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Abstract: Fluorescence microscopy provides an unparalleled tool for imaging biological 

samples. However, producing high-quality volumetric images quickly and without excessive 

complexity remains a challenge.  Here, we demonstrate a simple multi-camera structured 

illumination microscope (SIM) capable of simultaneously imaging multiple focal planes, 

allowing for the capture of 3D fluorescent images without any axial movement of the sample. 

This simple setup allows for the acquisition of many different 3D imaging modes, including 

3D time lapses, high-axial-resolution 3D images, and large 3D mosaics. 
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1. Introduction 

Structured illumination microscopy (SIM) is a technique in fluorescence microscopy in which 

sets of images are acquired with shifting illumination patterns; subsequent image processing of 

these image sets can yield results with optical sectioning, resolution beyond the diffraction limit 

(super-resolution), or both [1–6]. Since its emergence over two decades ago [7], SIM has 

matured significantly as an imaging technique, with multiple proposed methods for generation 

of the SIM pattern [4–17] as well as for processing of the image data [3,6,18–22]. Compared 

to other super-resolution techniques, the speed, high signal-to-noise ratio, and low excitation 

light intensities characteristic to SIM make it ideal for the imaging of live samples in 3D.  

Producing a 3D image with fluorescence microscopy requires intensity information 

throughout the sample to later be localized to a specific location in 3D space. With SIM, this is 

traditionally accomplished by acquiring a series of optically sectioned images of the sample 

while translating the sample axially through the focal plane of the microscope (a Z-stack). This 

method yields discrete XY slices of the sample which can then be combined into a 3D image. 

Though this sequential approach remains a staple of fluorescence microscopy, the substantial 

light exposure to the sample, long acquisition times, and possible agitation of the sample 

incurred by this method are drawbacks. 

As such, several other methods have been developed as an alternative to this traditional 

approach. Prominent among these is multifocal-plane microscopy, in which multiple focus-

shifted image planes are imaged simultaneously, removing the need for sample movement. This 

can be achieved using a variety of techniques, and in recent years multiple studies have 

demonstrated several methods to image multiple image planes side-by-side onto a single 

detector. Two of the approaches to achieve this involve either the use of a multi-focal grating 

(MFG) [23–27] or a variable path length image splitting prism [28,29]. Though these 

techniques can produce high-quality results, the specialized optical elements central to these 

approaches are difficult to design and can restrict the versatility of the resulting setups. Since 

both approaches have a defocus distance defined by the physical features of the optics being 

used, the distance between imaging planes in the sample cannot be easily adjusted. 

Additionally, both of these optical systems are designed to be used with a particular objective, 

and as such switching between objectives may compromise image quality. These substantial 

limitations in the ability to change slice spacing and objectives limit the adaptability of such 

systems for everyday use. 
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Recently, Xiao, et. al. proposed a reconfigurable multiplane microscope which uses an array 

of beam splitters to image multiple focal planes on a single detector [30]. Unlike the 

aforementioned methods, this approach is compatible with a variety of microscope objectives. 

Still, this approach requires the construction of a moderately complex ‘z-splitter’ assembly, and 

the separation between image planes produced by this optical system cannot be modified 

without changing critical dimensions of the ‘z-splitter.’ 

Multi-camera approaches have also previously been explored in fluorescence microscopy 

as a method for multifocal-plane microscopy. These methods are particularly attractive due to 

their optical simplicity and versatility. In 2004, Prabhat, et. al. proposed an optical system in 

which two cameras are placed at different focal positions relative to the microscope’s tube lens, 

resulting in each camera capturing an image at a different focal plane in the sample [31]. Others 

have since expanded upon this idea by using this multidetector method for 3D localization 

microscopy [32] or by expanding the number of detectors to three or four [32,33]. 

Unfortunately, the viability of multi-camera imaging has been limited by the high cost of 

scientific cameras. However, recently, complementary metal oxide semiconductor (CMOS) 

sensor technology has improved significantly in both performance and price, yielding a variety 

of affordable cameras with sufficient sensitivity and noise performance for fluorescence 

microscopy. In 2018, Babcock demonstrated a 3D localization microscopy system using four 

machine vision-grade CMOS cameras [32]. The cameras could detect the extremely dim signals 

necessary for localization microscopy (10-1000 photons/pixel) while costing an order of 

magnitude less than typical scientific CMOS (sCMOS) cameras. 

The usability of multi-camera imaging for SIM is complicated by the adverse effects of 

placing detection planes at focal positions defocused from the illumination plane of a 2D SIM 

pattern. For one, the contrast of high-spatial-frequency illumination patterns deteriorates 

rapidly as the defocus of the detection planes increases. Increased defocus distances can also 

introduce undesired artifacts such as varying magnification (if the system is not telecentric), 

and defocus distances which depend on refractive index. In this study, we characterize some of 

the adverse effects of focal plane multiplexing in a 2D SIM system and provide methods to 

overcome these issues. 

Here, we also demonstrate three different imaging modes achievable using a four-camera 

detection system in conjunction with SIM methods. Switching between modes can be 

performed without physical manipulation of the optical setup. This allows for versatility in 

imaging, as different types of samples are best imaged by different modes. As live cells 

constantly move, they are best imaged simply by taking a sequence of 3D images over time, 

yielding a 3D movie of the cell. For static samples with significant axial extent, a Z-stack of 

3D images can be acquired, producing a high-axial-resolution and large 3D image but with a 

four-fold reduction in sample movements. Finally, larger samples can be imaged by taking a 

mosaic of 3D images, resulting in images with a large field of view (FOV) and useful axial 

information. Image processing for all these imaging modes can be performed using our open 

source software for SIM (SIMToolbox) [34] along with standard tools in MATLAB (The 

MathWorks, Natick, MA) and ImageJ [35]. 

2. Materials and Methods 

2.1 Microscope set-up and data acquisition 

This project uses a home-built SIM set-up based on the same design as described in our previous 

publications [12,18,36,37]. The SIM system is based on an IX83 microscope (Olympus, Tokyo, 

Japan) with the four-camera setup serving as a detector. The data in this study were collected 

using the UPLSAPO 30×/1.05 NA silicone oil immersion and UPLSAPO 60×/1.35 NA oil 

immersion objectives (Olympus), though our setup is compatible with any objective meant to 

be used with the IX83 microscope. Sample movement was controlled with an ASI motorized 

XY, piezo Z stage (Applied Scientific Instrumentation, Eugene, Oregon). We used a quadruple 

band fluorescence filter set (part 89000, Chroma, Bellows Falls, VT). To synchronize the four 
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cameras with SIM illumination and stage movement, we used Andor IQ software (Belfast, 

Northern Ireland, UK).  

Our SIM system uses a ferroelectric liquid crystal on silicon (LCOS) microdisplay (type 

SXGA-3DM, Fourth Dimension Displays, Dalgety Bay, Fife, UK). The LCOS microdisplay 

has been utilized before in SIM and related methods in fluorescence 

microscopy  [2,12,18,34,38–41] and allows 2D patterns of illumination to be projected on to 

the sample that can be reconfigured by changing the image displayed on the device. The light 

source (Lumencor Spectra-X, Beaverton, OR, USA) is toggled off between SIM patterns and 

during camera readout to reduce unnecessary light exposure to the sample. Since this system 

uses a microdisplay to generate the SIM patterns, the spatial frequency, angle, and number of 

phases comprising the SIM pattern can be reconfigured at any time. This flexibility allows for 

optimization of the imaging conditions for each experiment, responsive to the properties of the 

sample and the defocus between detection planes. 

For detection, our setup uses four Blackfly-S USB 3.0 machine vision cameras. (model: 

BFS-U3-31S4M, FLIR, Arlington, VA). The manufacturer’s specifications for some of the 

relevant parameters of this camera are shown in Table 1. These cameras have acceptable 

parameters for fluorescence microscopy such as 62% quantum yield and low noise, but at a far 

lower price point than the sCMOS cameras typically used. The signal-to-noise ratio of these 

cameras were compared to an Andor Zyla 4.2+ sCMOS camera. The results are shown in the 

supplementary material. As expected, the machine vision cameras have poorer performance 

compared to the Andor sCMOS camera; however, the performance of these cameras was 

adequate for the purposes of this study. The machine vision cameras have a smaller pixel size, 

which allows for Nyquist sampling to be achieved at lower magnifications than when using the 

Zyla. We note that CMOS sensors are being developed rapidly and that many other camera 

models are currently available. Other machine vision cameras may have better specifications at 

higher prices. 

Table 1. Camera parameters 

Camera FLIR Blackfly S Andor Zyla 4.2+ 

Part number BFS-U3-31S4M ZYLA-4.2P-CL10 

Sensor type Sony IMX265 Andor Zyla 

Quantum efficiency 62% at 525 nm 82% at 555 nm 

Read noise 2.26 e- 0.9 e- 

Pixel size 3.45 m 6.5 m 

Maximum frame rate 55 FPS 100 FPS 

Readout method global shutter rolling shutter 

Sensor size 7.18×5.32 mm 13.3×13.3 mm 

Approx. price $500 $18,000 

In principle, the SIM and detection system in this study can acquire raw SIM frames at a rate 

up to the maximum frame rate of the cameras. Since four cameras are capturing such images 

simultaneously, this could allow for ~220 Hz acquisition of raw SIM frames. In practice, the 

100 ms+ exposure times needed for the samples in SIM limit the system to a raw frame rate of 

40 Hz, and a reconstructed frame rate of ~3-7 Hz (depending on the number of phases in the 

illumination pattern).  

The four cameras were mounted on XYZ translation stages (MT3, ThorLabs) to enable precise 

positioning of each camera. SpinView software (FLIR) was used to interface with the cameras 

and to acquire the images. Fig. 1 shows a diagram and 3D model of the optical system. 
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Fig. 1. (a) Overview of the optical system. ∆x4 and ∆y4 indicate the sensor defocus and sample 

defocus of camera 4, respectively. LP, linear polarizer; LCOS, liquid crystal on silicon 

microdisplay; PBS, polarizing beam splitter; DM, dichroic mirror; EM, emission filter; BS, 50-
50 beam splitter; l1, 50mm FL; l2, 180mm FL Olympus tube lens (part SW-TLU); l3, 175mm FL. 

(b), to-scale model of the 4-camera detection system. 

In order to image multiple distinct planes in the sample, each camera was placed at a slightly 

different distance from each camera’s respective relay lens (l3 in Fig. 1). Importantly, the light 

paths of all four cameras are based on a 4-f design. This design ensures near telecentricity on 

all four cameras, and as such, defocusing the detectors results in nearly no change in 

magnification. To position the cameras appropriately, we first aligned all cameras at the focal 

length of each camera’s respective l3. Then, each camera was displaced using its translation 

stage to achieve a particular defocus. The relationship between this image sensor defocus ∆xn 

and the defocus of the sensor conjugate (focal plane) in the sample ∆yn for each camera n can 

be described by  

∆𝑦
𝑛

=
η

𝑠𝑎𝑚𝑝𝑙𝑒

𝑀2 ∆𝑥𝑛 (1) 

where M is the magnification of the optical system and ηsample is the refractive index of the 

sample. In our setup, we positioned each camera such that the focal planes were evenly spaced 

by a slice spacing ∆s. Additionally, to reduce aberrations caused by excessive defocus distances 

from the focal plane of the SIM pattern, cameras were defocused both forwards and backwards, 

with camera 2 kept stationary. This yields the following formulae for the translation stage 

displacements of each camera, given the desired slice spacing ∆s: 

∆𝑥1 =
−𝑀2

η
𝑠𝑎𝑚𝑝𝑙𝑒

∆𝑠 (2) 

∆𝑥2 = 0 (3) 

∆𝑥3 =
𝑀2

η
𝑠𝑎𝑚𝑝𝑙𝑒

∆𝑠   (4) 
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∆𝑥4 =
2𝑀2

η
𝑠𝑎𝑚𝑝𝑙𝑒

∆𝑠 (5) 

To verify relation (1), 100 nm fluorescent beads (F8800, ThermoFisher Scientific) dried on a 

coverslip and overlaid with Prolong Glass (ThermoFisher Scientific, η = 1.518) were imaged 

using SIM illumination with all four cameras and a 30×/1.05 NA silicone oil immersion 

objective. To acquire volumetric data of the bead images on each camera, the z stage was 

scanned over 10 m in 100 nm increments. However, due to the refractive index mismatch 

between the sample and the silicone microscope oil (η = 1.518), the actual spacing between z-

planes in the final image must be adjusted using a correction factor [42]. 

 

 √
𝜂2

2 − 𝑁𝐴2

𝜂1
2 − 𝑁𝐴2

(6) 

In this scenario, applying this correction factor yields an actual slice spacing of 117 nm. With 

this correction, the orthogonal projections of the resulting data, shown in Fig. 2, indicate that 

the bead’s images are displaced axially by an amount close (<5% error) to that predicted by (1). 

Here, each camera was displaced in 0.9 mm increments, and the measured magnification of the 

system was 30.86×. Using these values with equation (1) yields a predicted slice increment of 

1.43 m in the sample. This aligns very well with the average slice spacing measured from the 

data in Figure 2 (1.4 m) and fairly well with the individual displacements between focal planes 

in the same data (1.42, 1.36, and 1.46 m). Additionally, the measured axial resolution of the 

MAP-SIM reconstruction in this data (1.24 m full width at half maximum (FWHM)) was 

~25% better than that of the widefield reconstruction (1.66 m). 

 

Fig. 2. 100nm fluorescent nanobead imaged using SIM with defocused detectors. The left side 

of the figure shows the axial intensity profile and orthogonal projections of the widefield 
reconstruction. The right side of the figure shows the same for the MAP-SIM reconstruction of 

the data. In both reconstructions, the displacement between the image of the nanobead aligns 

very well with the predicted focal plane displacement of 1.41 m. Additionally, the improved 

axial resolution of the MAP-SIM reconstruction is visible in the intensity profile plots. 

 

2.2 Cell lines and reagents 
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Hep-G2 cells were maintained at 37°C and 100% humidity in DMEM supplemented with 10% 

fetal bovine serum, 100 U/mL penicillin, 100 U/mL streptomycin, and L-glutamate 

(Invitrogen). 

2.3 Preparation of samples for imaging 

Hep-G2 cells were grown in coverslip-bottom imaging dishes for 48 hours, then labeled with 

Mitotracker Red CMXROS (M7512, ThermoFisher) according to the manufacturer’s 

recommended protocol. Briefly, cells were labeled with 1 mM Mitotracker for 30 minutes at 

room temperature, then washed twice with and imaged in phosphate-buffered saline, pH 7.4. 

We also imaged 3rd instar Drosophila melanogaster (ppk-CD4-tdTom) larvae, which 

express CD4-tdTomato in the sensory neurons. We anesthetized the larvae using isoflurane. 

The larvae were then placed on a chamber slide with a drop of SlowFade Gold antifade 

mountant (S36936, ThermoFisher), then sealed with a #1.5 coverslip. 

Finally, we imaged a GFP labelled mouse brain sample acquired from the SunJin Lab 

Company (Hsinchu City, Taiwan). This sample is a 250 m thick coronal section which was 

cleared and mounted by SunJin Lab using their RapiClear 1.52 reagent. 

2.4 Image pre-processing 

Immediately after acquisition, hot pixels appear throughout most of the raw image data, as the 

industrial CMOS cameras used in this study are not actively cooled and were operated at room 

temperature. Since hot-pixels can cause undesirable artifacts in our super-resolution SIM 

reconstruction algorithm, hot-pixel removal is necessary prior to SIM reconstruction. To do 

this, we collected dark images with each of the cameras using the same exposure settings as in 

the image data, then subtracted these dark images from each frame of the raw data. While this 

simple method is only effective on the hot pixels which appear in both the dark frames and the 

raw data, these hot pixels make up the vast majority of the total number of hot pixels in the raw 

data, and as such this method is satisfactory.  

2.5 SIM data processing 

SIM reconstructions were performed as previously described using SIMToolbox, an open 

source and freely available program that our group developed for processing SIM data [34]. 

We generated optically sectioned, enhanced resolution images using an established Bayesian 

estimation method, maximum a posteriori probability SIM (MAPSIM) [18,36,37]. Widefield 

(WF) and conventional resolution, optically sectioned (OS-SIM) images were also 

reconstructed using SIMToolbox. 

2.6 Image Registration and Assembly/Stitching 

After SIM reconstruction, it is necessary to digitally align the images from the four cameras, as 

it is not practical to perfectly align the images from each camera using the translation stages. 

First, a single processed frame is selected from each camera to perform image registration. 

After selecting one of the cameras as a reference, all other images are registered to the reference 

camera’s image using a gradient descent optimization method. This registration process yields 

an alignment matrix for each camera which describes the transformation necessary to transform 

each camera’s image to align with the reference camera’s image. Note that in case of significant 

defocus between cameras, single frames may vary too greatly between cameras for registration 

to be performed. In this case, the registration process can be performed on a maximum intensity 

projection of each camera’s data, or reference images of a calibration sample, instead of a single 

processed frame. Next, all processed images from the non-reference cameras are simply 

transformed using the alignment matrices found during registration, yielding images that are 

aligned to the reference. This image registration and transformation process was performed 

using the image processing toolbox for MATLAB.  
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After alignment of the images from each camera, the data is organized into four separate 

image stacks (one for each camera). The process to reconfigure this data into its final form is 

dependent on the imaging mode. For 3D time-lapse imaging, the four image stacks can simply 

be regrouped into multiple image stacks, one for each time period. For Z stacks of 3D images, 

interlacing the four image stacks into a single image stack produces the final 3D image. To 

generate 3D mosaics, the four camera image stacks must be first regrouped into multiple image 

stacks, each containing one 3D image tile. Similar to the time-lapse mode, each of these image 

stacks will contain four slices, one from each camera. These 3D images can then be stitched 

into the final image. We performed image stitching using Preibisch’s plugin for ImageJ [43]. 

This entire data processing procedure is summarized in Fig. 3. 

 

Fig. 3. Overview of the standard processing procedure for all three imaging modes. Note that 
the hot pixel removal and image registration steps only must be performed once per data set, and 

do not have to be repeated when doing processing for each subsequent SIM reconstruction 

method. Additionally, while this figure shows the image registration as being performed on a 
single slice of the reconstructed SIM data, these are not the only images on which registration 

can be performed. Registration can also be performed on a maximum intensity projection of 

each camera’s reconstructed data, or on images of a calibration slide, as discussed in the text. 

 

3. Results 

To demonstrate the time-lapse imaging mode of our system, we imaged mitochondrial 

dynamics in HEP-G2 cells over three minutes. 3D images of a 88 x 88 x 1.6 m region with an 

exposure time of 250 ms were acquired at three second intervals, resulting in 60 total frames, 

four of which are shown in Fig. 4 (see Visualization 1 for a video containing all frames of the 

time-lapse). As evident in the figure, MAPSIM improves the resolution compared to the WF 

reconstruction and eliminates out of focus light. Due to the use of the four-camera detection 

system, all images were acquired with no physical z-movement of the sample – and, with our 

SIM system, no moving parts at all during acquisition. To display the 3D information in Figs. 

4, 5 and 6, the images were depth-coded using the isolum lookup table [44].  
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Fig. 4. 3D time-lapse of mitochondrial dynamics in HEP-G2 cells. The region above the diagonal 

line on each frame shows the WF reconstruction of each time frame, with region below the line 

showing the MAPSIM reconstruction of the data. Objective: UPLSAPO 60X/1.35 NA oil 

immersion. Imaged at 37 °C and 5% CO2 using type 37 oil (Cargille). 

Next, we acquired a 130 m thick 3D image of neurons in a GFP-labelled mouse brain 

sample at 60× magnification to demonstrate the 3D Z-stack imaging mode. Though this 3D 

image has a size of 2048×1536×316 pixels, it was acquired in under two minutes using images 

with an exposure time of 100 ms. Due to the ability to capture four z-planes at once with the 

four-camera setup, the 316 z-planes in this image were acquired with just 79 movements of the 

z-stage. This image has 416 nm sampling in Z and 57.5 nm sampling in XY.  

 

 

Fig. 5.  3D image of neurons in a GFP-labelled mouse brain, acquired using the Z-stack imaging 

mode. All data is color-coded according to the scale bar at the left of the figure. (a), (b), and (c) 
show X-Y maximum intensity projections of the sample, with (a) showing the WF reconstruction 

from a single camera, (b) the MAPSIM reconstruction from one camera, and (c) the MAPSIM 
reconstruction from all four cameras. (d), (e), and (f) show X-Z projections of the same data. (g), 
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(h), and (i) show a zoom-in of the X-Z projection from the region highlighted in (d). (j) shows a 
3D rendering of the 4-camera MAPSIM reconstruction of the dataset, with the perspectives 

shown in (c) and (f) highlighted in green and magenta, respectively. Objective: UPLSAPO 

60X/1.35 NA oil immersion. 

Finally, we demonstrated the 3D mosaic imaging mode by imaging CD4-tdTomato labeled 

neurons in Drosophila melanogaster larvae (Fig. 6). The 6957×10151 pixel (~800×1150×3 

m) image was acquired in under 10 minutes with each frame having an exposure time of 1500 

ms. For visualization purposes, this image was rotated, cropped, and color-coded to the region 

(~1000×300×3 m) shown in Fig. 6b. As shown in Fig. 6d, the MAPSIM data from a single 

camera alone shows improved resolution over the widefield reconstruction (Fig. 6c), but 

MAPSIM’s optical sectioning prevents accurate visualization of neurons that deviate from the 

image’s narrow depth of field. When all four cameras are included (Fig. 6e), the data not only 

provides useful depth information, but also has a larger effective depth of field than that of a 

single z-plane. This ability for the four-camera system to enhance the axial FOV of the montage 

substantially reduces complication during acquisition, as relatively flat samples can be entirely 

imaged without the need for autofocus systems or slide tilt/deflection correction.  

 

 

Fig. 6. Large FOV, 3D imaging of neurons in an abdominal segment of a Drosophila 

melanogaster larvae. (a) Generic illustration of a drosophila larvae, with the approximate 

imaging region labeled. (b) shows the entire 3D, stitched image produced from a mosaic of 3D 
images generated using the multi-camera system. (c), (d), and (e) show the region indicated in 

(b), with (c) showing the WF reconstruction from a single camera, (d) showing the MAP-SIM 

reconstruction from a single camera, and (e) showing the color-coded 3D image produced from 
MAP-SIM reconstruction using all four cameras. (f), (g), and (h) show a comparison between 
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SIM reconstruction methods on the region indicated in (e), using all four cameras: (f), WF; (g), 
OS-SIM; (h), MAP-SIM. Note that hot-pixel removal was not performed on the images in (c) 

and (f) for demonstrative purposes. Objective: UPLSAPO 30x/1.05 NA silicone oil immersion. 

We measured the lateral resolution of the system using 100 nm fluorescent beads (F8800, 

ThermoFisher Scientific) which were dried on a coverslip and overlaid with Prolong Glass 

(ThermoFisher Scientific, η = 1.518). We imaged the beads using SIM illumination with all 

four cameras and the two objectives we used in this study (30×/1.05 NA silicone oil immersion 

and 60×/1.35 NA oil immersion). We used the same SIM parameters and camera positioning 

as that used in figures 4 (for 60×) and 6 (for 30×). We used the Image J plugin ThunderSTORM 

to analyze the data [45]. Using ThunderSTORM we fit the bead images to an integrated 

Gaussian function using maximum likelihood methods and calculated the full width at half 

maximum (FWHM) of each imaged bead. These results are shown in table 2.  

Table 2. Lateral FWHM measurements  

Fig. 7 shows images of a field of 100 nm beads used in the resolution measurements for camera 

2 using a 60×/1.35 NA oil immersion objective. Fig. 7a shows the widefield image, while Fig. 

7b shows the MAP-SIM result.  

 

Fig. 7. 100 nm beads imaged with widefield (a) or MAP-SIM (b) on one of the four cameras 

(camera 2). 60×/1.35 NA oil immersion objective. 

4. Discussion 

While other implementations of multifocal plane microscopy have previously been 

demonstrated, our optical system is comparatively simple, versatile, and requires no complex 

or custom optics. As a result, this system is substantially less expensive and easier to construct 

than alternative multifocal plane microscopy systems. In fact, the total cost of our four-camera 

detection system (including cameras, optics, and optomechanical components) was 

approximately a quarter of the price of a typical sCMOS camera. Despite our system’s 

 30×/1.05NA  60×/1.35NA  

 WF  

FWHM, nm 

MAPSIM 

FWHM, nm 

WF  

FWHM, nm 

MAPSIM  

FWHM, nm 

cam 1 357.4 253.2 254.4 236.0 

cam 2 354.6 250.1 262.4 236.9 

cam 3 362.4 253.9 260.3 236.0 

cam 4 456.0 301.9 276.7 236.9 
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simplicity and affordability, the image quality of our system is minimally compromised, as 

each camera’s image is relayed through a nearly 4-f system (thus preserving telecentricity), and 

the beam-splitters in the optical system are in infinity space. Due to the recent improvements 

in CMOS image sensor technology, this simpler optical system was still able to obtain 

volumetric images of quality comparable to previous works, at four times the speed of a single-

camera imaging system. We expanded upon previous publications of multi-camera systems by 

demonstrating a variety of the unique imaging modes possible with a multi-camera system and 

super-resolution SIM reconstruction algorithms. Though long exposures introduced substantial 

amounts of hot-pixels in the raw image data, we were able to achieve satisfactory results by 

implementing a simple hot-pixel removal step in our image processing procedure. 

However, this four-camera system does have drawbacks. Primarily, the intensity of light 

reaching each camera is ¼ of that in a traditional single-camera system. This reduction of light 

intensity on each detector necessitates longer exposure times (and thus slower imaging) on dim 

samples, such as the Drosophila melanogaster larvae and HEP-G2 cells imaged in this study. 

Though this downside would be substantial when using previous industrial CMOS technology, 

the high-sensitivity and low-noise image sensors used in this study were able to image such 

dim samples at reasonable exposure times. Additionally, this light intensity reduction is a 

downside common to all multifocal plane imaging techniques known to the authors. The loss 

of light from performing multifocal plane imaging can compromise the system’s ability to 

acquire data at a rate faster than that of a single detection plane, but this does not impact the 

numerous other advantages of imaging multiple planes simultaneously. Here, we demonstrated 

that high-quality results were achievable despite the four-fold reduction in the intensity of the 

light reaching each camera’s sensor. 

Our method of defocusing the detectors away from the primary image plane means that the 

SIM pattern will be out of focus on three of the four cameras. This has the effect of 

demodulating the SIM pattern in the acquired images. The effect of this is shown in the 

supplementary material in figure S2. 

Another issue present in our setup is the slight brightness variations between the images 

produced by the four cameras. Such brightness variations cause stripes in orthogonal 

projections of images acquired using the Z-stack mode, as visible in Fig. 5i. These brightness 

variations are primarily due to tolerances in the transmission/reflection ratio of the beam-

splitters used, which can result in intensity variations of ~5% between cameras. This issue could 

be resolved by using alternative beam-splitters with an improved transmission/reflection ratio 

tolerance. In this study, we were able to minimize these striping artifacts by normalizing the 

intensity of the image data between cameras after acquisition, though this method is imperfect 

(as seen in Fig. 5i). 

For samples with a highly variable refractive index, the described system would have 

difficulty in maintaining consistent detection plane spacing, and registration of the produced 

images would also be difficult. However, biological samples with extreme index variations are 

not common, and such samples would prove difficult to image with any SIM or multifocal 

plane microscopy technique. Finally, the simple re-imaging system used in our four-camera 

system introduces slight axial chromatic aberration into the image, an aberration which is 

difficult to avoid. 

Our four-camera system presents significant potential for future work. Firstly, the hotpixel 

removal method used in this paper is functional, but primitive. Hot pixels that appear in the 

data which were not captured in the dark frame are not removed by this simplistic method. 

More sophisticated hot-pixel removal techniques, such as the one described in [46] could be 

used instead for higher-quality results. 

Furthermore, the four cameras in the system described here were used to image separate 

focal planes, but the detectors could also be used in slightly different configurations for an even 

wider variety of imaging types. By aligning the four cameras without defocusing the sensors, 

the cameras can quickly be triggered in succession to achieve combined frame rates four times 
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higher than the cameras are individually capable of. This is particularly useful in applications 

where the frame rate is primarily limited by the readout time of the detector (such as brightfield 

imaging), rather than the exposure time (as is the case in SIM). Additionally, if the cameras are 

focused to the same plane but displaced laterally with the translation stages, the FOV of the 

detection system can be expanded by up to 4x. This is particularly useful for cameras with small 

sensor sizes relative to the imaging circle of the microscope, such as the cameras in our setup. 

Finally, if aligned laterally and kept focused, the four-camera setup could be used to generate 

high dynamic range (HDR) images by acquiring four images simultaneously with different 

exposure times, then merging these images using well-known HDR algorithms  [47–49]. These 

potential uses of a multi-camera system have previously been explored in the context of 

photography [50], but remain mostly novel in the field of microscopy. 

Note that all of these additional imaging modes require no adjustment to the optics of our 

system – all that must be changed is the positioning and triggering synchronization of the 

cameras. As such, if the translation stages used to position the cameras were motorized, the 

four-camera detection system could quickly and precisely be reconfigured for a variety of uses. 

In the context of this work, such a motorized system could allow for quick adjustment of focal 

plane spacing, as well as automatically compensating when the microscope objective is 

changed. The system could also be easily reconfigured into the high frame rate or expanded 

lateral FOV modes previously discussed without tedious alignment. With sufficient image 

processing, a motorized system could even automatically align and focus the cameras. 

5. Conclusion 

To summarize, we have presented in this study a highly flexible and practical multiplane 

imaging system using multiple cameras. This system is effective at quickly obtaining high-

quality 3D fluorescence images using the three imaging modes explored in this paper, and we 

also proposed multiple additional imaging modes that could be explored with the same optical 

setup. The effectiveness, simplicity, and versatility of our optical system provides a promising 

approach for future implementations of multifocal plane imaging in fluorescence microscopy. 

Funding 

Research reported in this publication was supported by the National Institute of General 

Medical Sciences of the National Institutes of Health under award No. 1R15GM128166–01. 

This work was also supported by the UCCS BioFrontiers Center. The funding sources had no 

involvement in study design; in the collection, analysis, and interpretation of data; in the writing 

of the report; or in the decision to submit the article for publication. 

Disclosures 

The authors declare no conflicts of interest. 

References 

1.  M. G. L. Gustafsson, "Surpassing the lateral resolution limit by a factor of two using structured 

illumination microscopy," J. Microsc. 198, 82–87 (2000). 

2.  L. Shao, P. Kner, E. H. Rego, and M. G. L. Gustafsson, "Super-resolution 3D microscopy of live whole 
cells using structured illumination," Nat. Methods 8, 1044–1048 (2011). 

3.  R. Heintzmann and C. Cremer, "Laterally modulated excitation microscopy: improvement of resolution by 

using a diffraction grating," Proc. SPIE 3568, 185–196 (1998). 
4.  P. Kner, B. B. Chhun, E. R. Griffis, L. Winoto, and M. G. L. Gustafsson, "Super-resolution video 

microscopy of live cells by structured illumination," Nat. Methods 6, 339–342 (2009). 

5.  L. Schermelleh, P. M. Carlton, S. Haase, L. Shao, L. Winoto, P. Kner, B. Burke, M. C. Cardoso, D. A. 
Agard, M. G. L. Gustafsson, H. Leonhardt, and J. W. Sedat, "Subdiffraction multicolor imaging of the 

nuclear periphery with 3D structured illumination microscopy," Science 320, 1332–1336 (2008). 

6.  M. G. L. Gustafsson, L. Shao, P. M. Carlton, C. J. 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, 4957–4970 (2008). 

7.  M. A. A. Neil, R. Juškaitis, and T. Wilson, "Method of obtaining optical sectioning by using structured 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 May 2022                   doi:10.20944/preprints202205.0006.v1

https://doi.org/10.20944/preprints202205.0006.v1


light in a conventional microscope," Opt. Lett. 22, 1905 (1997). 
8.  C. Pilger, J. Pospíšil, M. Müller, M. Ruoff, M. Schütte, H. Spiecker, and T. Huser, "Super-resolution 

fluorescence microscopy by line-scanning with an unmodified two-photon microscope," Philos. Trans. R. 

Soc. A Math. Phys. Eng. Sci. 379, (2021). 
9.  W. Liu, Q. Liu, Z. Zhang, Y. Han, C. Kuang, L. Xu, H. Yang, and X. Liu, "Three-dimensional super-

resolution imaging of live whole cells using galvanometer-based structured illumination microscopy," Opt. 

Express 27, 7237 (2019). 
10.  P. T. Brown, R. Kruithoff, G. J. Seedorf, and D. P. Shepherd, "Multicolor structured illumination 

microscopy and quantitative control of polychromatic light with a digital micromirror device," Biomed. 

Opt. Express 12, 3700 (2021). 
11.  B. J. Chang, V. D. P. Meza, and E. H. K. Stelzer, "csiLSFM combines light-sheet fluorescence microscopy 

and coherent Structured illumination for a lateral resolution below 100 nm," Proc. Natl. Acad. Sci. U. S. A. 

114, 4869–4874 (2017). 
12.  P. Křížek, I. Raška, and G. M. Hagen, "Flexible structured illumination microscope with a programmable 

illumination array," Opt. Express 20, 24585 (2012). 

13.  S. Rossberger, G. Best, D. Baddeley, R. Heintzmann, U. Birk, S. Dithmar, and C. Cremer, "Combination of 

structured illumination and single molecule localization microscopy in one setup," J. Opt. 15, 094003 

(2013). 

14.  L. J. Young, F. Ströhl, and C. F. Kaminski, "A Guide to Structured Illumination TIRF Microscopy at High 
Speed with Multiple Colors," J. Vis. Exp. e53988–e53988 (2016). 

15.  V. Poher, H. X. Zhang, G. T. Kennedy, C. Griffin, S. Oddos, E. Gu, D. S. Elson, M. Girkin, P. M. W. 

French, M. D. Dawson, and M. A. Neil, "Optical sectioning microscope with no moving parts using a 
micro-stripe array light emitting diode," Opt. Express 15, 11196–11206 (2007). 

16.  J. Pospíšil, G. Wiebusch, K. Fliegel, M. Klíma, and T. Huser, "Highly compact and cost-effective 2-beam 

super-resolution structured illumination microscope based on all-fiber optic components," Opt. Express 29, 
11833 (2021). 

17.  T. A. Hinsdale, S. Stallinga, and B. Rieger, "High-speed multicolor structured illumination microscopy 
using a hexagonal single mode fiber array," Biomed. Opt. Express 12, 1181 (2021). 

18.  T. Lukeš, P. Křížek, Z. Švindrych, J. Benda, M. Ovesný, K. Fliegel, M. Klíma, and G. M. Hagen, "Three-

dimensional super-resolution structured illumination microscopy with maximum a posteriori probability 
image estimation," Opt. Express 22, 29805–17 (2014). 

19.  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, 601–614 (2012). 
20.  X. Huang, J. Fan, L. Li, H. Liu, R. Wu, Y. Wu, L. Wei, H. Mao, A. Lal, P. Xi, L. Tang, Y. Zhang, Y. Liu, 

S. Tan, and L. Chen, "Fast, long-term, super-resolution imaging with Hessian structured illumination 

microscopy," Nat. Biotechnol. 36, 451–459 (2018). 
21.  T. Lukeš, G. M. Hagen, P. Křížek, Z. Švindrych, K. Fliegel, and M. Klíma, "Comparison of image 

reconstruction methods for structured illumination microscopy," Proc. SPIE 9129, 91293J (2014). 

22.  N. Chakrova, B. Rieger, and S. Stallinga, "Deconvolution methods for structured illumination microscopy," 
J. Opt. Soc. Am. A 33, B12 (2016). 

23.  S. Abrahamsson, J. Chen, B. Hajj, S. Stallinga, A. Y. Katsov, J. Wisniewski, G. Mizuguchi, P. Soule, F. 

Mueller, C. D. Darzacq, X. Darzacq, C. Wu, C. I. Bargmann, and D. A. Agard, "Fast multicolor 3D 
imaging using aberration-corrected multifocus microscopy," 10, (2013). 

24.  S. Abrahamsson, H. Blom, A. Agostinho, D. C. Jans, A. Jost, M. Müller, L. Nilsson, K. Bernhem, T. J. 

Lambert, R. Heintzmann, and H. Brismar, "Multifocus structured illumination microscopy for fast 
volumetric super-resolution imaging," Biomed. Opt. Express (2017). 

25.  B. Hajj, J. Wisniewski, M. El Beheiry, J. Chen, A. Revyakin, C. Wu, and M. Dahan, "Whole-cell, 

multicolor superresolution imaging using volumetric multifocus microscopy," Proc. Natl. Acad. Sci. U. S. 
A. 111, 17480–17485 (2014). 

26.  B. Hajj, M. El Beheiry, and M. Dahan, "PSF engineering in multifocus microscopy for increased depth 

volumetric imaging," Biomed. Opt. Express 7, 726 (2016). 
27.  S. Abrahamsson, R. Ilic, J. Wisniewski, B. Mehl, L. Yu, L. Chen, M. Davanco, L. Oudjedi, J.-B. Fiche, B. 

Hajj, X. Jin, J. Pulupa, C. Cho, M. Mir, M. El Beheiry, X. Darzacq, M. Nollmann, M. Dahan, C. Wu, T. 

Lionnet, J. A. Liddle, and C. I. Bargmann, "Multifocus microscopy with precise color multi-phase 
diffractive optics applied in functional neuronal imaging," Biomed. Opt. Express 7, 855 (2016). 

28.  S. Geissbuehler, A. Sharipov, A. Godinat, N. L. Bocchio, P. A. Sandoz, A. Huss, N. A. Jensen, S. Jakobs, 

J. Enderlein, F. Gisou van der Goot, E. A. Dubikovskaya, T. Lasser, and M. Leutenegger, "Live-cell 
multiplane three-dimensional super-resolution optical fluctuation imaging.," Nat. Commun. 5, 5830 (2014). 

29.  A. Descloux, M. Müller, V. Navikas, A. Markwirth, R. Van Den Eynde, T. Lukes, W. Hübner, T. Lasser, 

A. Radenovic, P. Dedecker, and T. Huser, "High-speed multiplane structured illumination microscopy of 
living cells using an image-splitting prism," Nanophotonics 9, 143–148 (2020). 

30.  S. Xiao, H. Gritton, H. Tseng, D. Zemel, X. Han, and J. Mertz, "High-contrast multifocus microscopy with 

a single camera and z-splitter prism," Optica 7, 1477–1486 (2020). 
31.  P. Prabhat, S. Ram, E. S. Ward, and R. J. Ober, "Simultaneous imaging of different focal planes in 

fluorescence microscopy for the study of cellular dynamics in three dimensions.," IEEE Trans. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 May 2022                   doi:10.20944/preprints202205.0006.v1

https://doi.org/10.20944/preprints202205.0006.v1


Nanobioscience 3, 237–42 (2004). 
32.  H. P. Babcock, "Multiplane and spectrally-resolved single molecule localization microscopy with industrial 

grade CMOS cameras," Sci. Rep. (2018). 

33.  J. Huang, M. Sun, K. Gumpper, Y. Chi, and J. Ma, "3D multifocus astigmatism and compressed sensing 
(3D MACS) based superresolution reconstruction," Biomed. Opt. Express (2015). 

34.  P. Křížek, T. Lukeš, M. Ovesný, K. Fliegel, and G. M. Hagen, "SIMToolbox: A MATLAB toolbox for 

structured illumination fluorescence microscopy," Bioinformatics 32, 318–320 (2015). 
35.  C. A. Schneider, W. S. Rasband, and K. W. Eliceiri, "NIH Image to ImageJ: 25 years of image analysis," 

Nat. Methods 9, 671–675 (2012). 

36.  J. Pospíšil, T. Lukeš, J. Bendesky, K. Fliegel, K. Spendier, and G. M. Hagen, "Imaging tissues and cells 
beyond the diffraction limit with structured illumination microscopy and Bayesian image reconstruction," 

Gigascience 8, 1–12 (2018). 

37.  K. A. Johnson and G. M. Hagen, "Artifact-free whole-slide imaging with structured illumination 
microscopy and Bayesian image reconstruction," Gigascience 9, 1–14 (2021). 

38.  R. Fiolka, L. Shao, E. H. Rego, M. W. Davidson, and M. G. L. Gustafsson, "Time-lapse two-color 3D 

imaging of live cells with doubled resolution using structured illumination," Proc. Natl. Acad. Sci. U. S. A. 

109, 5311–5315 (2012). 

39.  G. M. Hagen, W. Caarls, K. A. Lidke, A. H. B. De Vries, C. Fritsch, B. G. Barisas, D. J. Arndt-Jovin, and 

T. M. Jovin, "Fluorescence recovery after photobleaching and photoconversion in multiple arbitrary 
regions of interest using a programmable array microscope," Microsc. Res. Tech. 72, 431–440 (2009). 

40.  S. R. Kantelhardt, W. Caarls, A. H. B. de Vries, G. M. Hagen, T. M. Jovin, W. Schulz-Schaeffer, V. 

Rohde, A. Giese, and D. J. Arndt-Jovin, "Specific visualization of glioma cells in living low-grade tumor 
tissue," PLoS One 5, 1–11 (2010). 

41.  B. C. Chen, W. R. Legant, K. Wang, L. Shao, D. E. Milkie, M. W. Davidson, C. Janetopoulos, X. S. Wu, J. 

A. Hammer, Z. Liu, B. P. English, Y. Mimori-Kiyosue, D. P. Romero, A. T. Ritter, J. Lippincott-Schwartz, 
L. Fritz-Laylin, R. D. Mullins, D. M. Mitchell, J. N. Bembenek, A. C. Reymann, R. Böhme, S. W. Grill, J. 

T. Wang, G. Seydoux, U. S. Tulu, D. P. Kiehart, and E. Betzig, "Lattice light-sheet microscopy: Imaging 
molecules to embryos at high spatiotemporal resolution," Science 346, 1257998 (2014). 

42.  A. Diaspro, F. Federici, and M. Robello, "Influence of refractive-index mismatch in high-resolution three-

dimensional confocal microscopy," Appl. Opt. 41, 685–690 (2002). 
43.  S. Preibisch, S. Saalfeld, and P. Tomancak, "Globally optimal stitching of tiled 3D microscopic image 

acquisitions," Bioinformatics 25, 1463–1465 (2009). 

44.  M. Geissbuehler and T. Lasser, "How to display data by color schemes compatible with red-green color 
perception deficiencies," Opt. Express 21, 9862 (2013). 

45.  M. Ovesný, P. Křížek, J. Borkovec, Z. Švindrych, and G. M. Hagen, "ThunderSTORM: A comprehensive 

ImageJ plug-in for PALM and STORM data analysis and super-resolution imaging," Bioinformatics 30, 
2389–2390 (2014). 

46.  J. Pospíšil, "Hot Pixels Suppression in Structured Illumination Microscopy," in 21th International Student 

Conference on Electrical Engineering, POSTER 2017 (2017), pp. 1–7. 
47.  Y. Niu, J. Wu, W. Liu, W. Guo, and R. W. H. Lau, "HDR-GAN: HDR image reconstruction from multi-

exposed ldr images with large motions," arXiv (2020). 

48.  Y. Gryaditskaya, T. Pouli, E. Reinhard, K. Myszkowski, and H. P. Seidel, "Motion Aware Exposure 
Bracketing for HDR Video," in Computer Graphics Forum (2015). 

49.  C. Aguerrebere, J. Delon, Y. Gousseau, and P. Musé, "Best algorithms for HDR image generation. A study 

of performance bounds," SIAM J. Imaging Sci. (2014). 
50.  B. Wilburn, N. Joshi, V. Vaish, E.-V. Talvala, E. Antunez, A. Barth, A. Adams, M. Horowitz, and M. 

Levoy, "High Performance Imaging Using Large Camera Arrays," in ACM SIGGRAPH 2005 Papers on   - 

SIGGRAPH ’05 (ACM Press, 2005). 
 

 

 
 

 

 
 

 

 
 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 May 2022                   doi:10.20944/preprints202205.0006.v1

https://doi.org/10.20944/preprints202205.0006.v1

