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Summary
We propose a novel imaging method that enables the enhancement of three-dimensional resolution of confocal microscopy
significantly and achieve experimentally a new fluorescence
emission difference method for the first time, based on the
parallel detection with a detector array. Following the principles of photon reassignment in image scanning microscopy,
images captured by the detector array were arranged. And
by selecting appropriate reassign patterns, the imaging result
with enhanced resolution can be achieved with the method
of fluorescence emission difference. Two specific methods are
proposed in this paper, showing that the difference between
an image scanning microscopy image and a confocal image
will achieve an improvement of transverse resolution by approximately 43% compared with that in confocal microscopy,
and the axial resolution can also be enhanced by at least
22% experimentally and 35% theoretically. Moreover, the
methods presented in this paper can improve the lateral resolution by around 10% than fluorescence emission difference
and 15% than Airyscan. The mechanism of our methods is
verified by numerical simulations and experimental results,
and it has significant potential in biomedical applications.

Introduction
Due to the existence of diffraction barrier, the resolution of
conventional optical microscopy in the far field is constrained
to 0.61λ/N A, where λ is the illumination wavelength and
N A is the numerical aperture. Confocal scanning microscopy,
one of the most widely used modern optical microscopy techniques,
√ has enabled the enhancement of resolution by a factor
of 2 (Wilson, 1990; Gu, 1996). In the last 20 years, besides
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the method of confocal microscopy, several well-known methods have been developed like stimulated emission depletion
(STED) microscopy (Hell & Wichmann, 1994; Wang et al.,
2013), stochastic optical reconstruction microscopy (Rust
et al., 2006), photoactivated localization microscopy (PALM)
(Betzig et al., 2006) and structured illumination microscopy
(Gustafsson, 2000). In STED microscopy, the sample is illuminated with a pump beam, and almost simultaneously the
STED beam suppresses the fluorescence process at the periphery around the centre through simulated emission. Stochastic
optical reconstruction microscopy or photoactivated localization microscopy utilizes the special fluorescent dye to realize
the stochastic effect of the fluorescence, which can locate the
single fluorescence emitter to improve the resolution (Huang
et al., 2010). Structured illumination microscopy can enhance
the imaging resolution by a factor of 2 through encoding undetectable high-frequency information into detectable lowfrequency band by illuminating the specimen with structured
light pattern (Markaki et al., 2013). Hence, all these methods
have successfully broken diffraction limits through different
physical processes.
As was discussed before, confocal microscopy is the most
widely used microscopy technique which can improve the
resolution by a factor of around 1.4 compared to that of a
conventional wide field system with the same illumination
wavelength and numerical aperture. The use of a pinhole is
the key to improve the imaging resolution. Shrinking the size
of pinhole can improve the resolving ability, but that comes
along with a detrimental reduction of the detection efficiency
resulting in the limited the signal-to-noise ratio (SNR) (Castello
et al., 2015). The pinhole in confocal microscopy is conventionally set to a size equivalent to 0.6–0.8 AU (AU is the diameter of an Airy disk, 1 AU equals to 1.22λ/N A, in which λ is
the wavelength of the excitation light) to offer the best compromise between the SNR and resolution. In 1988, Sheppard
described a new approach called image scanning microscopy
(ISM) for a 2D detector array imaging system to improve the
resolution of confocal system (Sheppard, 1988). ISM can
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Fig. 1. Schematic diagram of our system. System is based on a normal confocal system, and the only difference is that the detection part is a detector
array replacing the photomultiplier tube with a pinhole. The blue light with a peak wavelength of 488 nm from laser is the excitation light and the green
light from the sample is fluorescence light excited by the excitation light. DM, dichroic mirror; GM, galvanometer; M, mirror; SL, scanning lens; TL, tube
lens; OL, objective lens; S, sample; BPF, band-pass filter; L, collection lens; DA, detector array. The inset is the detail configuration of the detector array
composed by 32 point-detectors.

achieve higher SNR by combining conventional confocal microscopy with wide-field CCD detection, the whole dataset of
the acquired images from charge-coupled device (CCD) can
form a super-resolved image computationally after operations
either in the space or in the Fourier domain (You et al., 2014;
Castello et al., 2015), or optically after recombination through
particular hardware (De Luca et al., 2013; Roth et al., 2013).
After the signals from all points of a detector array are measured, instead of integrating directly as in conventional imaging, each signal is reassigned to its particular image position.
For each position in the detector array, the probability of detecting a photon depends on the overlap (multiplication) between the detection point spread function (PSFdet) and the
excitation point spread function (PSFex). The multiplication
of the two PSFs gives rise to a sharper effective PSF (PSFeff)
whose centre is off the excitation axis. By reassigning each
image back to the excitation axis and adding them all up, an
image of the specimen with better SNR is obtained, and the
increase in SNR enables a much better deconvolution step
which could achieve enhanced resolution and higher SNR.
Later, the image scanning technique was improved and commercialized by Zeiss in the Airyscan system, which also utilizes
the linear deconvolution by properly weighing the image of
each detector element to realize the three-dimensional (3D)
resolution enhancement and has been applied to biomedical research and clinical diagnosis (Weisshart, 2014; Huff,
2015).
Fluorescence emission difference microscopy (FED) is a
method based on the intensity subtraction which is similar
to the STED method but has no need for strong depletion beam
(Kuang et al., 2013). In FED, the subtraction between two
scanning images modulated by solid and doughnut-shaped
pattern can realize the improvement of the resolution by a
factor of 2 at most (Ge et al., 2015b). In the works of Ge et al.,
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surface plasmon-coupled emission was introduced to intensify
the fluorescence, which resulted in higher SNR. FED could be a
convenient method to realize the super-resolution since it does
not increase the complexity of the optical system like confocal
microscopy and it does not need strong depletion beam like
STED (Ge et al., 2015a).
Based on the confocal microscopy setup, Ge et al. proposed a
novel method by applying the detector array and FED method
to achieve higher 3D resolution and the simplicity of processing compared with that of confocal microscopy (Ge et al.,
2016). The FED method is used in Ge’s work as the subtraction
between the images from the inner ring detectors (from detector 1–7 shown in the inset of Fig. 1) and the images from the
outer ring detectors (from detector 8–32 shown in the inset of
Fig. 1) to enhance lateral resolution by about 27% and axial
resolving ability by around 22% simultaneously.
Here, we propose a novel FED method, image scanning fluorescence emission difference (ISFED) microscopy, which for the
first time performs high-resolution FED microscopy based on
photon reassignment experimentally. In our method, images
obtained by ISM and conventional confocal microscopy are
subtracted in a manner similar to that in FED, yielding a final
image whose resolution surpasses that obtained with confocal
microscopy and FED. We propose two specific arrangements
for image subtraction, both of which utilize the relationship between the PSFs of ISM and confocal microscopy. Because of the
novel design of using pixel reassignment in FED, the proposed
method achieves lateral resolution 10% better than Ge’s FED
method and 15% better than the Zeiss Airyscan method. We
achieve lateral resolution of 122 nm when imaging fluorescent beads of 100-nm diameter. Although the axial resolution
of our method is not significantly better than Ge’s FED method,
it is 22% better compared to confocal microscopy, as we will
show in section ‘Experimental results’.
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Theory
Configuration
The configuration of the proposed system, which is based on a
conventional confocal system, is shown in Figure 1. The blue
light representing the excitation light with a peak wavelength
of 488 nm could be scanned by the galvanometer, and then
passes through the scanning lens and tube lens and finally be
focused by high numerical aperture oil-immersion objective.
The scanning lens and tube lens constitute the 4f system to
make the galvanometer fit into the back aperture of the objective. The green light in Figure 1 is fluorescence light from
sample excited by the excitation light. The dichroic mirror
here is used to reflect the excitation beam and transmit the
fluorescence signal. After passing through the band-pass filter
to eliminate the residual excitation light, the fluorescence signal will be collected by the collective lens and detected by the
detector array shown in the inset of Figure 1.
The system of our method is simple and compact as it almost
has the same configuration with normal confocal system. The
only difference between our system and confocal microscopy
is the detection module: the parallel detection is applied to our
system and the single photomultiplier tube (PMT) is replaced
by a detector array composed of 32 point-detectors. Each single point-detector has an area size of 0.2 AU, and the whole
detector array has an equivalent pinhole of 1.2 AU. In our
method, the inner ring detectors are numbered from 1 to 7,
and the outer ring detectors are numbered from 8 to 32. The
confocal image of the pinhole size of 0.8 AU is equivalent to
the direct sum of the original images from detector 1 to 19.
We note that in ISM, CCDs are used to capture images,
whereas in our system, a detector array consisting of 32 parallel PMT detectors is used. The use of a PMT array has several advantages. First, generally, PMTs have relatively higher
quantum efficiency than CCDs. Secondly, even for Electron
Multiplying CCD (EMCCD) which owns comparative quantum
efficiency than PMT, it requires more time for integration of
electrical charges, so it has longer read-out time, whereas PMT
reads out voltage, and our parallel PMT detectors can read out
data simultaneously, resulting in faster read-out speed. Lastly,
although the signal power remains the same regardless of the
detector type, using PMTs, which have less pixels than CCDs,
would reduce unnecessary noise.

d eff = α · d ,

In ISM, each detector on the detector array captures an image
independently. Each point-detector in the detector array is in
the size of only 0.2 AU, thus it is equivalent to a pinhole set to
0.2 AU. The effective PSF of each detector is the product of the
excitation PSF and detection PSF
(1)

(2)

where d eff is the distance between the specific displaced effective PSF and the PSF on the optical axis, α is the shifting fraction. If the excitation wavelength equals the emission
wavelength, i.e. no Stokes shift, the maximum of the effective
PSF will be at half the distance of the detector shift (α = 0.5).
If the excitation and emission wavelengths are different, the
offset of the effective PSF is given by
d eff =

d
1+

λem
λe xc

,

(3)

where λem and λe xc denote the emission wavelength and excitation wavelength, respectively (Weisshart, 2014). Thus,
since the exact shift of the effective PSF is known, the signal
can be shifted back towards the optical axis with the distance
d eff , making it similar to an image captured by the detector in
the optical axis, only with a narrower PSF, as shown in Figure
2(B).
In confocal microscopy, images from all detectors are added
together directly, whereas in imaging scanning microscopy
the images from the offset detectors would be shifted back to
the optical axis and then added together. Hence, we can obtain
the confocal result and ISM result as

Iconfocal (x, y) =
Ii (x, y),
(4)
IISM (x, y) =

PSF of ISM

PSFeff = PSFexc · PSFdet = PSFexc · (PSFem ⊗ PH),

where PH stands for the equivalent size of pinhole. For detectors that are off the excitation axis, the centres of the excitation and detection PSFs are misaligned, thus the effective PSF
of these detectors would be narrower than that of the detector in the optical axis, as shown in Figures 2(A) and (B). The
larger the displacement is, the narrower the full width at half
maximum (FWHM) of the detector’s effective PSF could be. As
a result, the width of the effective PSF gets narrower, and its
amplitude gets smaller.
Summing up the images captured by different detectors on
the array directly would be equivalent to obtaining a confocal
image. However, if we ‘reassign’ the images to proper places,
higher resolution can be achieved. To understand this, let us
assume a certain detector’s pinhole is displaced by a certain
distance d away from the optical axis. The effective PSF will be
shifted by a fraction of this amount dependent on the widths
of excitation and detection PSFs and their offset



Ii (x − d i x , y − d i y ),

(5)

where d ix and d i y are the offset amount of the effective PSF
of each single detector, and Ii (x, y) and Ii (x − d ix , y − d iy )
represent the original imaging result and reassigned imaging
result of them, respectively. In Figure 2(C), the simulation
results show that the imaging result after photon reassignment
has a narrow PSF than that of the confocal microcopy, which
is obtained without photon reassignment, not only for outer
ring detectors, but also for inner ring detectors.
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Fig. 2. The principle of photon reassignment. (A) PSFs of selected detectors. D. 1 refers to the central detector, whose PSF has the highest intensity,
whereas D. 19 and D. 32 refer to specific displaced detectors. Dashed lines show the PSFs reassigned back to the optical axis. It is clear that PSFs of
peripheral detectors are narrower than that of the central detector. (B) The normalized PSFs after reassignment. The further a detector is from the optical
axis, the smaller the FWHM of its PSF. (C) Sums of original and reassigned effective PSFs. Inner ring refers to the detectors from number 1 to 7 shown in
the inset of Figure 1. Outer ring refers to other 25 detectors. It is shown that the sum of reassigned PSFs of the outer ring detectors yields the narrowest
system PSF, whereas the sum of original PSFs of the outer ring yields the widest.

ISFED
The FED method is then used to produce the imaging result. In
FED, the imaging result is constructed by intensity subtraction
of two different images with different PSFs. In Ge’s work (Ge
et al., 2016), the two confocal images were chosen to be the
images formed by the inside and outside groups of detectors
on the detector array and the imaging result can be expressed
as
IFED =

7

i =1

Ii − q ·

32


I i,

(6)

minuend is smaller than that of the subtrahend will become
negative values, and then set to zero. Thus, choosing a subtrahend image with a broader PSF will yield a better result for
FED. According to the analysis of PSFs in the above section, the
PSF of the outer ring after reassignment is larger than that of
the outer ring without reassignment, which was used in FED
in Ge’s Work. Therefore, one of our methods, subtracting the
wide-field image captured by the entire detector array from
the ISM image captured by the entire array, which will yield a
result with higher resolution than FED and confocal images,
can be expressed as

i =8


where q is the subtraction factor, i7=1 Ii indicates the inner

ring detectors that lie closest to the optical axis and i32
=8 I i is
the outer ring detectors that are much further from the optical
axis. Besides, in Eq. (6), i denotes the index of the detector
shown in the inset of Figure 1.
The reason why FED can achieve higher resolution is that
the PSF of the minuend is narrower than that of the subtrahend. In the subtraction, the regions where the signal in the
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IISFED1 = IISM − q · Iwi d e - f i eld ,

(7)

where I I S F E D 1 indicates the imaging result by one of our
method named image scanning fluorescence emission difference (ISFED), IISM is the ISM image of the entire detector array,
Iwide−field is the wide-field image of the entire detector array and
q is the subtraction factor. We also propose an alternative to
this ISFED method: subtract the sum of original images of the
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Fig. 3. PSFs of four imaging methods. (A) Lateral profiles of absolute intensity. (B) Lateral profiles of normalized intensity. ISFED-1 and ISFED-2 show
narrower PSF than Ge’s method and confocal microscopy in the lateral direction. (C) OTFs of different methods in lateral direction. ISFED has a higher
cut-off frequency. (D) Axial profiles of absolute intensity. (E) Axial profiles of normalized intensity. ISFED-1, ISFED-2 and Ge’s method has approximately
the same FWHM in the axial direction. (F) OTF of different methods in axial direction. The pinhole in the confocal method is set to 0.6 AU. The subtraction
factors of Ge’s method, ISFED-1 and ISFED-2 are chosen appropriately so that the negative side lobes of the normalized PSFs are approximately the same.

outer ring detectors from the ISM image of the outer ring, as
shown in Eq. (8),
I I S F E D 2 = I I S M,outer − q · Iouter ,

(8)

where I I S F E D 2 is the final result of this alternative method,
I I S M,outer is the ISM image of the outer ring detectors, Iouter is
the sum of the original images of the outer ring detectors and
q is the subtraction factor.
Figure 3 shows the comparison of theoretical PSFs of confocal method, Ge’s method and our two methods. Figure 3(B)

shows that ISFED has a narrower FWHM than Ge’s FED
method and confocal method (with a pinhole diameter of 0.8
AU) in lateral direction under the condition of the same negative side lobes. The lateral FWHM of confocal microscopy,
Ge’s method and ISFED are 0.392λ, 0.253 λ and 0.222 λ, respectively. Therefore, our two methods can obtain narrower
FWHM than Ge’s method and confocal microscopy by 12.3%
and 43.4%, respectively. Furthermore, the corresponding
OTF profiles determined by 2π N A/λ shown in Figure 3(C) certify the same conclusion. The cut-off frequency of our methods
is higher than Ge’s method and confocal microscopy, resulting
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Fig. 4. Simulation results of a 2D spoke-like sample. (A) the spoke-like sample; (B) the imaging result of confocal microscopy; (C) the imaging result of
Ge’s method; (D–E) the imaging results of ISFED method 1 and method 2; (F) intensity profiles along the blue circle in (A), (C), (D) and (E). The subtraction
factors of Ge’s method and ISFED are chosen to obtain the utmost resolution of each method without information loss compared to confocal microscopy.
The pinhole diameter of the confocal method is 0.6 AU. The whole size of each image is 1.65 µm × 1.65 µm.

Fig. 5. The normalized imaging results of fluorescent beads with (A) confocal method with pinhole diameter of 0.8 AU, (B) Ge’s FED method, (C) ISFED-1
and (D) ISFED-2. (E) Average FWHM of beads in (A)–(D), with the error bar representing standard deviation. Our methods reveal more details than
confocal method and display narrower isolated features than Ge’s FED method. The whole scope is 10 µm × 10 µm and the green box area is 2 µm ×
2 µm.

in the resolution improvement. Similarly, in the axial direction, Figure 3(D) shows the absolute intensities of these axial PSFs and Figure 3(E) shows ISFED has approximately the
same FWHM as Ge’s FED method, which is narrower than
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that of the confocal method. The FWHM of our methods is
around 0.558λ axially, showing the resolution enhancement
of 35.1% compared to that in confocal microscopy with acceptable negative sidelobes.
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Fig. 6. The normalized imaging results of a living cell’s microtubules with (A) confocal method with pinhole diameter of 0.8 AU, (B) Ge’s FED method,
(C) ISFED-1 and (D) ISFED-2. (E) Intensity profiles along the white dashed line in (A)–(D). (F–I) The Fourier spectrums of the imaging results in (A)–(D),
respectively. The ISFED images display clearer details than confocal method and Ge’s FED method, and contain more high-frequency information, as can
be seen in the Fourier spectrums. The whole scope is 12 µm × 12 µm and the green box area is 2 µm × 2 µm.

Results and discussion
Simulation results
A 1.65 µm × 1.65 µm spoke-like sample, which is shown
in Figure 4(A), is used to evaluate the lateral resolution and
imaging quality of our methods. The confocal image is shown
in Figure 4(B) in which the size of pinhole is set as 0.8 AU
considering the trade-off between the resolution and SNR. It is
clear that the resolution is constrained by the diffraction limit.
Figure 4(C) shows the imaging result of Ge’s FED method,
which is better than the result of confocal microscopy. And
the results of our two methods are shown in Figures 4(D)
and (E), respectively. The subtraction factor here is chosen
to achieve the highest resolution without information loss
(subtraction artifact) compared to confocal microscopy. The
size of the unresolved area which determines the resolution
of our method is smaller than that of Ge’s method, proving

that our methods own higher resolving ability. The intensity
profile along the blue circle is shown in Figure 4(F), which can
verify the resolution enhancement further.
Here considering theoretical resolution, the negative sidelobes are not considered in this part, meaning that the resolution enhancement illustrated in this part may be slightly
different from that achieved in a real experiment, in that there
would be complexities which need to be considered in the
processing of biological imaging. Actually, the ISFED methods have great potential in biomedical applications since our
methods could provide high resolution in bio-imaging, which
will be discussed in the next section.
Experimental results
To show our methods’ ability to improve the lateral resolution compared to Ge’s method, experiments are performed
in which we image both fluorescent beads and living cell
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Fig. 7. The normalized imaging results of fluorescent beads with (A) confocal method with pinhole diameter of 0.8 AU, (B) the Zeiss Airyscan method
(Zeiss Zen software), (C) ISFED-1 and (D) ISFED-2. (E) Average FWHM of beads in (A)–(D), with the error bar representing standard deviation. The whole
scope is 10 µm × 10 µm.

microtubules. The excitation wavelength is 488 nm, and numerical aperture of oil-immersion objective is 1.4. Figure 5
shows the imaging results of fluorescent beads with the size of
100 nm using confocal method, Ge’s FED method and our two
ISFED methods. Figures 5(A)–(D) are the imaging results of the
four methods, and the results show that our two methods and
Ge’s method are far superior to confocal method in the aspect
of resolution. We randomly select 50 beads from the imaging
result of each method, and the FWHM of the beads in each
of these four imaging results is measured, which is shown
in Figure 5(E) with standard deviations of the four methods. The average FWHM obtained with the confocal method,
Ge’s FED method and the two ISFED methods are 219.9,
149.5, 141.0 and 135.8 nm, respectively. This shows that the
ISFED methods obtain narrower FWHM than the confocal
method and Ge’s FED method, and the lateral resolution is improved by around 10% compared with Ge’s FED method and
around 37% compared with confocal microscopy. The pinhole
size of the confocal image is 0.8 AU. The subtraction factors
used in Figures 5(B)–(D) are chosen to ensure there is no information loss (subtraction artefact) with respect to the confocal
image.
Except for the fluorescent nanoparticles, the living cell
microtubules are also used in the experiment to illustrate the
performance of the two ISFED methods. The imaging results
of living cell microtubules shown in Figure 6 indicate the
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improvement of lateral resolution compared with Ge’s method
and confocal microscopy more obviously. The imaging results
shown in Figure 6(A) with confocal method and (B) with Ge’s
method can hardly resolve the two microtubules marked by
dashed white line, whereas our methods shown in (C) and
(D) can distinguish these two microtubules completely. The
line profiles shown in Figure 6(E) further verify the resolution
improvement in that the confocal microscopy and Ge’s FED
method cannot resolve these two microtubules at all, whereas
the FWHM of one single microtubule with the two ISFED
methods are 135 and 115 nm, respectively. Moreover, the
Fourier spectrums of these four imaging results are shown in
Figures 6(F)–(I), illustrating the superiority of ISFED as
the Fourier spectrums of the imaging results with ISFED
contain more high-frequency information. Therefore, in the
lateral direction, the ISFED methods present higher resolving
ability than Ge’s FED method and the confocal method
experimentally.
The comparison between the ISFED methods and the Zeiss
Airyscan method is shown in the imaging results of fluorescent beads of 100 nm in Figure 7. The ISFED images (after
the deconvolution process) shown in Figures 7(C)–(D) exhibit finer details obviously than the confocal image (after the
deconvolution process) in (A) and the Zeiss Airyscan image in
(B), which is the processing result of the Zeiss Zen software. Furthermore, the average FWHM shown in Figure 7(E) obtained
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Fig. 8. Normalized 3D imaging results of fluorescent beads with (A) confocal method with a pinhole diameter of 0.8 AU, (B) Ge’s FED method, (C) ISFED-1
and (D) ISFED-2. The whole scope is 4 µm × 4 µm × 0.8 µm. (E–H) Cross-sections of images in (A)–(D), with confocal method, Ge’s FED method, ISFED-1
and ISFED-2, respectively.

with the confocal method, the Zeiss Airyscan method and the
two ISFED methods are 212.4, 146.1, 126.1 and 122.1 nm,
respectively. The data results indicate that the ISFED methods
surpass the Zeiss Airyscan method by 15% in lateral resolution, and the resolution is enhanced by even 41.5% compared
to confocal microscopy. The pinhole size of the confocal image
is 0.8 AU, and the subtraction factors used in Figures 7(C–D)
are chosen to ensure there is no information loss (subtraction
artefact) with respect to the confocal image.
Although the lateral resolution of ISFED is shown in
Figures 5–7, experiments are also conducted to present the
axial resolutions in Figure 8, which shows the 3D imaging results of fluorescent beads with the size of 100 nm through four
methods, confocal method with a pinhole diameter of 0.8 AU,
Ge’s FED method, ISFED-1 and ISFED-2. The size of the fluorescent beads used in the experiment is 100 nm. Through the
imaging results, ISFED exhibits higher resolving ability than
confocal method in both axial and lateral direction. The 3D

imaging results shown in Figures 8(A)–(D) illustrate that our
methods can not only improve the transverse resolution, but
enhance the 3D resolution, just like Ge’s method. Specifically,
Figures 8(E)–(H) show the cross-sections of imaging results
with the four methods. The measurement of the FWHM of
one single fluorescent bead can explain the improvement of
resolution. The FWHM of a bead’s image in the axial direction
is 420 nm with the confocal method (pinhole diameter is 0.8
AU), 330 nm with Ge’s FED method, 340 nm with ISFED-1
and 330 nm with ISFED-2. The experimental results show that
the axial resolution of our methods is approximately the same
as Ge’s method, but much better than confocal microscopy.
The experimental data present that when the lateral resolution
achieves around 100 nm, the axial resolution can be improved
to 330 nm, approximately 22% better compared to confocal
microscopy. However, compared to Ge’s method, our methods
may have one defect that the axial SNR is a little bit lower than
Ge’s work shown in the cross-sections of imaging results.
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Conclusion
In this paper, we illustrate the principles of utilizing photon
reassignment to obtain a narrow system PSF, based on the use
of a detector array. By selecting appropriate reassigned patterns and subtracting one from another, the equivalent PSF of
the subtraction result gets even narrower, with an increase in
the weight of high spatial frequencies. We propose two ISFED
methods, one is to subtract the confocal image from the ISM
image of the entire detector array whereas the other is the subtraction between the ISM image of the outer ring detectors and
the sum of the original images of outer ring detectors, both of
which combine ISM with FED and can improve the resolution
of the FED method. Based on numerical simulations results,
we verify that the ISFED methods can reach better resolution than conventional confocal method by 43% laterally and
35% axially, and can attain similar axial resolution with Ge’s
work but enhance the resolution by 12% laterally. Most importantly, the ISFED methods achieve expected experimental
result for the first time that the lateral resolution is improved
by around 10% compared to Ge’s method and around 15%
compared to Zeiss Airyscan method, and the axial resolution
is increased by at least 22% compared to confocal microscopy.
Therefore, the proposed methods have significant potential in
biomedical applications.
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