Fig. 1(b).

We used Ið0ÞobjðrÞ and OTFð0ÞðkÞ to represent the initial
estimate of the sample’s spatial information and the optical
transfer function (OTF) in the excitation path, respectively.
These two functions were updated through the following

process. The modulated object intensity Iðn−1Þop ðrÞ with
nonupdated object intensity was first expressed as [21]

Iðn−1Þop ðrÞ ¼ Iðn−1Þobj ðrÞ½pðnÞðrÞ ⊗ hdeðrÞ�; ð2Þ

where pðnÞðrÞ was the digital pattern used for the data
update, hdeðrÞ was the point spread function (PSF) of the
detection setup determined based on experimental param-
eters, and⊗ denoted the two-dimensional (2D) convolution
operation. Then, using the spatial spectrum of the nth

modulated image fðnÞm ðkÞ or the Fourier transform of
ImðnÞðrÞ, we updated the modulated object intensity in
the Fourier domain through

fðnÞop ðkÞ ¼ fðn−1Þop ðkÞ þ ½fðnÞm ðkÞ
− OTFðn−1ÞðkÞfðn−1Þop ðkÞ�MaskðkÞ; ð3Þ

where MaskðkÞ was a circular low-pass filter used to
block the high-frequency noise appearing in the modulated
images. Its cutoff frequency was initially set to that

FIG. 1. Schematic of virtual k-space modulation optical micros-
copy (VIKMOM) and its decoding procedure for superresolution
image recovery. (a) The principle of our imaging system. The
Airy disklike patterns (the gray rectangle region), recorded by a
detector array placed on the image plane, are multiplied by digital
masks to virtually modulate the sample information in k space.
(b) Our decoding procedure for superresolution image recovery.
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estimated for the excitation optics and was slightly adjusted
according to the reconstruction quality. For single-photon
excitation it was estimated as 4πNA=λe, where λe was the
excitation wavelength and NAwas the objective numerical
aperture. Finally, the object information was updated in the
spatial domain according to

IðnÞobjðrÞ¼ Iðn−1Þobj ðrÞ

þ ½pðnÞðrÞ⊗ hdeðrÞ�½IopðnÞðrÞ− Iopðn−1ÞðrÞ�
maxfpðnÞðrÞ⊗ hdeðrÞg2

: ð4Þ
Concurrently, the OTF in the excitation optics was

updated using

OTFðnÞðkÞ ¼ OTFðn−1ÞðkÞ þ jfopðn−1ÞðkÞj½fopðn−1ÞðkÞ��½fðnÞm ðkÞ − OTFðn−1ÞðkÞfopðn−1ÞðkÞ�
maxfjfopðn−1ÞðkÞjg½jfopðn−1ÞðkÞj2 þ δ� MaskðkÞ; ð5Þ

where δ was the regularization constant required to prevent
the occurrence of zero in the denominator and maxf·g
represented the maximal value in the 2D matrix. After all
the modulated images were used to update the sample, we
repeated the entire process until the solution converges.
We conducted several simulations for a theoretical

prediction of the resolution enhancement of VIKMOM.
It is important to determine the optimal overall size of the
detector array and the size of the detector element (see
details in Note 3 the Supplemental Material [24]). We first
simulated the imaging results of 25 nm fluorescent beads
with an emission wavelength centered at 532 nm (see the
Supplemental Material [24], Fig. 2), to demonstrate our
method’s ability of achieving a resolution 2 times better
than that of a conventional wide-field microscopy.
Then we investigated our approach’s imaging perfor-

mance robustness to noises by simulating a thin spokelike
sample placed at the objective (NA ¼ 1.4) focal plane
(Fig. 2). White Gaussian noise with a standard deviation of
10% was introduced into the detection process at every

detector element. The simulated imaging results are pre-
sented, and the signal-to-noise ratio is quantified by the
ratio of the noise-free image average intensity to the square
root of the mean square error between the noise-free result
and its noise-corrupted counterpart. It is apparent that
the use of a point detector in confocal microscopy leads
to an imaging result with a low signal-to-noise ratio (SNR)
[Fig. 2(a)], while simply adding the signals recorded by
other detector elements into the reconstructed image leads
to decreased resolution [Fig. 2(b), where the resolution is
equal to that of wide-field microscopy]. Experimental
results obtained using different total detector sizes in the
confocal microscopy further support this statement (see the
Supplemental Material [24], Fig. 4). However, the use of a
digital mask to virtually modulate the sample information
in k space allows images with both improved resolution and
SNR to be obtained. Figures 2(c) and 2(d) show the images
recovered using the 2D SIM algorithm and our iterative
algorithm in VIKMOM, respectively. Simulation results
under white Gaussian noise with different standard devia-
tions are presented in the Supplemental Material [24],
Fig. 5. We conclude that our approach exhibits superior
performance with respect to both lateral resolution and
robustness to noises.
Next, we designed a three-layer sample [see the

Supplemental Material [24], Fig. 3(b)] to prove our
approach’s ability to reject out-of-focus background noises
for an improved sectioning effect. We simulated imaging
using wide-field microscopy, confocal microscopy with a
point detector, confocal microscopy with a 1.25 AU-sized
detector, and our approach [the Supplemental Material
[24], Fig. 3(c)]. Interestingly, we found the background
suppression performance achieved with our approach was
compatible with that of confocal microscopy with a point
detector, while the lateral resolution in our approach was
higher. We conclude that our approach could enhance the
lateral resolution computationally, and further that the axial
optical-sectioning ability is improved both computationally
and physically through the finite-sized detector array.
To demonstrate the aberration correction capability,

we introduced a field curvature aberration into the excita-
tion pupil function [Fig. 2(e)], and reconstructed the

FIG. 2. Comparison of reconstructed imageswithwhiteGaussian
noise and aberration. (a)–(d) Imaging results obtained using
confocal microscopy with point and infinite detectors, SIM and
Vikmom, respectively, for white Gaussian noise with a 10%
standard deviation introduced into the detection process for every
detector element in the array. (e) Pupil function phase distribution
(inset) and corresponding OTF when a field curvature aberration is
introduced to the excitation setup. (f) Image recovered using the
SIM algorithm. (g)–(h) Recovered image and OTF obtained using
the proposed algorithm in VIKMOM.
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superresolution image by using the SIM algorithm
[Fig. 2(f)] and our algorithm [Fig. 2(g)]. It is clear that
SIM yielded severely decreased image quality. Our method
could recover a better image and the OTF [Fig. 2(h)]. The
blue circles indicate that our approach can always achieve a
resolution double that of wide-field microscopy. In order to
testify our approach’s applicability in more versatile sit-
uations, we introduced the spherical aberration, defocus
aberration, astigmatism aberration, and combined spheri-
cal, defocus, and astigmatism aberrations, respectively, to
the excitation path. In fact, the excitation OTF could all be
recovered and our approach’s performance is shown to be
unaffected by all these aberration types (the Supplemental
Material [24], Fig. 6).
To test the practical performance of our approach, we

conducted a series of experiments utilizing a confocal
system (Zeiss LSM 880 with Airyscan) equipped with
a detector array in the image plane [8]. First, we
imaged fluorescent nanoparticles (100 nm, yellow-green
FluoSpheres, 488 nm=516 nm, Molecular Probes) with a
scanning resolution of 40 nm per pixel (Fig. 3, the
Supplemental Material [24], Fig. 7). As mentioned above,
a trade-off between the achievable resolution and the SNR
must be made when choosing the detector size in confocal
microscopy [Figs. 3(a), (c), (d)]. Measurement of full width
at half maximum (FWHM) of one nanoparticle indicated that
our approach achieved a 125 nm lateral resolution [Fig. 3(b)],
which is further confirmed by the appearance frequency
histogram of the experimental bead image size [Fig. 3(g)].

Our approach’s aberration correction capacity was also
demonstrated. In Figs. 3(c)–3(f) and the Supplemental
Material [24], Fig. 8, it is apparent that the PSF of the
employed confocal configuration is oval shaped; this may be
due to the system misalignment. However, our approach’s
recovered PSF is isotropic, with improved resolution and
SNR [Figs. 3(d), (e), (f)]. The Airyscan algorithm (devel-
oped by Zeiss) was also used to reconstruct a final image
having both high resolution and high SNR. However, our
approach outperforms the Airyscan algorithm in offering
imaging resolution without sacrificing the SNR. This can be
inferred by considering the two particles marked by the blue
arrows in Fig. 3(f), which are more clearly separated than
those in the other images. It should be noted here the
VIKMON algorithm is actually slower than the Airyscan
algorithm (see Note 4 in the Supplemental Material [24]).
3D information of the nanoparticle sample was also recon-
structed (see the Supplemental Material [24], Video 1). By
comparing the z slices of the nanoparticles obtained using
confocal microscopy and our approach, the superior ability
of our approach to reject the defocus-fluorescence-induced
background is observed. This is because the reconstructed
fluorescence signal of emitters attenuates more sharply as the
defocus increases.
After the nanoparticle imaging verification, we applied

our approach to biological samples. We imaged the
mitochondria of BPAE cells using confocal microscopy,
Airyscan, and VIKMOM (Fig. 4). As expected, the fine
structures in the mitochondria are clearly visible in the
VIKMOM image [Fig. 4(c)], proving the enhanced

FIG. 3. Experimental imaging results for 100-nm fluorescent
nanoparticles. (a) Confocal images with 0.2 and 1 AU detectors,
and VIKMOM reconstructed image (for more views see Supple-
mental Material [24], Fig. 7). (b) PSFs fits to the intensity profiles
along the yellow lines in (a). (c) Imaging results using confocal
microscopy with 0.2 and 1 AU detectors, Airyscan, and VIK-
MOM, with imaging aberration caused by optical misalignment
(for large field of view see Supplemental Material [24], Fig. 8).
(d) Magnified views of areas indicated by white boxes in (c).
(e) Intensity profiles along the yellow lines in (c). (f) Intensity
profiles along the blue lines in (c). (g) Histogram of the
appearance frequency histogram of the bead size in (a).

FIG. 4. Experimental results for 2D biological samples (the
mitochondria of BPAE cells). (a) Imaging results for confocal
microscopy with 0.2 and 1.25 AU-sized detector, Airyscan, and
VIKMOM. (b) Magnified views of areas indicated by white
boxes in (a). (c) Magnified views of the areas indicated by the
white boxes in (b).
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resolution and SNR compared with the confocal system
(with a 0.2 and 1.25 AU detectors) and Airyscan. Then,
we analyzed the cytoskeletons of U373 astrocyte cells to
visualize their microtubule networks (see the Supplemental
Material [24], Fig. 9), and also find superior resolution and
SNR using VIKMOM. To check the improved details
observable with VIKMOM, we also added the experiments
with STED microscopy to demonstrate the authenticity (see
the Supplemental Material [24], Fig. 10).
Further, we verified the improved optical sectioning

ability of our approach by the analysis of 3D biological
structures of the U373 HAs’ microtubules, acquiring
6-μm-thick volume information with slices separated by
200 nm (the Supplemental Material [24], Fig. 12 and
video 2). The VIKMOM image contrast is greatly increased
owing to the combined physical and computational removal
of the out-of-focus fluorescence, thus demonstrating our
approach’s improved sectioning capability [Supplemental
Material [24], Figs. 12(c)–12(e)]. We also demonstrated
the applicability of our approach in living cells by record-
ing a dynamic video of living U373 HAs’ mitochondria
(see Supplemental Material [24], video 3). Moreover, we
experimentally investigated the feasibility of applying our
approach for the analysis of multicolor biological samples
by adding multiple excitation channels (Supplemental
Material [24], Fig. 13).
Interestingly, the ability to recover the excitation OTF

in our approach would allow us to combine this tech-
nique with nonlinear excitation mechanisms for further
enhancing the resolution, while the prior knowledge of
the excitation mechanisms is unnecessary here. For
example, if our approach is combined with two-photon
excitation, its penetration depth can be dramatically
improved because of the low scattering and absorption
of the sample. Compared with two-photon microscopy
with an infinite detector, the lateral resolution can be
enhanced by a factor of 2.6 if our detection setup and
reconstruction algorithm are used (see Supplemental
Material [24], Fig. 14). Further, the STED mechanism
can be introduced to our approach for further resolution
enhancement in scenarios with low depletion beam
power. In STED the achievable resolution depends on
the power of the depletion beam, denoted by the
saturation factor ξ, which is the ratio of the peak intensity
of the doughnut-shaped depletion spot to the saturation
intensity of the used fluorophores. By implementing a
detector array in the STED system and using our
reconstruction algorithm to process the captured pictures,
we can further improve the resolution with a given power
of the depletion beam, or dramatically decrease the
required depletion beam power while obtaining relatively
high resolution (see simulation results in the
Supplemental Material [24], Fig. 15). The latter feature
has particularly important research value, because bio-
logical samples cannot endure high-power illumination.

In summary, we provide a new superresolution imag-
ing approach for fluorescent samples by integrating the
virtual k-space modulation method and a ptychography-
inspired imaging procedure. The reported approach is
able to improve the lateral resolution by a factor of 2,
reduce the background level, improve the sectioning
effect, and correct for unknown optical aberrations. We
tested the performance of the reported approach by
imaging fine structures of 2D BPAE cells and 3D living
HAs. Besides, we can potentially extend this method for
deep tissue imaging via two-photon excitation and for
nanoscopy imaging via STED.

We thank Professor Xia Li of Zhejiang University
School of Medicine for STED sample assistance and
thank the Core Facility Centre of the Institute of Plant
Physiology and Ecology for STED microscopy assis-
tance. This work was financially sponsored by the
National Basic Research Program of China (973
Program) (2015CB352003); the Natural Science
Foundation of Zhejiang province LR16F050001; the
National Natural Science Foundation of China
(61427818, 61335003, and 31571480); the Innovation
Joint Research Center for iCPS (2015XZZX005-01); the
Open Foundation of the State Key Laboratory of Modern
Optical Instrumentation; NIH 9P41EB015871-26A1,
1R01HL121386-01A1, the Hamamatsu Corp; and the
Singapore-MIT Alliance for Science and Technology
Center (BioSym IRG).
C. K. and Y. M. contributed equally to the work.

*Corresponding author.
cfkuang@zju.edu.cn

†Corresponding author.
liuxu@zju.edu.cn

[1] M. G. Gustafsson, Nonlinear structured-illumination
microscopy: Wide-field fluorescence imaging with theoreti-
cally unlimited resolution, Proc. Natl. Acad. Sci. U.S.A.
102, 13081 (2005).

[2] E. H. Rego, L. Shao, J. J. Macklin, L. Winoto, G. A.
Johansson, N. Kamps-Hughes, M.W. Davidson, and
M. G. Gustafsson, Nonlinear structured-illumination
microscopy with a photoswitchable protein reveals cellular
structures at 50-nm resolution, Proc. Natl. Acad. Sci. U.S.A.
109, E135 (2012).

[3] D. Li et al., Extended-resolution structured illumination
imaging of endocytic and cytoskeletal dynamics, Science
349, 6251 (2015).

[4] M. G. Gustafsson, L. Shao, P. M. Carlton, C. R. Wang,
I. N. Golubovskaya, W. Z. Cande, D. A. Agard, and J. W.
Sedat, Three-dimensional resolution doubling in wide-field
fluorescence microscopy by structured illumination,
Biophys. J. 94, 4957 (2008).

[5] E. Mudry, K. Belkebir, J. Girard, J. Savatier, E. Le Moal,
C. Nicoletti, M. Allain, and A. Sentenac, Structured
illumination microscopy using unknown speckle patterns,
Nat. Photonics 6, 312 (2012).

PRL 117, 028102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
8 JULY 2016

028102-5

http://dx.doi.org/10.1073/pnas.0406877102
http://dx.doi.org/10.1073/pnas.0406877102
http://dx.doi.org/10.1073/pnas.1107547108
http://dx.doi.org/10.1073/pnas.1107547108
http://dx.doi.org/10.1126/science.aab3500
http://dx.doi.org/10.1126/science.aab3500
http://dx.doi.org/10.1529/biophysj.107.120345
http://dx.doi.org/10.1038/nphoton.2012.83


[6] R. Ayuk et al., Structured illumination fluorescence micros-
copy with distorted excitations using a filtered blind-SIM
algorithm, Opt. Lett. 38, 4723 (2013).

[7] F. Orieux, E. Sepulveda, V. Loriette, B. Dubertret, and
J.-C. Olivo-Marin, Bayesian estimation for optimized
structured illumination microscopy, IEEE Trans. Image
Process. 21, 601 (2012).

[8] C. B. Müller and J. Enderlein, Image Scanning Microscopy,
Phys. Rev. Lett. 104, 198101 (2010).

[9] S. Roth, C. J. Sheppard, K. Wicker, and R. Heintzmann,
Optical photon reassignment microscopy (OPRA), arXiv:
1306.6230.

[10] G. M. R. De Luca, R. M. P. Breedijk, R. A. J. Brandt,
C. H. C. Zeelenberg, B. E. de Jong, W. Timmermans,
L. N. Azar, R. A. Hoebe, S. Stallinga, and E. M. M.
Manders, Re-scan confocal microscopy: scanning twice
for better resolution, Biomed. Opt. Express 4, 2644 (2013).

[11] J. McGregor, C. Mitchell, and N. Hartell, Post-processing
strategies in image scanning microscopy, Methods 88, 28
(2015).

[12] M. Ingaramo, A. G. York, E. Hoogendoorn, M. Postma,
H. Shroff, and G. H. Patterson, Richardson–Lucy deconvo-
lution as a general tool for combining images with com-
plementary strengths, ChemPhysChem 15, 794 (2014).

[13] M. Bertero, P. Brianzi, and E. Pike, Super-resolution
in confocal scanning microscopy, Inverse Probl. 3, 195
(1987).

[14] C. Sheppard, Super-resolution in confocal imaging, Optik
(Stuttgart) 80, 53 (1988).

[15] J. Huff, The Airyscan detector from ZEISS: confocal
imaging with improved signal-to-noise ratio and super-
resolution, Nat. Methods 12 (2015).

[16] A. G. York, S. H. Parekh, D. Dalle Nogare, R. S. Fischer,
K. Temprine, M. Mione, A. B. Chitnis, C. A. Combs, and
H. Shroff, Resolution doubling in live, multicellular
organisms via multifocal structured illumination micros-
copy, Nat. Methods 9, 749 (2012).

[17] A. G. York, P. Chandris, D. Dalle Nogare, J. Head, P.
Wawrzusin, R. S. Fischer, A. Chitnis, and H. Shroff, Instant
super-resolution imaging in live cells and embryos via
analog image processing, Nat. Methods 10, 1122 (2013).

[18] F. Ströhl and C. F. Kaminski, A joint Richardson—Lucy
deconvolution algorithm for the reconstruction of multifocal

structured illumination microscopy data, Methods Appl.
Fluorescence 3, 014002 (2015).

[19] M. Ingaramo, A. G. York, P. Wawrzusin, O. Milberg, A.
Hong, R. Weigert, H. Shroff, and G. H. Patterson, Two-
photon excitation improves multifocal structured illumina-
tion microscopy in thick scattering tissue, Proc. Natl. Acad.
Sci. U.S.A. 111, 5254 (2014).

[20] J. Lu, W. Min, J.-A. Conchello, X. S. Xie, and J. W.
Lichtman, Super-resolution laser scanning microscopy
through spatiotemporal modulation, Nano Lett. 9, 3883
(2009).

[21] R.-W. Lu, B.-Q. Wang, Q.-X. Zhang, and X.-C. Yao, Super-
resolution scanning laser microscopy through virtually
structured detection, Biomed. Opt. Express 4, 1673 (2013).

[22] G. Zheng, R. Horstmeyer, and C. Yang, Wide-field,
high-resolution Fourier ptychographic microscopy, Nat.
Photonics 7, 739 (2013).

[23] S. Dong, P. Nanda, R. Shiradkar, K. Guo, and G. Zheng,
High-resolution fluorescence imaging via pattern-illuminated
Fourier ptychography, Opt. Express 22, 20856 (2014).

[24] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.117.028102 for a de-
tailed schematic of experimental setup, supplementary
figures of simulations and experiments, a detailed demon-
stration of the principle, and some details about the experi-
ments, which includes Refs. [20,21,25–30].

[25] C. J. Sheppard, S. B. Mehta, and R. Heintzmann, Super-
resolution by image scanning microscopy using pixel
reassignment, Opt. Lett. 38, 2889 (2013).

[26] M. G. Gustafsson, Surpassing the lateral resolution limit
by a factor of two using structured illumination microscopy,
J. Microsc. 198, 82 (2000).

[27] V. Westphal and S. W. Hell, Nanoscale Resolution in the
Focal Plane of an Optical Microscope, Phys. Rev. Lett. 94,
143903 (2005).

[28] S.W. Hell, Toward fluorescence nanoscopy, Nat. Biotechnol.
21, 1347 (2003).

[29] K. I. Willig, B. Harke, R. Medda, and S. W. Hell, STED
microscopy with continuous wave beams, Nat. Methods 4,
915 (2007).

[30] B. Richards and E. Wolf, Electromagnetic diffraction in
optical systems. II. Structure of the image field in an
aplanatic system, Proc. R. Soc. A 253, 358 (1959).

PRL 117, 028102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
8 JULY 2016

028102-6

http://dx.doi.org/10.1364/OL.38.004723
http://dx.doi.org/10.1109/TIP.2011.2162741
http://dx.doi.org/10.1109/TIP.2011.2162741
http://dx.doi.org/10.1103/PhysRevLett.104.198101
http://arXiv.org/abs/1306.6230
http://arXiv.org/abs/1306.6230
http://dx.doi.org/10.1364/BOE.4.002644
http://dx.doi.org/10.1016/j.ymeth.2015.05.002
http://dx.doi.org/10.1016/j.ymeth.2015.05.002
http://dx.doi.org/10.1002/cphc.201300831
http://dx.doi.org/10.1088/0266-5611/3/2/006
http://dx.doi.org/10.1088/0266-5611/3/2/006
http://dx.doi.org/10.1038/nmeth.2025
http://dx.doi.org/10.1038/nmeth.2687
http://dx.doi.org/10.1088/2050-6120/3/1/014002
http://dx.doi.org/10.1088/2050-6120/3/1/014002
http://dx.doi.org/10.1073/pnas.1314447111
http://dx.doi.org/10.1073/pnas.1314447111
http://dx.doi.org/10.1021/nl902087d
http://dx.doi.org/10.1021/nl902087d
http://dx.doi.org/10.1364/BOE.4.001673
http://dx.doi.org/10.1038/nphoton.2013.187
http://dx.doi.org/10.1038/nphoton.2013.187
http://dx.doi.org/10.1364/OE.22.020856
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.028102
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.028102
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.028102
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.028102
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.028102
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.028102
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.028102
http://dx.doi.org/10.1364/OL.38.002889
http://dx.doi.org/10.1046/j.1365-2818.2000.00710.x
http://dx.doi.org/10.1103/PhysRevLett.94.143903
http://dx.doi.org/10.1103/PhysRevLett.94.143903
http://dx.doi.org/10.1038/nbt895
http://dx.doi.org/10.1038/nbt895
http://dx.doi.org/10.1038/nmeth1108
http://dx.doi.org/10.1038/nmeth1108
http://dx.doi.org/10.1098/rspa.1959.0200

