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ABSTRACT 

Second-harmonic generation (SHG) microscopy is a label-free imaging technique to study collagenous materials in 

extracellular matrix environment with high resolution and contrast. However, like many other microscopy techniques, 

the actual spatial resolution achievable by SHG microscopy is reduced by out-of-focus blur and optical aberrations that 

degrade particularly the amplitude of the detectable higher spatial frequencies. Being a two-photon scattering process, it 

is challenging to define a point spread function (PSF) for the SHG imaging modality. As a result, in comparison with 

other two-photon imaging systems like two-photon fluorescence, it is difficult to apply any PSF-engineering techniques 

to enhance the experimental spatial resolution closer to the diffraction limit. Here, we present a method to improve the 

spatial resolution in SHG microscopy using an advanced maximum likelihood estimation (AdvMLE) algorithm to 

recover the otherwise degraded higher spatial frequencies in an SHG image. Through adaptation and iteration, the 

AdvMLE algorithm calculates an improved PSF for an SHG image and enhances the spatial resolution by decreasing the 

full-width-at-half-maximum (FWHM) by ~20%. Similar results are consistently observed for biological tissues with 

varying SHG sources, such as gold nanoparticles and collagen in porcine feet tendons. By obtaining an experimental 

transverse spatial resolution of ~400 nm, we show that the AdvMLE algorithm brings the practical spatial resolution 

closer to the theoretical diffraction limit. Our approach is suitable for adaptation in micro-nano CT and MRI imaging, 

which has the potential to impact diagnosis and treatment of human diseases.  
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1. INTRODUCTION  

The optical resolution of light microscopy is fundamentally limited by Abbe and Rayleigh’s limit [1]. New near-field 

(NSOM, TIRFM) and far-field (CLSM, 3D-SIM, Airyscan, STED, PALM/STORM) microscopy methods overcome this 

limit through tailored illumination, non-linear responses of fluorophore or through precise localization of the single 

molecule [2, 3]. To-date, there have been limited attempts at improving second-harmonic generation (SHG) microscopy 

image contrast and resolution [4, 5].  

SHG imaging has been applied to differentiate different stages of cancers in breast, ovary, and skin tissues, evaluating 

fibrosis of liver, and kidney, delineating normal and diseased states of osteogenesis, Sjogren’s syndrome, and stroma of 

cornea; and for quantitative analysis of tendon structural integrity in chicken and in horses [6-12]. 

In this paper, we demonstrate SHG image resolution and contrast improvement by implementing an advanced custom 

developed restoration algorithm. Image deconvolution algorithms can be broadly classified into six categories: (1) no-

neighbors methods, (2) neighboring methods, (3) linear methods such as inverse filtering, Weiner filtering, linear least 

square, Tikhonov filtering and non-linear iterative methods such as Janson-van Cittert algorithm, nonlinear least square, 

iterative constrained Tikhonov-Miller algorithm, Carrington algorithm, (5) statistical iterative methods such as 

maximum likelihood estimation methods, maximum a posteriori method, and (6) Blind deconvolution methods. Here we 

have used a custom developed advanced MLE algorithm (AdvMLE) available as part of Olympus cellSens CI 

deconvolution software. What this algorithm does is based on the initial PSF estimate, which is adaptively modified on-

the-fly by the optical properties and supplied data set based on Richardson-Lucy (RL) algorithm [13-19].  

2. METHOD 

Frozen, whole porcine feet were obtained from the Meat Science Laboratory at the University of Illinois at Urbana-

Champaign. No live animals were handled for this study. After thawing, the extensor digitorum lateralis tendon was 

dissected. The control sample tendon was stored in phosphate buffered saline (PBS). The treated sample was immersed 

in 50 U/ml collagenase (Sigma-Aldrich, St. Louis, MO) for 24 hours. Samples were rinsed in PBS and then frozen in 

Optimal Cutting Temperature Compound (PSL Lab Supplies, Vista, CA) at – 20° C. Longitudinal and transverse 

sections were cut 10-micron thick using a Leica CM3050 S Cryostat and stored at – 80° C. Immediately before imaging, 

samples were thawed, wetted with PBS, and mounted between two cover #1.5 cover glasses. 

SHG microscopy of porcine tendons were performed as described before [10-12]. The SHG set up used a Zeiss LSM 

710 system together with a tunable Ti:Sapphire laser source at a repetition rate of 80 MHz producing 70-fs pulses. We 

used 780 nm excitation wavelength together with a quarter wave plate to produce circular polarization from a plane 

polarized fundamental so that to gain isotropic images from all molecular orientations at a given focal plane. We have 

used a 760 nm dichroic beam splitter and the fundamental was focused using a 63x 1.4 NA Oil immersion objective in 

order to approach to the diffraction limit. We have used 100 nm gold nanoparticles dispersed on a #1.5 cover glass to 

check the backward SHG image integrity from a spherical object as opposed to fiber like object such as the collagen. 

The gold nanoparticles SHG images were also obtained from the backward propagated SHG modality using non-

descanned detectors. The emission signals were passed to a 680 nm short pass filter to clean out the IR and the frequency 

doubled signals were collected using a 390/18-25 nm band pass filter all obtained from Semrock Inc. The signals were 

integrated using a point scanner on to a Hamamatsu R6357 multi-alkali photomultiplier tubes. The average power at the 

sample was around 3mW. All parameters such as pixel dwell time, detector gain and frame averaging were kept constant 

between multiple sections and samples and images were obtained from several or at same locations with varied imaging 

parameters. 

3. EXPERIMENT 

We collected images of porcine tendons, and 100 nm gold nanoparticles in either 512x512 or 1024x1024 pixels format 

with varying average pixel dwell times to test the impact of noise and the recovery and restoration impact. All images 

were taken in three dimensions using the Z stack feature of the Zen image acquisition program at optimal and 

oversampled at times to compare the spacing effect on collagen fiber recovery and restoration. Using all of these optical 

properties, the raw data was restored under 20 constrained iterations using the AdvMLE algorithm which is part of the 

Olympus cellSens CI deconvolution software and resulting images were optimally adjusted with min/max intensity 



 

 
 

 

profiles using either the Zen program or in the Autoquant image analysis program. The full width at half maximum 

values were calculated for both 100 nm gold nanoparticles as described below in Sigma Plot. 

Restoration of images is also called deconvolution to correct the out of focus blur, which is due to convolution which 

happens at the time of image formation in an optical system. In linear microscopy the point spread function describes the 

optical system’s performance from sample to image which is captured by a camera or a detector. This function is 

mathematically modeled by an equation called convolution in which the microscopic image (g) is a result of a 

convolution () between the actual object (f) and the PSF (h), plus a noise component (n) that is Poisson distributed 

from photon counting statistics. The expression describes this is [16-19] 

 

                                                                                       (1) 

where each variable is a three dimensional volume of intensity values.  The process of estimating the ground truth data 

(f) from the observation (g) is termed restoration or deconvolution.  There are many approaches to achieving 

deconvolution and these may be single step filtering (linear) or iterative in nature (non-linear) [18].  One of the most 

common approaches is the Richardson-Lucy (RL) iterative algorithm [13-15] which is based on Maximum Likelihood 

Estimation (MLE) with a log-likelihood measure assuming Poisson distributed noise.  The simplified log-likelihood (log 

L) can be written as [17] based on RL algorithm is 

 

                                                    ,                                                          (2) 

where  is the re-blurred estimate calculated by convolving the  estimate of the ground truth image (f) 

with the known PSF (h). The basic RL iteration for restoring the image is [17] 

                                                      ,                                                                 (3) 

where  is the correlation operator, and  is element-wise multiplication. As negative signals are not observed by 

detectors which are designated as zeroes, each iteration is guaranteed to preserve non-negativity of the image and the 

point spread function. In addition, the likelihood measure is also increased, and is maximized when .  

 

Additionally, the RL iterations are known to converge slowly, so there are a variety of methods for both reducing the 

noise amplification and increasing the speed of convergence [13-15, 20].  

  

A further extension of the standard deconvolution method is that of blind deconvolution or restoration where the PSF 

can be estimated along with the image as stated above.  Using the RL approach, this can be simply achieved by 

switching the image and PSF variables as indicated here [17]  

                              .                                                            (4) 

The restored and raw data images were further processed in Image J (National Institutes of Health, Bethesda, MD), an 

open source program for Fast Fourier Transform (FFT) analysis in order to investigate the band width gain after the 

restoration procedures. The FFT images were thresholded (138 or 148 with the selection of dark background) to remove 

the background uniformly across all samples and to obtain the major frequencies. Then the AdvMLE processed FFT 

images were subtracted by the raw data frequencies pixel-by-pixel to get the actual bandwidth gain. The line intensity 

profiles were made to analyze the resolution improvement by drawing a line with a width of 13-14 microns in the same 

programs. Also to represent the actual theoretical resolution of the optical system using 0.61*lambda/NA, the resolution 

was calculated to be ~0.37-0.38 microns with the 780 nm excitation and either the 40x 1.2 NA C-Apochromat Water 

immersion objective or 1.4 NA 63x Oil immersion objective. This limit was drawn graphically on the FFT images using 

a circle to represent the resolution limit and to visually show the improved frequencies after AdvMLE restoration 

compared to the raw data. The line profiles are extracted using 1 pixel with line traces using the same Image J program 

and the actual graphs are made in Sigma Plot version 13 using the extracted values and the same program was also used 

to calculate the full-width at half maximum values for the 100 nm gold nanoparticles. 



 

 
 

 

 

4. RESULTS AND DISCUSSION 

SHG and FT-SHG analysis have recently gained popularity due to the label free nature of the techniques, having 

diagnostic application potential [6-10, 12]. Since SHG microscopy is a non-linear process [6, 21, 22] at the point of 

generating signals of double the frequency of incoming fundamental light. Our focus is on the formed image which is 

linearly integrated as any other image in linear microscopy using the photomultiplier tubes as point detectors in optical 

scanning microscopy [1, 23, 24]. However, one has to evaluate this very carefully, as there are no reliable standards for 

SHG microscopy, due to its scattering and anisotropic distribution of signal depending on the molecular orientation [6, 

21, 25]. That is one of the reasons why we have used a quarter wave plate to produce a circular polarization of the 

fundamental laser, so that all the molecules in the azimuthal angles could be imaged to obtain an isotropic image [12]. 

We first performed these experiments with 100 nm gold nanoparticles in which the SHG images were obtained in the 

backward direction only, where the signal is inherently incoherent as it is not in-phase with the fundamental laser [10, 

22].  

 

 

Figure 1. AdvMLE algorithm performance check using backward SHG images of 100 nm gold nanoparticles. The raw Z stack of the 

gold nanoparticle showed in maximum intensity distribution (A), and its corresponding Fourier transform with pseudo-

colored look up table (B), the same particle after AdvMLE restoration (C and D). The yellow lines in A and C are used to 

trace the intensity distribution which is showed in E, with full width at half maximum values and the lines in B and D used 

to measure the optical transfer function performance between raw and AdvMLE from the FFT images and the traced values 



 

 
 

 

are showed in F. The circles in B and D represents, 0.37 microns, which indicates the theoretical lateral resolution of the 

optical system. Scale bar 2.5 microns as indicated by the yellow trace lines in A and C. 
 

Our investigation with gold nanoparticles yielded interesting results (Figure 1). First, we confirm the anisotropic nature 

of the SHG signal from the spherical shaped gold nanoparticles which could not be seen in raw data rather could be seen 

only in the AdvMLE processed data. This shape has been proposed for gold nanoparticle SHG before under various 

techniques either under simulation or experimentation [26]. The line intensity profiles before and after restoration of the 

gold nanoparticles showed ~20% improvement in the full-width half maximum of the peaks (Fig. 1E). In addition, we 

further analyzed the raw and AdvMLE processed images in Fourier space. These analyses showed that the AdvMLE 

processed image frequency distribution is closer to the theoretical resolution limit set by Abbe [1] for these modalities 

compared to raw data in which the frequencies are substantially lower. The trace of FFT images further affirmed the 

aforementioned statement, that the medium range frequencies close to the center and the high frequencies were 

substantially improved after the AdvMLE restoration (Fig. 1F). Such improvements of restoration algorithms on linear 

microscopy has been often used in the past [23, 27]. 

 

Figure 2. Enhanced resolution and contrast in SHG images of untreated porcine tendons. Raw data Z stack showing maximum 

intensity projection (A), the same image after AdvMLE restoration (B). The line in ‘B’ used to trace the signal improvement 

before and after AdvMLE processed images (comparing same Locations in A and B), is showed in C, D and E are Fourier 

transformed images of A and B respectively. Subtracted result of E-D showing the actual increase in bandwidth of AdvMLE 

processed images (F), showing higher orders of retrieved frequencies compared to raw data. The yellow circles in D-F 



 

 
 

 

indicates the resolution frequency of 0.38 microns which is the Theoretical lateral resolution limit of the optical system. The 

line in B is ~13 microns which is also indicated by the X axis of the C. 
 

In figure 2, a comparison (Fig 2 A and B) is provided between the raw data and AdvMLE restored 3D data of porcine 

tendon backward SHG images, showing substantial improvement in signal-noise ratio (SNR) of individual fibers, see the 

improved fiber signal to noise ratio (Fig 2 C). The improvement are seen both for samples processed with 512x512 or 

1024x1024 pixel dimensions (data not shown), where the latter showed a better SNR and less pixilation due to the 

smaller pixel size [28]. The diffraction limited objective 63x Oil restored frequencies in all azimuthal directions and 

either filled the entire theoretical resolution limit or beyond (compare the circle) compared to the raw data (Fig. 2E and 

F) for the untreated tendons without collagenase treatment.  

 

 

Figure 3. Enhanced resolution and contrast in SHG images of collagenase treated porcine tendons. Raw data Z stack showing 

maximum intensity projection (A), the same image after AdvMLE restoration (B). The line in ‘B’ used to trace the signal 

improvement before and after AdvMLE processed images (comparing same Locations in A and B), is showed in C, D and E 



 

 
 

 

are Fourier transformed images of A and B respectively, and subtracted result of E-D showing the actual increase in 

bandwidth of AdvMLE processed images (F), showing higher orders of retrieved frequencies compared to raw data. The 

yellow circles in D-F indicates the resolution frequency of 0.38 microns which is the Theoretical lateral resolution limit of 

the optical system. The line in B is ~14 microns which is also indicated by the X axis of the C. 
 

The results are presented from collagenase treated tendons in figure 3. The collagenase treatment overall damaged the 

integrity of the collagen, particularly the density and orientation. The collagenase treatment led to similar disorientations 

and higher angle spread in vivo in horse tendons [10-12]. Quantifying these differences is out of the scope of this paper, 

but we have extensively analyzed horse and chicken tendons previously using the Fourier transform-SHG technique [10-

12]. Despite the use of the same objective and improved individual fiber signal to noise ratio as in untreated tendons 

(Fig. 3 A-C), the FFT analysis here showed that the restored frequencies are not as good as the untreated tendons. 

Between the raw and AdvMLE processed images the frequencies are higher, as in the untreated, but both the raw and 

processed images do not fill the diffraction limited resolution circle (Fig. 3 D-F). In addition, the frequencies do not 

exceed the circle at any given angle beyond the circle as in untreated. As per our observation in horse tendons, this may 

be due to the preferable damage to the fine fibers by the collagenase, detected in the backward propagated SHG signal. 

A useful future approach could be imaging using forward directed SHG together with backward SHG and performing a 

ratio metric analysis, which is expected to yield fruitful results  [10-12]. Despite that the fine fibers are damaged but 

retaining thicker bundles shows the frequency gain in the lower and middle range of AdvMLE restored images. 

However, at the same time the fine fibers responsible for high frequency is selectively destroyed and hence the loss of 

high frequency signals in the FFTs of collagenase treated tendons compared to untreated [10-12, 22]. 

We have compared also tendons from chicken, sarcomere images from mouse heart and intact deep SHG images from 

unprocessed samples of chicken tendons, all yielding similar comparable results (data not shown) of improvement in 

resolution and contrast of SHG images ~20%. We believe this is substantial enough to visualize these structures at this 

resolution, rather than the visualizing un-restored noisy raw data for the purpose of disease diagnostics and treatment. 

Since the algorithm used created a point spread function adaptively based on the supplied data and imaging parameters, 

it could be applied elsewhere. For instance, this blind restoration could be applied to other modalities such as MRI and 

CAT Scan images where an optical systems point spread function could not be readily available as in the astronomical 

images or data sets. 
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