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The multifocal multiphoton microscopy (MMM) enables high-speed imaging by the concurrent scan-
ning and detection of multiple foci generated by lenslet array or diffractive optical element. The MMM 
system mainly suffers from crosstalk generated by scattered emission photons that form ghost images 
among adjacent channels. The ghost image which is a duplicate of the image acquired in sub-images 
significantly degrades overall image quality. To eliminate the ghost image, the photon reassignment 
method was established using maximum likelihood estimation. However, this post-processing method 
generally takes a longer time than image acquisition. In this regard, we propose a novel strategy for 
rapid noise reduction in the MMM system based upon Monte-Carlo (MC) simulation. Ballistic signal, 
scattering signal, and scattering noise of each channel are quantified in terms of photon distribution 
launched in tissue model based on MC simulation. From the analysis of photon distribution, we success-
fully eliminated the ghost images in the MMM sub-images. If the priori MC simulation under a certain 
optical condition is established at once, our simple, but robust post-processing technique will continu-
ously provide the noise-reduced images, while significantly reducing the computational cost.
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I. INTRODUCTION

Multiphoton excitation fluorescent microscopy has been 
widely used in biomedical imaging due to high resolution, 
outstanding imaging depth, and less phototoxicity [1], espe-
cially in vivo studies on measuring the neural activity of the 
mouse brain. Moreover, all detected ballistic and scattered 
fluorescence photons become an effective signal because of 
the highly localized excitation characteristic of multipho-
ton microscopy [2]. In modern neuroscience, the large area 
monitoring in the mouse brain is essential to uncover the 
entire brain connectivities and dynamics. However, con-

ventional multiphoton microscopy still suffers from narrow 
field-of-view (FOV) and low imaging speed, so that exten-
sive studies have been investigated to achieve wider FOV 
and faster imaging speed in multiphoton microscopy.

Wide FOV multiphoton microscopy has been imple-
mented by using a low magnification objective lens, ad-
vanced relay lenses, and an effective emitted signal col-
lection system [3–5]. The expanded FOV of multiphoton 
microscopy allows the whole mouse brain imaging, but 
its low imaging speed still limits in mornitoring the brain 
dynamics such as calcium imaging [6]. To increase the 
image scanning speed of the conventional system, several 
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approaches have been implemented by adopting a resonant 
scanner or polygonal mirrors [7]. For the wide-FOV and 
rapid scanning, a resonant scanner combined with a galva-
nometric scanner was employed [5]. Furthermore, for fast 
3D volumetric multiphoton imaging, the temporal focusing 
method [8] and light-sheet fluorescence microscopy [9] 
have been applied. However, the fast scanning method was 
generally limited to images with small FOV due to the nar-
row scanning range and low signal- to-noise ratio (SNR).

Multifocal multiphoton microscopy (MMM) [10–15] 
can be an alternative method for a fast speed and wide 
FOV strategy that does not limit the scanning range. MMM 
generates multiple foci by lenslet array or diffractive opti-
cal element (DOE), allowing that each divided part in the 
specimen can be scanned simultaneously [16, 17]. There-
fore, the imaging speed of the MMM is proportionally im-
proved by the number of foci. Emission photons from the 
multiple foci are detected by a charge-coupled device (CCD) 
or complementary metal-oxide-semiconductor (CMOS) 
camera. However, crosstalk caused by the scattered photons 
from turbid media worsen the SNR in a spatially-resolved 
detector such as a CCD or CMOS camera. Low SNR by the 
MMM crosstalk can be improved by using a multianode 
photomultiplier tube (MAPMT) [18], where emission pho-
tons from multiple foci are detected in isolated multi-anode. 
However, despite the use of MAPMT, the MMM system 
suffers from crosstalk by scattered emission photons among 
adjacent channels. The crosstalk becomes a ghost image in 
the neighboring channel. The reassignment method of scat-
tered emission photons was established to eliminate ghost 
images in the sub-image based on maximum likelihood 
estimation (MLE) [19]. However, this post-image process-
ing approach increases computational cost which typically 
takes more time than the image acquisition time.

The Monte-Carlo (MC) method enables physical quanti-
fication of photons by the random sampling method. More-
over, it has been applied to analyze photon propagation and 
distribution in highly scattering turbid media such as tissue 
models [20–22]. Using the MC method, a light transport of 
fluorescence imaging system has been analyzed in terms 
of photon scattering and propagation in turbid media for 
various applications including the single-photon confocal 
fluorescence microscopy and multiphoton microscopy [23, 
24]. Since the MC method enables the simulation of photon 
propagation and distribution by recording the history of 
each photon, it is a promising method for quantifying the 
MMM crosstalk in the tissue. 

Here, we propose a novel strategy for rapid noise reduc-
tion in the MMM system based upon MC simulation. Once 
the reference noise ratio matrix has been calculated, the 
generated noise in the following MMM imaging will be 
rapidly eliminated without additional MC simulation. The 
reference noise ratio matrix is calculated by quantifying 
photon propagation and distribution in the MMM system 
based on the MC simulation. The proposed MC simulation 
approach successfully analyzed scattering noise affecting 

each channel, ballistic signal, and scattering signal, quan-
titatively. This reference noise ratio matrix can be applied 
in post-processing for noise reduction of acquired images 
under the same optical configuration and properties without 
additional MC simulation. As a result, the ghost images 
generated by the crosstalk from noises in adjacent channels 
can be removed effectively and quickly.

II. METHODS

We used a custom-written MC simulator to model the 
propagation of the fluorescence signal in the MMM system 
where the fluorescence signal is emitted from multiple foci 
in the scattering tissue and passed through lenses to the 
detector. Our simulator was developed to perform random 
walking of photons inside scattering samples based on a 
light-tissue interaction model [20]. However, after the pho-
ton exits the tissue, the photon travels through the entire 
collection optical system without random walking accord-
ing to the vector from Snell’s law. The position of each pho-
ton exiting the air/tissue interface is calculated by the ray/
plane intersection test, and the photon position on each lens 
surface is calculated by the subsequent ray/sphere intersec-
tion test and the three-dimensional photon refraction. This 
hybrid MC-based ray tracing method has been described in 
detail in a previous publication of our research group and 
has been demonstrated to effectively track photon move-
ment in a scattering/non-scattering mixed, heterogeneous 
medium with multiple refractive indices [25, 26]. More-
over, the MC simulation is mainly used for the analysis of 
photon distribution of the MMM. The SNR would finally 
converge at a certain rate by adequate photon propagation 
and distribution simulation of the MC method. Therefore, 
in MMM, each channel crosstalk can be quantified, and it 
allows to estimate specific noise ratio under the given opti-
cal configuration and properties of the specimen. 

The MMM generates multiple focal points simultane-
ously by adopting a lenslet array or DOE. Generated mul-
tiple foci were scanned and detected at the same time. We 
simulated the scattered photon emission in the tissue model 
and detected the photon through the objective lens and tube 
lens setting. The optical configuration of the simulation was 
designed as a non-descanned system while the distance of 
each focus was set to 50 μm. In the simulation, the objec-
tive lens was modeled as 40×, water immersion, NA 0.8, 
focal length 4.5 LUMPlanFL/IR (Olympus, Tokyo, Japan) 
[27]. The focal length of the tube lens was set as 180 mm 
aspheric lens AC254-200-A-ML (Thorlabs, NJ, USA). For 
the detector in the simulation, we used MAPMT H7546 
(Hamamatsu, Shizuoka, Japan), having 64 channels with 2 × 
2 mm2 each and 0.3 mm pitch between adjacent channels. 

In this study, we chose the optical properties of the gray 
matter of the mammalian brain at 510 nm which is the peak 
emission wavelength of green fluorescent protein (GFP), 
the widely used fluorescent protein in multiphoton micros-
copy. The scattering coefficient μ s is 10.6 mm−1 and the 
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anisotropy g is 0.88 [28]. While the absorption coefficient 
μ a was not considered during the simulation because the 
absorption coefficient is typically much smaller and less 
significant than the scattering coefficient [29]. The maxi-
mum scattering step was set to 50, and for greater value, 
the photon was lost. For each simulation, 1 million photons 
were simulated. 

The main challenge in this study is to reduce noise, 
also known as the ghost image, caused by crosstalk from 
adjacent channels. The noise reduction is done by the quan-
titative analysis of the MMM using MC simulation. We fo-
cused on the signal and noise ratio of each channel. All the 
photons that arrive at the detector are classified as a ballistic 
signal, scattering signal, and scattering noise. Among those 
classified photons, the scattering noise mainly degrades 
image quality and generates ghost images. The signals and 
noise can be distinguished at each channel based on the MC 
simulation. This allows estimating the proportional quantity 
of noise signals received at each channel. Therefore, the 
noise-reduced image of the beads sample can be obtained 
by reducing proportional noise intensity from each of the 
detected signals.

At first, photon propagation and distribution of replica 
beads on each channel were analyzed by the MC simula-
tion. From the replica bead image analysis, the noise and 
signal ratio matrix of each channel was obtained. In this 
process, we can identify the channel crosstalk caused by 
scattering noise. Next, the generated noise and signal ratio 
matrix can be used in post-processing as a reference noise 
matrix. The reference noise ratio matrix NRef was calculated 
by

 1

𝑵𝑵𝐑𝐑𝐑𝐑𝐑𝐑[𝑛𝑛, 𝑚𝑚] =  ��������[�,�]
���)           ,              (1) 

  

, (1)

where Nscatter is scatter noise, and I is the total intensity of 
channels n. n is the index for the detected channel and m is 
the index for the source channel.

Secondly, the noise of each sub-image could be reduced 
by the noise and signal ratio matrix. The noise map can be 
generated by calculated noise ratios among individual chan-
nels. The noise ratio of each channel is multiplied by the 
signal of the corresponding channel, and then, subtracted 
from the target sub-image. The modified intensity distribu-
tion can be written as

FIG. 1. Photon propagation and distribution of 2 by 2 MMM system. (a) Photon propagation of launched photons, (b) photon 
distribution in the image plane, (c) ballistic and scattering signal detected by MAPMT, (d) scattering noise detected by MAPMT, and 
(e) detected photon distribution by MAPMT.

(b)

(a)

(c) (d) (e)
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, (2)

where Iprocessed and In are the processed intensity and detected 
total intensity of channel n, respectively, and NRef [n, m] is 
the reference noise ratio for channel n from channel m. x 
and y denote the pixel of the image and ch indicates a num-
ber of channels. Since the reference noise ratio matrix is 
generated in the previous step, the only remaining process 
is a simple computation to calculate the processed intensity 
without additional MC simulation.

The post image processing procedure was conducted 
based on Eq. (2). The given noise ratio of each channel 
from the reference noise matrix was multiplied to the corre-
sponding channel of acquired MMM image. Subsequently, 
calculated noise was subtracted from the target sub-image 
of MMM image. This process was applied to each of the 
entire sub-images of MMM image, reducing ghost images 
caused by scattering noise from each adjacent channel.

III. RESULTS

We simulated a replica of bead image and an alphabet 

image in the 2 by 2 and 4 by 4 MMM to validate our ap-
proach. Overall, MC simulations and post-processing was 
conducted using a custom-written script for MATLAB 
(MathWorks, MA, USA). The photon propagation and 
distribution of our simulated optical configuration for a 2 
by 2 MMM by the MC method are shown in Fig. 1(a). The 
photons were launched at a depth of 200 μm in the tissue 
model and traced the detector’s path. Most photons were 
lost during the scattering inside of the tissue. In total, 1 mil-
lion photons were launched, and nearly 0.64% of photons 
were detected. The photon distribution in the image plane 
is shown in Fig. 1(b), while the ballistic and scatter sig-
nal, scatter noise, and photon distribution for MAPMT are 
shown in Fig. 1(c)–1(e).

Based on the simulated photon distribution, analysis was 
performed on ballistic signal, scattering signal, and scatter-
ing noise of each channel. In a 2 by 2 MMM, each channel 
has 2 adjacent and 1 diagonal channel. Each sub-image was 
affected by approximately 8.89% noise from the adjacent 
channel and 4.44% noise from the diagonal channel. The 
noise generated by scattering becomes a ghost image in 
the sub-image. The signal and noise of each channel were 

FIG. 2. Noise analysis of 2 by 2 MMM system. (a) Signal, total noise of the channel, and classified noise by source channel, and (b) 
reference noise ratio matrix of 2 by 2 MMM.

(a)

(b)
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FIG. 3. Noise reduction process of 2 by 2 MMM system. (a) Original 4 replica beads image, (b) scattering affected 2 by 2 MMM 
image of (a), (c) the processed image of (b), (d) original image of alphabets, (e) scattering affected 2 by 2 MMM image of (d), and (f) 
the processed image of (e).

(a) (b) (c)

(d) (e) (f)

FIG. 4. Noise reduction process of each sub-images in 2 by 2 MMM system. (a) Scattering affected sub-images of 2 by 2 MMM, (b) 
calculated noise of (a), and (c) the processed image of (b).

(a) (b) (c)
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quantified in terms of intensity and location of origin. The 
quantified ratio of signal and noise and ratios of their ma-
trix is shown in Fig. 2. The signal, noise of the channel, 
and classified noise according to their source of origin are 
shown in Fig. 2(a), and Fig. 2(b) shows the reference noise 
ratio matrix of a 2 by 2 MMM system calculated by Eq. (1).

The 2 by 2 replica beads and alphabets MMM images 
were generated by MC simulation with the scattering coef-
ficient μ s equal to 10.6 mm−1, anisotropy (g) of 0.88, and 
depth of 200 μm. Based on quantitatively analyzed data 
and noise ratio matrix, 4 replica beads images and alphabet 
images were simulated in 2 by 2 MMM is shown in Fig. 3. 
The source image of replica beads and alphabets are shown 
in Figs. 3(a) and 3(d), and degraded images involving the 
ghost images generated by the crosstalk are shown in Figs. 
3(b) and 3(e). The ghost images were successfully removed 
in the processed final images shown in Figs. 3(c) and 3(f). 
The alphabet image is more complex than the simple bead 
image because each alphabet has distinctive forms and 
thus overlaps with each other. As shown in Fig. 3(f), most 
ghost images have been eliminated, and each alphabet can 
be disctinctively seen compared to the initial MMM image. 
Through the post-processing process, ghost images were 
quickly and effectively removed using the reference noise 
matrix that was previously generated by MC simulation 
[Fig. 2(b)]. 

The ghost images of each sub-images calculated by Eq. 
(2) are presented in Fig. 4. The sub-noise images were cal-
culated under the assumption that the noise ratio at each 
pixel follows the initially generated reference noise ratio 
matrix by the MC simulation of replica beads. By subtract-
ing the calculated sub-noise image from sub-MMM images, 
the ghost images were effectively removed. 

In addition, different depth generates different level of 
scattering effect as shown in Fig. 5. Increasing the pen-
etration depth causes more intense noise from scattering. 
Application of the proposed method significantly reduces 
noise, maintaining constant image quality regardless of its 
penetration depth. 

The detected photon distribution of ballistic signal, scat-

ter signal, and scatter noise of a 4 by 4 MMM system is 
presented in Fig. 6. The 1 million photons were launched 
on each 16 beads and ballistic and scattered photon and 
then detected in isolated channels of modeled MAPMT. 
The noise ratio was analyzed based on the distribution of 

FIG. 5. Noise reduction results at different depths in 2 by 2 
MMM system. Scattering affected 2 by 2 MMM image (a) at 
100 μm depth, (b) The processed image of (a), (c) at 200 μm 
depth, (d) The processed image of (c), (e) at 300 μm depth, 
and (f) the processed image of (e). The photon intensities were 
normalized in each images for comparison.

(a) (b)

(c) (d)

(e) (f)

FIG. 6. Photon distribution of 4 by 4 MMM system. (a) Photon distribution in the imaging plane, (b) ballistic and scattering signal 
detected by MAPMT, (c) scattering noise detected by MAPMT, and (d) detected photon distribution by MAPMT.

(a) (b) (c) (d)
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total intensity [Fig. 6(d)] and scatter noise [Fig. 6(c)]. The 
noise analysis of each channel is shown in Fig. 6. In a 4 by 
4 MMM, the more complex form of noise is visible than 
the 2 by 2 MMM system. The 4 sub-images located at the 
corner have 3 adjacent channels; however, the 4 sub-images 
in the center have 8 adjacent channels, including up-down 
and left-right channels and 4 diagonal channels. The 8 sub-
images that locate on the side have 5 adjacent channels. 
Therefore, in the 4 by 4 MMM system, the noise ratio was 
heavily dependent on the sub-image location. As shown in 
Fig. 7, the 6, 7, 10, and 11th sub-image with most neighbor-

ing channels were most affected by the noise. On the other 
hand, 1,4,13, and 16th sub-image located at the corner were 
less affected because the relatively fewer number of adja-
cent channels involved to generate the noise.

The 4 by 4 MMM image was generated by the MC 
simulation under the same optical setup environment as the 
2 by 2 MMM system. As the number of adjacent channels 
increases, the MMM image quality degrades as compared 
to the 2 by 2 MMM image. The initial 4 by 4 MMM image 
and its noise-reducing processed image are shown in Fig. 8. 
The processed image rather includes visible partial remain-

FIG. 7. Noise analysis of 4 by 4 MMM system. (a) Signal and noise of each channel, (b) reference noise ratio matrix of 4 by 4 
MMM, and (c) classified noise by source channel of each sub-images.

(c)

(a) (b)
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ing noise, but most noises as ghost images were effectively 
eliminated enough to discriminate the objects in the original 
image. The processed image was successfully reconstructed 
by the 4 by 4 reference noise ratio matrix generated in the 
photon distribution analysis process [Fig. 7(b)].

IV. DISCUSSION

The MC simulation is based on the random sampling 
approach. It requires multiple runs at a given input value; 
therefore, it is a time-consuming procedure. To obtain the 
reference noise ratio matrix, it would take approximately 
95.19 seconds for a 2 by 2 MMM and 399.78 seconds 
for a 4 by 4 MMM in a standard computer with an AMD 
Ryzen 5 processor. However, once the reference noise 
matrix is obtained for certain properties such as scattering 
coefficient, anisotropy, and imaging depth, this reference 
noise ratio matrix can be applied to any other sample under 
the same imaging condition. Furthermore, it significantly 
shortens the computational time for ghost image removal 
of the acquired image. The computational time for ghost 
image removal processing of a 2 by 2 MMM was nearly 
0.0072 seconds, and in the case of a 4 by 4 MMM was ap-
proximately 0.025 seconds. Despite the relatively slow pre-
processing time of reference noise matrix generation, ad-
ditional images from the same setup can be processed faster 
and more effectively. The processed results of alphabets 
have not shown perfect removal of ghost images because 
the noise ratio matrix is generated from the bead replica. 

However, the similar trends in the noise distribution ratio 
of each channel regardless of the different object image are 
completely sufficient to improve the visibility of images 
degraded by crosstalk from adjacent channels to a great ex-
tent. 

In this study, we have developed a novel MC simulation-
based fast noise reduction method which can be utilized 
in imaging biological specimens with MMM setting. By 
quantifying numbers of both ballistic and scattered photons 
according to optical parameters of biological specimen 
evaluated from proposed MC simulation at target imaging 
depth, both the spatial distribution of emitted photons and 
amount of signal crosstalk by scattering were identified. 
The ghost image from other channels are eliminated by ap-
plying the algorithm discussed in the method section, thus 
noise reduction is achieved. 

Our method can be utilized in enhancing quality of 3D 
imaging biological specimens by acquiring improved depth 
images via performing the analysis of 3D spatial photon 
distribution of an object of interest. The values of necessary 
optical properties such as scattering coefficient and anisot-
ropy of target biological specimen can be identified from 
earlier studies. With MC simulation, the spatial distribution 
of ballistic and scattered photons can be characterized at 
specific imaging depth. By repeating running our method 
to characterize the spatial distribution until all the results 
at the incremental imaging depths are identified for image 
analysis and noise-reduced 3D reconstruction of an object 
would be obtained. 

We have demonstrated the use of MC simulation based 
novel method that can reduce scattering noise by perform-
ing quantitative image analysis at certain imaging depth. 
In principle, the proposed method can be applied to other 
types of microscopic systems besides MMM, such as in the 
case of deep tissue imaging with laser scanning microscopy, 
where degradation on imaging quality is mostly affected by 
increasing scattering noise at greater imaging depth. This is 
done by adapting our method with consideration of the nec-
essary values to the intrinsic property of target biological 
specimen and optical imaging setups such as arrangements 
and configurations of optical components especially in the 
emission path. 

It is also significant that the method can be applied to the 
actual system without changes of hardware or the addition 
of components. This is an appropriate solution in instances 
where faster noise reduction processing of imaging data is 
necessary for a fixed system. Also, the simple computation 
of this method can be used in real-time imaging.

V. CONCLUSION

In this study, we proposed a novel noise reduction meth-
od based on MC simulation. This method is effective in 
eliminating the ghost images formed from photon scattering 
during the multifocal multiphoton microscopic imaging. By 
analyzing the distribution of photons launched under cer-

FIG. 8. Noise reduction process of 4 by 4 MMM system. (a) 
Original image of alphabets, (b) scattering affected 4 by 4 
MMM images of (a), (c) calculated noise image of (b), and (d) 
the processed image of (b).

(a) (b)

(c) (d)
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tain optical properties, such as a grey matter of the rat brain, 
we successfully quantified the amount of noise generated 
by the crosstalk of the channels. Noise ratio matrix was 
generated based on the quantitative analysis of noise dis-
tribution, representing the ratio of noise to the total signal 
of each channel. With this reference noise ratio matrix, we 
effectively eliminated the ghost images in each sub-MMM 
image. The generated noise matrix of specific optical prop-
erties can be applied to any of future images in the same 
optical imaging setup without additional MC simulations, 
which significantly reduces post-processing time for ghost 
image reduction. Moreover, our approach can be expanded 
to a system with a 6 by 6 or with a 8 by 8 MMM system for 
ghost image reduction.
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