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where IGauss and Idnut are the intensity distributions of Gaussian and doughnut images respectively, �min and �max 
are the boundary limits of the intensity values of the resulting image, which in this case we set between �​1 and 1, 
as the theoretical minimum and maximum values for the normalized initial images.

If a11, �anm and b11, �bnm are the coe�cients of IGauss and Idnut, correspondingly, the �IWS is calculated for each 
pixel as follows,
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So we obtain the matrix of the subtraction coe�cients which are then applied in equation�1. Writing c11, .. cnm as 
the coe�cients of I�nal, the operation can be written as follows:
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We plot the resulting �​IWS for 2D simulated PSFs in Fig.�1, as the green dashed curve. �e weighting coe�-
cient takes its highest values within the Gaussian PSF where over-subtraction is highly unlikely, and the lowest 
values are assigned to the regions where the PSFGauss �​ PSFdnut becomes negative and over subtraction is then 
unavoidable.

It is worth stressing that direct subtraction of normalized PSFs (blue line) although it results in an improved 
full width at half-maximum (FWHM), generates undesired and excessive negative side lobes.

A�er obtaining the matrix of �​IWS values, we apply this instead of the constant �​ in equation�(1). Figure�1(b) 
presents the resulting PSFIWS compared with PSF��0.6 shown as green and blue curves, respectively. As we can see 
from the picture, the IWS method decreases the undesired negative side lobes, which introduce image distortions 
in the conventional approach, while the resulting FWHM remains comparable with the case of constant subtrac-
tion. For the simulated di�raction limited PSFs, the estimated FWHM of the Gaussian PSF is about 0.44�​, while 
the resulting IWS spot size is reduced to 0.31�​, which corresponds to 30% resolution improvement. �e slight 
broadening of the lower part of PSFIWS can be neglected, because, as we will show later from the experimental 
data, it does not introduce artefacts and generally does not a�ect the resolution enhancement either, but in some 
particular cases it may slightly decrease the enhancement performance. To our understanding, it is of minor dis-
advantage compared to over subtraction, because the latter causes information loss, which may result in the mis-
interpretation of data. �e presented simulations were performed for a doughnut beam geometry generated by a 
vortex phase plate, but any other engineered PSF featuring a zero in the centre, e.g. a Laguerre-Gauss beam, lead 
to similar or even better results when the hole diameter of the doughnut beam is narrower than the presented one.

In order to study the performance of the IWS method, we compared confocal re�ection images of silver 
nano-wires (Ag NW) sample26, where several wires were crossing each other, with simulated images, which 
roughly resembled the original object geometry. �e simulated images were obtained by convolving the phantom 
prototype with 2D simulation of the Gaussian and vortex doughnut PSFs (for the details, see Supplementary 
information, Fig. S3).

Figure 1.  Intensity pro�le plots of simulated PSFs: black and red lines are the Gaussian and doughnut PSFs, 
respectively; (a) shows their direct subtraction (�​ �​ 1, blue curve) and weighted subtraction coe�cient 
distribution �​IWS (green), (b) shows the resulting PSFs a�er IWS subtraction (green) compared with a constant 
value of �​ �​ 0.6 (blue). Inset demonstrates images of corresponding PSFs.
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Confocal re�ection images of Ag NW are shown in Fig.�2(e�h). �e sample is a sparse particles distribution 
on a cover slip, obtained by the drop casting method. �e average diameter of the NW is about 50 nm, while the 
length varies in a broad range. �e confocal system was a Leica TCS STED-CW SP5 microscope, the illumination 
wavelength was 592 nm, the objective was a 100x NA 1.4 oil immersion, and the pinhole size was 0.5 Airy unit.

As we can see from Fig.�2(c,g), subtraction with a constant coe�cient �​ �​ 0.6 produces data loss due to 
over-subtraction in the region where rods are overlapped. �is occurs for both simulated and experimental data 
sets. At the same time using IWS subtraction mode helps to preserve the original features, without a�ecting the 
resolution improvement.

To further justify the concept�s performance, we applied the IWS method for various linear and non-linear 
modalities, presented in Fig.�3, such as confocal re�ectance (a,b) and single-photon �uorescence (d,e); 2PE (g,h), 
and SHG in forward acquisition (j,k). �e le� column (a,d,g,j) shows di�raction limited microscopy images and 
the middle one (b,e,h,k) is the resulting intensity distributions a�er the IW subtraction. In all experiments, the 
power of Gaussian and doughnut beams were adjusted in a way that intensity values of corresponding images 
were similar.

�e signi�cant di�erence between confocal and IWS images is visually noticeable. Overall, the image sharp-
ness and contrast became higher a�er subtraction. From intensity pro�les (right column), we can see that the 
valleys between peaks became more pronounced. Some small features that could not be resolved by confocal 
imaging are successfully resolved a�er weighted subtraction. For instance, the two collagen �bres imaged at 
860 nm (Fig.�3(l)) can be easily distinguished a�er IWS, despite the peak-to-peak distance between them being 
around 250 nm, which is much below the di�raction limit.

Silver nano-wires are good test samples for estimation of resolution improvement because their dimensions 
are known. We compared intensity pro�les of single isolated NW before and a�er subtraction, as shown in 
Fig.�3(a�c). Due to the fact that the diameter of the nanoparticles is much smaller than the illumination wave-
length (the diameter of a single wire was 50 nm, while the illumination wavelength was 592 nm), the intensity 
pro�le across the wire is given by the line spread function, which is roughly equal to the PSF of the imaging 
system, consistent with the value obtained from data �tting, which gives 222 nm (Supplementary Fig. S4, black 
line). We compared this with the image that resulted by subtraction with both a constant �​ �​ 0.6 and the IWS 
method (Supplementary Fig. S4 blue and red lines), and obtained FWHMs of 179 nm and 150 nm, respectively, 
a�er �tting. �is result con�rms that the IWS method allows sub-di�raction resolution improvement up to 33% 
compared to the confocal image, while avoiding critical over-subtraction distortions.

To demonstrate the potential of the IWS method for biological specimens, we imaged HeLa cells microtubules 
in both single- and two-photon excitation �uorescence modalities (1PE and 2PE), as well as bovine meniscus col-
lagen �bres by means of second harmonic generation microscopy. �e confocal microscopy experiments were per-
formed by Leica TCS STED-CW SP5 microscope, with 100x oil immersion objective NA 1.4, at 592 nm. 2PE and 
SHG data were obtained from a home-built setup coupled with a Nikon C2 microscope with the following param-
eters: excitation wavelength 860 nm, focusing objective 100x oil Nikon NA 1.4 (for more details see Methods).

To quantify the contrast enhancement, we performed comparative analysis by calculating the standard devi-
ation (s.d.) of the energy-normalized histograms for each image, as described elsewhere30, and normalizing 
them by the original image data. �e obtained values directly re�ect the increase of image contrast. Results are 
summarized in Fig.�4. From the diagram, we can see that in general subtraction microscopy improves the con-
trast ratio. Overall, the IWS method shows better performance compared with a constant subtraction �​ �​ 0.5, 

Figure 2.  Simulated (top row) and experimental (bottom row) images of Ag NW in re�ection at 592 nm, 
where (a,e) and (b,f) are confocal images resulting from Gaussian and doughnut beams, respectively. Applying 
constant subtraction method, with �​ �​ 0.6, to the pairs (a,b) and (e,f) we obtain (c,g) respectively, while 
applying IWS method to the same image pairs we obtain (d,h).
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Figure 3.  Le� and middle columns show the original and IWS images respectively, the right column shows 
the intensity pro�les along the line marked by the red arrows. In particular, (a�c) show re�ection images of 
Ag NW; (d�f) are 1PE and (g,h) 2PE images of HeLa cell microtubules; (j�l) are SHG images of collagen �bres.

Figure 4.  Comparison of contrast (le�) and resolution (right) enhancement for di�erent imaging modes: 
re�ection, single-photon excitation �uorescence (1PE), two-photon excitation �uorescence (2PE) and 
second harmonic generation (SHG); the blue bar represents the original (Gaussian) image, the red is IWS 
subtraction, and green and magenta are constant subtraction with � � 0.5 and � � 0.7, respectively. 
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with, however, the degree of enhancement depending on the imaging mode. �e best results were obtained 
for the re�ection or the non-linear imaging techniques, where the original images have higher noise levels. It 
should be noted that subtraction with �​ �​ 0.7 for two-photon �uorescence introduces severe image distortion, 
and therefore we excluded this data from the comparison chart (Supplementary Fig. S5). We have chosen a 
minimum (0.5) and a maximum (0.7) from the recommended range of �​ coe�cients, because for constant 
subtraction the contrast and resolution enhancements within this interval are linearly proportional to the res-
caling coe�cient. �erefore the enhancement for �​ �​ 0.6 can be easily estimated from the chart as a mean of 
the presented values. It is important to note, that any subtraction routine also a�ects the signal-to-noise ratio 
(SNR) of the images. �e exact change in the SNR depends on the imaging mode and data set quality. However, 
for the presented techniques the IWS method performs well in terms of SNR (for the details, see Supplementary 
Figs S6 and S7).

In order to quantify the resolution enhancement, we analyzed the intensity pro�les (Fig.�3(c,f,i,l)), where the 
blue and red curves represent the original and the subtracted data respectively. �e IWS pro�les exhibit better 
peak-to-peak separation, and small features appear to be more pronounced. By �tting the separate peaks, we 
estimated the reduction of FWHM and compared the obtained results between di�erent imaging modalities 
(Fig.�4(b)). �e IWS method shows superior performance compared to images subtracted with a constant coef-
�cient set at �​ �​ 0.5. Only by increasing the value of �​ up to 0.7, does the resolution enhancement become com-
parable for both methods. �e total resolution enhancement is similar for all modalities, and shows about 1.3 to 
1.5 fold improvement. From calculated PSFs we can estimate the theoretical limits for resolution enhancement 
in subtraction microscopy, which is 1.66 fold for IWS, and 1.89 or 1.55 for �​ �​ 1 and �​ �​ 0.5, respectively. As we 
have shown previously, using a coe�cient �​ �​ 1 is not practical for crowded samples, because it causes signi�cant 
image distortion due to over subtraction (see Fig. S2, SI).

Remarkably, the IWS method shows even greater performance for non-linear excitation microscopy, i.e. 
2PE �uorescence and SHG, where due to the quadratic nature of the processes the resulting PSFs exhibit nar-
rower peaks. In Supplementary Fig. S8, we compared the numerically simulated subtraction of linear and quad-
ratic PSFs. While constant coe�cient subtraction works better in terms of FWHM but much worse in terms of 
over-subtraction, the IWS method performs better for both parameters. In non-linear cases, IWS method shows 
an improved resolution and a reduced over-subtraction. �is observation is consistent with experimental data, 
where the IWS subtraction outperforms even �​ �​ 0.7 for the SHG mode.

It is interesting to analyze the distribution of �​IWS values for di�erent images (Fig.�5). From the graph we 
can see that the coe�cient varies over a much broader range compared to recommended constant values. 
Moreover, the mean of the distributions changes depending on the original image intensity distribution. For 
instance, the range of �​ levels in the case of SHG images lies between 0.4 and 0.6 (on the average about 0.52), 
but the resolution enhancement performance shows even better results compared with constant �​ equal to 
0.7.

To understand how the IWS method will perform for 3D resolution improvement, we carried out imaging 
where the doughnut beam is replaced by a bottle beam. Figure�6 shows the resulting confocal re�ection images 
of silver nano-wires illuminated at 710 nm, where (a) and (b) are x-y, and (d) and (e) are x-z projections of orig-
inal and IWS images, respectively, sectioned along the dashed line depicted in (a) and (b). By �tting the inten-
sity pro�les along the lines indicated with white arrows, see Fig.�6(c,f), we were able to obtain 20% resolution 

Figure 5.  �IWS values distributions for 1PE (blue), 2PE (red) and SHG (yellow) images. On the right are 
shown the corresponding IWS (1PE, 2PE and SHG from top to bottom) images and 2D plots of �​IWS matrices.
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