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摘要 

理解大腦的複雜結構與功能仍然是神經科學中的一項重大挑戰。雙光子激發顯微術克

服了傳統光學顯微術的限制，實現了更深層的組織穿透、更低的光毒性，以及具備體積解析

度的活體成像。近期的技術進展，例如可調式聲學梯度（TAG）透鏡，透過沿 z 軸快速調制

焦點，進一步將雙光子激發拓展至高速體積成像。當 TAG 透鏡與梯度折射率（GRIN）透鏡

結合時，可進行活體深層神經迴路成像，並達到近乎影像速率的體積獲取。我們開發了一套

自製的雙光子內窺系統，結合 TAG 與 GRIN 透鏡，以捕捉位於小鼠大腦深層 6 毫米的視

交叉上核（SCN）的神經動態。然而，這些技術進步的代價是在深層組織成像時影像對比度

降低。為了提升影像品質，我們應用了基於深度學習的後處理方法，利用自監督模型挖掘時

空冗餘以達到有效的降噪。此外，我們還開發了一套客製化演算法用於像差校正。我們的系

統成功地獲取了活體中三維的神經元群體活動，並提升了影像的對比與清晰度，從而捕捉到 

SCN 的神經動態。這個方法能幫助我們更清楚地研究晝夜節律和大腦深部的神經連結，也提

供了一個實用的工具來進一步探索深腦中複雜的神經活動。 

 

關鍵詞：雙光子內視鏡、高速體積成像、視交叉上核、深度學習降噪、像差校正、神經連結
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ABSTRACT 

Understanding the intricate structure and function of the brain remains a critical challenge in 

neuroscience. Two-photon excitation microscopy has addressed the limitations of traditional optical 

microscopy, enabling deep tissue penetration, reduced phototoxicity, and volumetric resolution for 

in vivo imaging. Recent advancements, such as tunable acoustic gradient (TAG) lenses, have 

extended two-photon excitation capabilities to high-speed volumetric imaging by rapidly 

modulating focus along the z-axis. When integrated with gradient-index (GRIN) lenses, TAG lenses 

enable in vivo imaging of deep neural circuits, achieving nearly video-rate volumetric acquisition. 

We have developed a home-built two-photon endoscopy system incorporating TAG and GRIN 

lenses to capture neural dynamics in the suprachiasmatic nucleus (SCN), located 6 mm deep in the 

mouse brain. However, these advancements come at the cost of reduced image contrast, particularly 

during deep tissue imaging. To enhance image quality, we applied deep-learning-based 

post-processing techniques, leveraging self-supervised models that exploit spatiotemporal 

redundancies for effective denoising. Moreover, a customized algorithm is developed for aberration 

calibration. Our system successfully derived three-dimensional neuronal population activity in vivo 

with enhanced contrast and clarity, capturing neuronal dynamics in the SCN. This innovative 

approach provides a powerful tool for advancing our understanding of circadian rhythms and deep 

brain functional connectivity, paving the way for further exploration of complex neural processes.  

 

Keywords: Two-photon endoscopy, High-speed volumetric imaging, Suprachiasmatic nucleus, 

Deep-learning denoising, Aberration calibration, Neural connection
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Chapter 1 Introduction 

Understanding brain function demands deep, high-speed imaging of neuronal circuits. 

Two-photon excitation microscopy enables deep-tissue imaging with reduced phototoxicity, but 

its speed is limited by point scanning. To observe the functional response of the suprachiasmatic 

nucleus (SCN) in vivo in mice, we developed dual-GRIN two-photon endoscopy with a tunable 

acoustic GRIN lens for video-rate volumetric imaging. However, deep imaging and fast scanning 

degrade image contrast, which is further worsened by GRIN lens aberrations. Here, we apply a 

self-supervised deep-learning method that leverages spatial and temporal redundancies, along 

with a deconvolution algorithm to correct aberrated PSFs. This approach improves image 

contrast and preserves neural activity signals without requiring high-quality ground truth. 

1.1. The challenge of understanding the deep brain region 

Unveiling how the brain works is a significant challenge in scientific research [1]. An 

essential goal is to understand neuron activities and connections in vivo. A neuron is an 

electrically excitable cell that communicates with other cells through specialized connections 

called synapses, as shown in Figure 1-1. It consists of message-receiving dendrites, a 

nucleus-containing cell body, and a signal-sending axon. The size of a cell body is about 10 μm. 

Neural signal transmission occurs via electrical impulses known as action potentials, which 

propagate along the axon and trigger neurotransmitter release at synapses [2, 3]. Various 

technologies, including electrophysiology, fMRI, and optical microscopy, have emerged for 

studying and understanding the complexities of the brain [4]. Since action potentials result from 

changes in membrane potential, the most direct way to monitor them is by measuring these 

1 doi:10.6342/NTU202504634
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voltage shifts. This principle forms the basis of electrophysiology, where conductive 

microelectrodes are inserted into or placed on neurons to detect electrical signals such as voltage 

and current. Microelectrodes provide excellent temporal resolution, making them well suited for 

capturing rapid neural activity. Although miniaturized electrode arrays [5] have been developed 

to record signals from multiple neurons, this lack of spatial information continues to impose 

significant limitations. Microelectrodes only capture extracellular voltage fluctuations from 

neurons in the immediate vicinity, and precise placement of an electrode [6] onto a single target 

neuron is technically challenging, particularly in regions with dense neuronal populations. 

Unlike optical imaging, which directly reports activity through changes in ion channel dynamics 

and intracellular calcium concentrations, electrodes lack molecular-level specificity.  

To monitor brain activity without invasive methods, functional magnetic resonance 

imaging (fMRI) is a widely adopted technique [7]. It leverages the fact that oxyhemoglobin and 

deoxyhemoglobin produce different magnetic resonance signals, allowing the detection of the 

blood-oxygen-level-dependent (BOLD) signal using strong magnetic fields. When neurons 

become active, they consume more oxygen, leading to a local decrease in blood oxygen levels. 

This change enables fMRI to indirectly track brain activity by observing variations in the BOLD 

signal. With its non-invasive nature and whole-brain imaging capability, fMRI has become one 

of the preferred tools for studying brain function at the organ level. However, its spatial and 

temporal resolutions, typically in the sub-millimeter and sub-second ranges, are insufficient for 

single-cell activity recording.  
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Figure 1-1. Schematic of a neuron structure. 

A neuron consists of message-receiving dendrites, a nucleus-containing cell body, and a signal-sending axon. 

 

To study neuronal connectivity, optical imaging has emerged as a powerful tool, offering 

sub-micrometer spatial resolution and sub-millisecond temporal resolution [8, 9, 10], particularly 

when paired with genetically encoded probes such as calcium indicators [11, 12]. These 

indicators detect neural activity by sensing changes in intracellular calcium concentration during 

action potentials. Among them, green fluorescent protein (GFP)-based GCaMP sensors have 

been engineered for this purpose [13]. For example, the jGCaMP7f indicator shows a response 

duration of approximately 265 ± 20 ms following an action potential, as illustrated in Figure 1-2. 

To investigate deep and functionally critical regions, advanced optical imaging methods are 

required. This leads directly to two-photon fluorescence microscopy, which has become 

indispensable for in vivo studies of neuronal dynamics. 
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Figure 1-2. Calcium indicator kinetics. 

Top, schematic cultured neurons with stimulation electrodes (gray). Cultured neurons expressed a cytosolic 

jGCaMP7 variant and nuclear mCherry. Bottom, change in fluorescence of a single well with cells expressing 

jGCaMP7 after firing one action potential [14]. 

 

1.2. Two-photon Fluorescence Microscopy in vivo 

Optical imaging of deep tissue is hindered by scattering from complex tissue 

components, which historically restricted imaging to thin slices or superficial layers.  The advent 

of two-photon microscopy transformed in vivo imaging by enabling high-resolution 

measurements hundreds of micrometers below the surface. Two-photon microscopy uses NIR for 

deep penetration and less scattering [15, 16]. Thanks to rapid improvements in fluorescent 

markers and two-photon microscopy unique ability to capture dynamic biological processes with 

fine spatial (<1 µm) and temporal (millisecond) precision at depth, it has transformed in vivo 

imaging by allowing direct observation of cellular activity deep within living tissues (for 
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example, up to about 1 mm in the mouse brain) [17]. Nowadays, two-photon microscopy is an 

essential technique across many research fields, including neuroscience, immunology, and cancer 

biology. It is estimated that there are between 1,000 and 10,000 multiphoton microscopes in use 

globally.  

 

 

Figure 1-3. 3D renderings showing two-photon microscopy imaging of dendrites in in vivo mice down to 

approximately 500 µm [18].  

 

Two-photon microscopy achieves optical sectioning via nonlinear excitation of 

fluorescence through the coincident absorption of two illumination photons. This process relies 

on two photons that interact nearly simultaneously with a fluorescent molecule [19]. Two-photon 

microscopy offers two significant advantages. First, for commonly used fluorescent reporters, 

two-photon absorption occurs in the near-infrared wavelength range (680 − 1,030 nm), resulting 

in a deep penetration depth of tissue and less phototoxic to biological tissues than visible light 

used for one-photon fluorescence excitation [20]. Second, the localization of excitation not only 
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reduces photodamage but also provides volumetric resolution without any spatially resolved 

detection through a confocal pinhole. These properties are crucial for deep imaging, as all 

fluorescence photons are known to originate from near the focus and thus increase the efficiency 

of fluorescence collection [21, 22]. Two-photon microscopy is achieved by ultra-short pulses of 

100 fs duration at a repetition rate of 80 MHz to generate high intensity within the objective 

focus. Despite these successes, the penetration depth of in vivo mice is still limited to 500 m µ

(Figure 1-3) [23] and the average laser power within the sample is typically 1–100 mW  [24], 

[25]. Overcoming this depth barrier has motivated the development of new optical and hardware 

strategies, as discussed next. 

1.3. Extending Depth and Speed in Optical Imaging 

To observe live brain functions beyond 500 µm depth using light microscopy, researchers 

have developed several approaches [26]. One common strategy involves increasing the excitation 

power and enhancing the number of ballistic photons by incorporating a regenerative amplifier. 

This allows imaging depths of up to approximately 1 mm in the neocortex [27]. Another 

approach uses three-photon excitation at longer wavelengths (1300 nm or 1700 nm), which 

experience less scattering in tissue, enabling imaging depths of around 1.2 mm [28]. More 

recently, powerful long-wavelength lasers have pushed this limit further to about 2 mm [29]. 

Despite these advancements, reaching the full depth of a mouse brain remains out of reach with 

these noninvasive optical methods [30]. 

To reach deep areas, researchers often implant miniature optical elements such as GRIN 

lenses and optical fibers [31]. Optical fibers constitute the foundation of contemporary 

communication technologies, providing low-loss light guidance and high transmission capacity. 

6 doi:10.6342/NTU202504634

https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsyMSwgMjJdIiwiY2l0YXRpb25zIjpbeyJyZWNvcmQiOnsidXJscyI6eyJyZWxhdGVkLXVybHMiOnsidXJsIjp7InN0eWxlIjp7IkBmYWNlIjoidW5kZXJsaW5lIiwiIyI6IjxHbyB0byBJU0k%%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPkxpLCBZLiBQLjwvYXV0aG9yPjxhdXRob3I%2BWHUsIFguIEMuPC9hdXRob3I%2BPGF1dGhvcj5aaGFuZywgQy48L2F1dGhvcj48YXV0aG9yPlN1biwgWC4gRi48L2F1dGhvcj48YXV0aG9yPlpob3UsIFMuIFMuPC9hdXRob3I%2BPGF1dGhvcj5MaSwgWC48L2F1dGhvcj48YXV0aG9yPkd1bywgSi4gUS48L2F1dGhvcj48YXV0aG9yPkh1LCBSLjwvYXV0aG9yPjxhdXRob3I%2BUXUsIEouIEwuPC9hdXRob3I%2BPGF1dGhvcj5MaXUsIEwuIFcuPC9hdXRob3I%2BPC9hdXRob3JzPjwvY29udHJpYnV0b3JzPjx0aXRsZXM%2BPHRpdGxlPkluIFZpdm8gTmV1cm9keW5hbWljcyBNYXBwaW5nIHZpYSBIaWdoLVNwZWVkIFR3by1QaG90b24gRmx1b3Jlc2NlbmNlIExpZmV0aW1lIFZvbHVtZXRyaWMgUHJvamVjdGlvbiBNaWNyb3Njb3B5PC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPkFkdmFuY2VkIFNjaWVuY2U8L3NlY29uZGFyeS10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAyNDwveWVhcj48cHViLWRhdGVzPjxkYXRlPjIwMjQgRGVjPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPGFjY2Vzc2lvbi1udW0%2BV09TOjAwMTM4MTk5MTMwMDAwMTwvYWNjZXNzaW9uLW51bT48YWJzdHJhY3Q%%2BPHN0eWxlIGZhY2U9XCJ1bmRlcmxpbmVcIj4mbHQ7R28gdG8gSVNJJmd0OzovL1dPUzowMDEzODE5OTEzMDAwMDE8L3N0eWxlPjwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTAwMi9hZHZzLjIwMjQxMDYwNTwvZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BPHJlYy1ndWlkPjNmYzgwYWQyLWE2MDItNDI5My1hYTJkLWM0NjdhNGJhMzM0ZjwvcmVjLWd1aWQ%2BPHJlYy11c24%%%%2BPHJlZi10eXBlPjE3PC9yZWYtdHlwZT48Y29udHJpYnV0b3JzPjxhdXRob3JzPjxhdXRob3I%2BQ2hlbiwgWS4gUS48L2F1dGhvcj48YXV0aG9yPkx1bywgQy4gRy48L2F1dGhvcj48YXV0aG9yPldhbmcsIFMuIFEuPC9hdXRob3I%2BPGF1dGhvcj5MaSwgWS4gUC48L2F1dGhvcj48YXV0aG9yPlNoZW4sIEIuIEwuPC9hdXRob3I%2BPGF1dGhvcj5IdSwgUi48L2F1dGhvcj48YXV0aG9yPlF1LCBKLiBMLjwvYXV0aG9yPjxhdXRob3I%2BTGl1LCBMLiBXLjwvYXV0aG9yPjwvYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48dGl0bGVzPjx0aXRsZT5SYXBpZCwgaGlnaC1jb250cmFzdCwgYW5kIHN0ZWFkeSB2b2x1bWV0cmljIGltYWdpbmcgd2l0aCBCZXNzZWwtYmVhbS1iYXNlZCB0d28tcGhvdG9uIGZsdW9yZXNjZW5jZSBtaWNyb3Njb3B5PC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPkpvdXJuYWwgb2YgQmlvbWVkaWNhbCBPcHRpY3M8L3NlY29uZGFyeS10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAyNDwveWVhcj48cHViLWRhdGVzPjxkYXRlPkphbjwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjx2b2x1bWU%2BMjk8L3ZvbHVtZT48aXNibj4xMDgzLTM2Njg8L2lzYm4%2BPGFjY2Vzc2lvbi1udW0%2BV09TOjAwMTE3ODYxODkwMDAwODwvYWNjZXNzaW9uLW51bT48YWJzdHJhY3Q%%2BPHVybD4mbHQ7R28gdG8gSVNJJmd0OzovL1dPUzowMDExNzg2MTg5MDAwMDg8L3VybD48dXJsPmh0dHBzOi8vd3d3LnNwaWVkaWdpdGFsbGlicmFyeS5vcmcvam91cm5hbHMvam91cm5hbC1vZi1iaW9tZWRpY2FsLW9wdGljcy92b2x1bWUtMjkvaXNzdWUtMS8wMTY1MDEvUmFwaWQtaGlnaC1jb250cmFzdC1hbmQtc3RlYWR5LXZvbHVtZXRyaWMtaW1hZ2luZy13aXRoLUJlc3NlbC1iZWFtLzEwLjExMTcvMS5KQk8uMjkuMS4wMTY1MDEucGRmPC91cmw%2BPC9yZWxhdGVkLXVybHM%2BPC91cmxzPjxlbGVjdHJvbmljLXJlc291cmNlLW51bT4xMC4xMTE3LzEuSmJvLjI5LjEuMDE2NTAxPC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48bnVtYmVyPjE8L251bWJlcj48cmVjLWd1aWQ%2BZTY3ZjcyOTQtYThkNS00MjZiLWI5ZGMtMjQ0NmNjNGU5MDE4PC9yZWMtZ3VpZD48cmVjLXVzbj4xMDQ8L3JlYy11c24%2BPC9yZWNvcmQ%2BIiwiZ3VpZCI6ImU2N2Y3Mjk0LWE4ZDUtNDI2Yi1iOWRjLTI0NDZjYzRlOTAxOCIsImVsZWN0cm9uaWNSZXNvdXJjZU51bWJlciI6IjEwLjExMTcvMS5KYm8uMjkuMS4wMTY1MDEiLCJpc2JuIjoiMTA4My0zNjY4Iiwic2Vjb25kYXJ5VGl0bGUiOiJKb3VybmFsIG9mIEJpb21lZGljYWwgT3B0aWNzIiwiZ3JvdXBHdWlkcyI6W10sInZvbHVtZSI6IjI5IiwiYWNjZXNzaW9uTnVtYmVyIjoiV09TOjAwMTE3ODYxODkwMDAwOCIsInllYXIiOiIyMDI0In1dLCJndWlkIjoiZTY3ZjcyOTQtYThkNS00MjZiLWI5ZGMtMjQ0NmNjNGU5MDE4In1dfQ%3D%3D
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsyMl0iLCJjaXRhdGlvbnMiOlt7Imd1aWQiOiJlNjdmNzI5NC1hOGQ1LTQyNmItYjlkYy0yNDQ2Y2M0ZTkwMTgiLCJiaWJsaW9Db250ZW50IjpbeyJ2b2x1bWUiOiIyOSIsInJlZmVyZW5jZVR5cGUiOiIxNyIsInJlY29yZFN0YXR1cyI6ImFjdGl2ZSIsInJzeG1sIjoiPHJlY29yZD48cmVmLXR5cGU%2BMTc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5DaGVuLCBZLiBRLjwvYXV0aG9yPjxhdXRob3I%2BTHVvLCBDLiBHLjwvYXV0aG9yPjxhdXRob3I%2BV2FuZywgUy4gUS48L2F1dGhvcj48YXV0aG9yPkxpLCBZLiBQLjwvYXV0aG9yPjxhdXRob3I%2BU2hlbiwgQi4gTC48L2F1dGhvcj48YXV0aG9yPkh1LCBSLjwvYXV0aG9yPjxhdXRob3I%2BUXUsIEouIEwuPC9hdXRob3I%2BPGF1dGhvcj5MaXUsIEwuIFcuPC9hdXRob3I%2BPC9hdXRob3JzPjwvY29udHJpYnV0b3JzPjx0aXRsZXM%2BPHRpdGxlPlJhcGlkLCBoaWdoLWNvbnRyYXN0LCBhbmQgc3RlYWR5IHZvbHVtZXRyaWMgaW1hZ2luZyB3aXRoIEJlc3NlbC1iZWFtLWJhc2VkIHR3by1waG90b24gZmx1b3Jlc2NlbmNlIG1pY3Jvc2NvcHk8L3RpdGxlPjxzZWNvbmRhcnktdGl0bGU%2BSm91cm5hbCBvZiBCaW9tZWRpY2FsIE9wdGljczwvc2Vjb25kYXJ5LXRpdGxlPjwvdGl0bGVzPjxkYXRlcz48eWVhcj4yMDI0PC95ZWFyPjxwdWItZGF0ZXM%2BPGRhdGU%2BSmFuPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%%2BPG5vdGVzPkNoZW4sIFlvbmdxaWFuZyBMdW8sIENoZW5nZ3VpIFdhbmcsIFNoaXFpIExpLCBZYW5waW5nIFNoZW4sIEJpbmdsaW4gSHUsIFJ1aSBRdSwgSnVubGUgTGl1LCBMaXdlaVxuTGl1LCBMaXdlaS9NLTIzMjQtMjAxODsgTGl1LCBRaW5nL0pNUC01NTY0LTIwMjM7IFNoZW4sIEJpbmdsaW4vQUFVLTY1ODEtMjAyMTsgV2FuZywgU2hpcWkvS0hULTk2ODMtMjAyNDsgUXUsIEp1bmxlL0xERi0xMjQxLTIwMjRcbjE1NjAtMjI4MTwvbm90ZXM%2BPHVybHM%2BPHJlbGF0ZWQtdXJscz48dXJsPiZsdDtHbyB0byBJU0kmZ3Q7Oi8vV09TOjAwMTE3ODYxODkwMDAwODwvdXJsPjx1cmw%2BaHR0cHM6Ly93d3cuc3BpZWRpZ2l0YWxsaWJyYXJ5Lm9yZy9qb3VybmFscy9qb3VybmFsLW9mLWJpb21lZGljYWwtb3B0aWNzL3ZvbHVtZS0yOS9pc3N1ZS0xLzAxNjUwMS9SYXBpZC1oaWdoLWNvbnRyYXN0LWFuZC1zdGVhZHktdm9sdW1ldHJpYy1pbWFnaW5nLXdpdGgtQmVzc2VsLWJlYW0vMTAuMTExNy8xLkpCTy4yOS4xLjAxNjUwMS5wZGY8L3VybD48L3JlbGF0ZWQtdXJscz48L3VybHM%2BPGVsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjEwLjExMTcvMS5KYm8uMjkuMS4wMTY1MDE8L2VsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjxudW1iZXI%%%3D
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsyM10iLCJjaXRhdGlvbnMiOlt7Imd1aWQiOiI5NDBhZTliMy0xNmY2LTQ4OWQtOGRjNy1iYzk4NTkxOTg2MTgiLCJiaWJsaW9Db250ZW50IjpbeyJjdXN0b203IjoiMTkwNDQ0NyIsImdyb3VwR3VpZHMiOltdLCJ0aXRsZSI6Ik5JUi1JSS1FeGNpdGVkIEludHJhdml0YWwgVHdvLVBob3RvbiBNaWNyb3Njb3B5IERpc3Rpbmd1aXNoZXMgRGVlcCBDZXJlYnJhbCBhbmQgVHVtb3IgVmFzY3VsYXR1cmVzIHdpdGggYW4gVWx0cmFicmlnaHQgTklSLUkgQUlFIEx1bWlub2dlbiIsInZvbHVtZSI6IjMxIiwidXJsIjpbIjxHbyB0byBJU0k%2BOi8vV09TOjAwMDQ4NjY4MzcwMDAwMSJdLCJpc2JuIjoiMDkzNS05NjQ4Iiwic2Vjb25kYXJ5VGl0bGUiOiJBZHZhbmNlZCBNYXRlcmlhbHMiLCJkYXRlIjoiTm92IiwicmVmZXJlbmNlVHlwZSI6IjE3IiwiZ3VpZCI6Ijk0MGFlOWIzLTE2ZjYtNDg5ZC04ZGM3LWJjOTg1OTE5ODYxOCIsImFjY2Vzc2lvbk51bWJlciI6IldPUzowMDA0ODY2ODM3MDAwMDEiLCJyZWNvcmRTdGF0dXMiOiJhY3RpdmUiLCJhdXRob3JzIjpbIldhbmcsIFMuIFcuIiwiTGl1LCBKLiIsIkdvaCwgQy4gQy4iLCJOZywgTC4gRy4gUi4iLCJMaXUsIEIuIl0sIm51bWJlciI6IjQ0IiwicnN4bWwiOiI8cmVjb3JkPjxyZWYtdHlwZT4xNzwvcmVmLXR5cGU%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPldhbmcsIFMuIFcuPC9hdXRob3I%2BPGF1dGhvcj5MaXUsIEouPC9hdXRob3I%2BPGF1dGhvcj5Hb2gsIEMuIEMuPC9hdXRob3I%2BPGF1dGhvcj5OZywgTC4gRy4gUi48L2F1dGhvcj48YXV0aG9yPkxpdSwgQi48L2F1dGhvcj48L2F1dGhvcnM%2BPC9jb250cmlidXRvcnM%2BPHRpdGxlcz48dGl0bGU%2BTklSLUlJLUV4Y2l0ZWQgSW50cmF2aXRhbCBUd28tUGhvdG9uIE1pY3Jvc2NvcHkgRGlzdGluZ3Vpc2hlcyBEZWVwIENlcmVicmFsIGFuZCBUdW1vciBWYXNjdWxhdHVyZXMgd2l0aCBhbiBVbHRyYWJyaWdodCBOSVItSSBBSUUgTHVtaW5vZ2VuPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPkFkdmFuY2VkIE1hdGVyaWFsczwvc2Vjb25kYXJ5LXRpdGxlPjwvdGl0bGVzPjxkYXRlcz48eWVhcj4yMDE5PC95ZWFyPjxwdWItZGF0ZXM%2BPGRhdGU%2BTm92PC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHZvbHVtZT4zMTwvdm9sdW1lPjxpc2JuPjA5MzUtOTY0ODwvaXNibj48YWNjZXNzaW9uLW51bT5XT1M6MDAwNDg2NjgzNzAwMDAxPC9hY2Nlc3Npb24tbnVtPjxub3Rlcz5XYW5nLCBTaGFvd2VpIExpdSwgSmllIEdvaCwgQ2hpIENoaW5nIE5nLCBMYWkgR3VhciBMaXUsIEJpblxuTElVLCBKSUFORy9BSEItODkyMS0yMDIyOyBMaXUsIEJpbi9LLTY0NDUtMjAxMjsgV2FuZywgU2hhb3dlaS9OLTk0MTktMjAxNlxuTGl1LCBCaW4vMDAwMC0wMDAyLTA5NTYtMjc3NzsgV2FuZywgU2hhb3dlaS8wMDAwLTAwMDMtMjc3My00NTI1OyBsaXUsIGppZS8wMDAwLTAwMDEtNjQyMC03OTMwXG4xNTIxLTQwOTU8L25vdGVzPjx1cmxzPjxyZWxhdGVkLXVybHM%2BPHVybD48c3R5bGUgZmFjZT1cInVuZGVybGluZVwiPiZsdDtHbyB0byBJU0kmZ3Q7Oi8vV09TOjAwMDQ4NjY4MzcwMDAwMTwvc3R5bGU%2BPC91cmw%2BPC9yZWxhdGVkLXVybHM%2BPC91cmxzPjxjdXN0b203PjE5MDQ0NDc8L2N1c3RvbTc%2BPGVsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjEwLjEwMDIvYWRtYS4yMDE5MDQ0NDc8L2VsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjxudW1iZXI%2BNDQ8L251bWJlcj48cmVjLWd1aWQ%
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsyNF0iLCJjaXRhdGlvbnMiOlt7ImJpYmxpb0NvbnRlbnQiOlt7InJlZmVyZW5jZVR5cGUiOiIxNyIsInJzeG1sIjoiPHJlY29yZD48cmVmLXR5cGU%2BMTc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5NZW5nLCBHdWFuZ2hhbjwvYXV0aG9yPjxhdXRob3I%2BTGlhbmcsIFlhamllPC9hdXRob3I%2BPGF1dGhvcj5TYXJzZmllbGQsIFNhcmFoPC9hdXRob3I%2BPGF1dGhvcj5KaWFuZywgV2FuLWNoZW48L2F1dGhvcj48YXV0aG9yPkx1LCBSb25nd2VuPC9hdXRob3I%2BPGF1dGhvcj5EdWRtYW4sIEpvc2h1YSBUYXRlPC9hdXRob3I%2BPGF1dGhvcj5BcG9udGUsIFlla2E8L2F1dGhvcj48YXV0aG9yPkppLCBOYTwvYXV0aG9yPjwvYXV0aG9ycz48c2Vjb25kYXJ5LWF1dGhvcnM%2BPGF1dGhvcj5NYXJkZXIsIEV2ZTwvYXV0aG9yPjxhdXRob3I%2BS2xlaW5mZWxkLCBEYXZpZDwvYXV0aG9yPjwvc2Vjb25kYXJ5LWF1dGhvcnM%2BPC9jb250cmlidXRvcnM%2BPHRpdGxlcz48dGl0bGU%2BSGlnaC10aHJvdWdocHV0IHN5bmFwc2UtcmVzb2x2aW5nIHR3by1waG90b24gZmx1b3Jlc2NlbmNlIG1pY3JvZW5kb3Njb3B5IGZvciBkZWVwLWJyYWluIHZvbHVtZXRyaWMgaW1hZ2luZyBpbiB2aXZvPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPmVMaWZlPC9zZWNvbmRhcnktdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMTk8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDE5LzAxLzAzPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHBhZ2VzPmU0MDgwNTwvcGFnZXM%2BPHZvbHVtZT44PC92b2x1bWU%2BPGtleXdvcmRzPjxrZXl3b3JkPnR3by1waG90b24gZmx1b3Jlc2NlbmNlIG1pY3JvZW5kb3Njb3B5PC9rZXl3b3JkPjxrZXl3b3JkPnZvbHVtZXRyaWMgaW1hZ2luZzwva2V5d29yZD48a2V5d29yZD5CZXNzZWwgYmVhbTwva2V5d29yZD48a2V5d29yZD5oaXBwb2NhbXB1czwva2V5d29yZD48a2V5d29yZD5sYXRlcmFsIGh5cG90aGFsYW11czwva2V5d29yZD48L2tleXdvcmRzPjxwdWJsaXNoZXI%2BZUxpZmUgU2NpZW5jZXMgUHVibGljYXRpb25zLCBMdGQ8L3B1Ymxpc2hlcj48aXNibj4yMDUwLTA4NFg8L2lzYm4%%2BPHVybHM%2BPHJlbGF0ZWQtdXJscz48dXJsPmh0dHBzOi8vZG9pLm9yZy8xMC43NTU0L2VMaWZlLjQwODA1IDwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48Y3VzdG9tMT5lTGlmZSAyMDE5Ozg6ZTQwODA1PC9jdXN0b20xPjxlbGVjdHJvbmljLXJlc291cmNlLW51bT4xMC43NTU0L2VMaWZlLjQwODA1PC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48cmVjLWd1aWQ%2BYzNmM2ZhOTAtNTEwNC00ZjA0LTlmOTgtYjI1NjAyNDU3MTg3PC9yZWMtZ3VpZD48cmVjLXVzbj4xOTQ8L3JlYy11c24%2BPC9yZWNvcmQ%%3D
https://web.endnote.%2BMTc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5DaGVuLCBRLjwvYXV0aG9yPjxhdXRob3I%2BQ2ljaG9uLCBKLjwvYXV0aG9yPjxhdXRob3I%2BV2FuZywgVy48L2F1dGhvcj48YXV0aG9yPlFpdSwgTC48L2F1dGhvcj48YXV0aG9yPkxlZSwgUy4gSi48L2F1dGhvcj48YXV0aG9yPkNhbXBiZWxsLCBOLiBSLjwvYXV0aG9yPjxhdXRob3I%2BRGVzdGVmaW5vLCBOLjwvYXV0aG9yPjxhdXRob3I%2BR29hcmQsIE0uIEouPC9hdXRob3I%2BPGF1dGhvcj5GdSwgWi48L2F1dGhvcj48YXV0aG9yPllhc3VkYSwgUi48L2F1dGhvcj48YXV0aG9yPkxvb2dlciwgTC4gTC48L2F1dGhvcj48YXV0aG9yPkFyZW5raWVsLCBCLiBSLjwvYXV0aG9yPjxhdXRob3I%2BR2FuLCBXLiBCLjwvYXV0aG9yPjxhdXRob3I%2BRmVuZywgRy48L2F1dGhvcj48L2F1dGhvcnM%2BPC9jb250cmlidXRvcnM%2BPGF1dGgtYWRkcmVzcz5NY0dvdmVybiBJbnN0aXR1dGUgZm9yIEJyYWluIFJlc2VhcmNoLCBEZXBhcnRtZW50IG9mIEJyYWluIGFuZCBDb2duaXRpdmUgU2NpZW5jZXMsIE1hc3NhY2h1c2V0dHMgSW5zdGl0dXRlIG9mIFRlY2hub2xvZ3ksIENhbWJyaWRnZSwgTUEgMDIxMzksIFVTQS48L2F1dGgtYWRkcmVzcz48dGl0bGVzPjx0aXRsZT5JbWFnaW5nIG5ldXJhbCBhY3Rpdml0eSB1c2luZyBUaHkxLUdDYU1QIHRyYW5zZ2VuaWMgbWljZTwvdGl0bGU%2BPHNlY29uZGFyeS10aXRsZT5OZXVyb248L3NlY29uZGFyeS10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAxMjwveWVhcj48cHViLWRhdGVzPjxkYXRlPk9jdCAxODwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjxwYWdlcz4yOTctMzA4PC9wYWdlcz48dm9sdW1lPjc2PC92b2x1bWU%2BPGVkaXRpb24%2BMjAxMjEwMTc8L2VkaXRpb24%2BPGtleXdvcmRzPjxrZXl3b3JkPkFnZSBGYWN0b3JzPC9rZXl3b3JkPjxrZXl3b3JkPkFuaW1hbHM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BQmlvcGh5c2ljczwva2V5d29yZD48a2V5d29yZD5CcmFpbi8qY3l0b2xvZ3k8L2tleXdvcmQ%2BPGtleXdvcmQ%2BQ2FsY2l1bS8qbWV0YWJvbGlzbTwva2V5d29yZD48a2V5d29yZD5DYWxtb2R1bGluL2dlbmV0aWNzL21ldGFib2xpc208L2tleXdvcmQ%2BPGtleXdvcmQ%%2BPGtleXdvcmQ%2BTWljZSwgSW5icmVkIEM1N0JMPC9rZXl3b3JkPjxrZXl3b3JkPk1pY2UsIFRyYW5zZ2VuaWM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BTWljcm9zY29weSwgQ29uZm9jYWw8L2tleXdvcmQ%2BPGtleXdvcmQ%2BTXV0YXRpb24vZ2VuZXRpY3M8L2tleXdvcmQ%2BPGtleXdvcmQ%2BTXlvc2luLUxpZ2h0LUNoYWluIEtpbmFzZS9nZW5ldGljcy9tZXRhYm9saXNtPC9rZXl3b3JkPjxrZXl3b3JkPk5ldXJvbnMvY2xhc3NpZmljYXRpb24vZHJ1ZyBlZmZlY3RzLypwaHlzaW9sb2d5PC9rZXl3b3JkPjxrZXl3b3JkPk9kb3JhbnRzPC9rZXl3b3JkPjxrZXl3b3JkPlBhdGNoLUNsYW1wIFRlY2huaXF1ZXM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BUGVwdGlkZSBGcmFnbWVudHMvZ2VuZXRpY3MvbWV0YWJvbGlzbTwva2V5d29yZD48a2V5d29yZD5Qb3Rhc3NpdW0gQ2hsb3JpZGUvcGhhcm1hY29sb2d5PC9rZXl3b3JkPjxrZXl3b3JkPlJldGluYS8qY3l0b2xvZ3k8L2tleXdvcmQ%2BPGtleXdvcmQ%2BVGh5LTEgQW50aWdlbnMvZ2VuZXRpY3M8L2tleXdvcmQ%2BPGtleXdvcmQ%2BVHJhbnNmZWN0aW9uPC9rZXl3b3JkPjwva2V5d29yZHM%2BPGlzYm4%2BMDg5Ni02MjczIChQcmludCkwODk2LTYyNzM8L2lzYm4%2BPGFjY2Vzc2lvbi1udW0%2BMjMwODM3MzM8L2FjY2Vzc2lvbi1udW0%%%2BPGN1c3RvbTE%2BQ29tcGV0aW5nIGludGVyZXN0cyBzdGF0ZW1lbnQgVGhlIGF1dGhvcnMgZGVjbGFyZSBubyBjb21wZXRpbmcgZmluYW5jaWFsIGludGVyZXN0cy48L2N1c3RvbTE%2BPGN1c3RvbTI%2BUE1DNDA1OTUxMzwvY3VzdG9tMj48Y3VzdG9tNj5OSUhNUzM5NjMyNTwvY3VzdG9tNj48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTAxNi9qLm5ldXJvbi4yMDEyLjA3LjAxMTwvZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BPHJlbW90ZS1kYXRhYmFzZS1wcm92aWRlcj5OTE08L3JlbW90ZS1kYXRhYmFzZS1wcm92aWRlcj48bGFuZ3VhZ2U%2BZW5nPC9sYW5ndWFnZT48bnVtYmVyPjI8L251bWJlcj48cmVjLWd1aWQ%2BNDM0Y2IwMGYtZTRjYy00N2UwLWFhOWItN2M1ZDY0MzAyOTA3PC9yZWMtZ3VpZD48cmVjLXVzbj4yMTA8L3JlYy11c24%2BPC9yZWNvcmQ%%3D
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsyNl0iLCJjaXRhdGlvbnMiOlt7Imd1aWQiOiJjYmY2NjcyNy04MTdkLTRmNjUtYjk2NS00ZmNkMDNmOTE5NjMiLCJiaWJsaW9Db250ZW50IjpbeyJyc3htbCI6IjxyZWNvcmQ%2BPHJlZi10eXBlPjE3PC9yZWYtdHlwZT48Y29udHJpYnV0b3JzPjxhdXRob3JzPjxhdXRob3I%2BWmhhbmcsIFkuPC9hdXRob3I%2BPGF1dGhvcj5Sw7N6c2EsIE0uPC9hdXRob3I%2BPGF1dGhvcj5MaWFuZywgWS48L2F1dGhvcj48YXV0aG9yPkJ1c2hleSwgRC48L2F1dGhvcj48YXV0aG9yPldlaSwgWi48L2F1dGhvcj48YXV0aG9yPlpoZW5nLCBKLjwvYXV0aG9yPjxhdXRob3I%2BUmVlcCwgRC48L2F1dGhvcj48YXV0aG9yPkJyb3Vzc2FyZCwgRy4gSi48L2F1dGhvcj48YXV0aG9yPlRzYW5nLCBBLjwvYXV0aG9yPjxhdXRob3I%2BVHNlZ2F5ZSwgRy48L2F1dGhvcj48YXV0aG9yPk5hcmF5YW4sIFMuPC9hdXRob3I%2BPGF1dGhvcj5PYmFyYSwgQy4gSi48L2F1dGhvcj48YXV0aG9yPkxpbSwgSi4gWC48L2F1dGhvcj48YXV0aG9yPlBhdGVsLCBSLjwvYXV0aG9yPjxhdXRob3I%2BWmhhbmcsIFIuPC9hdXRob3I%2BPGF1dGhvcj5BaHJlbnMsIE0uIEIuPC9hdXRob3I%2BPGF1dGhvcj5UdXJuZXIsIEcuIEMuPC9hdXRob3I%2BPGF1dGhvcj5XYW5nLCBTLiBTLjwvYXV0aG9yPjxhdXRob3I%2BS29yZmYsIFcuIEwuPC9hdXRob3I%2BPGF1dGhvcj5TY2hyZWl0ZXIsIEUuIFIuPC9hdXRob3I%2BPGF1dGhvcj5Tdm9ib2RhLCBLLjwvYXV0aG9yPjxhdXRob3I%2BSGFzc2VtYW4sIEouIFAuPC9hdXRob3I%2BPGF1dGhvcj5Lb2xiLCBJLjwvYXV0aG9yPjxhdXRob3I%%2BPHNlY29uZGFyeS10aXRsZT5OYXR1cmU8L3NlY29uZGFyeS10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAyMzwveWVhcj48cHViLWRhdGVzPjxkYXRlPk1hcjwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjxwYWdlcz44ODQtODkxPC9wYWdlcz48dm9sdW1lPjYxNTwvdm9sdW1lPjxlZGl0aW9uPjIwMjMwMzE1PC9lZGl0aW9uPjxrZXl3b3Jkcz48a2V5d29yZD4qQ2FsY2l1bS9hbmFseXNpcy9tZXRhYm9saXNtPC9rZXl3b3JkPjxrZXl3b3JkPipDYWxtb2R1bGluL21ldGFib2xpc208L2tleXdvcmQ%2BPGtleXdvcmQ%2BKk5ldXJvbnMvbWV0YWJvbGlzbTwva2V5d29yZD48a2V5d29yZD5LaW5ldGljczwva2V5d29yZD48a2V5d29yZD4qTml0cmljIE94aWRlIFN5bnRoYXNlIFR5cGUgSUlJL2NoZW1pc3RyeS9tZXRhYm9saXNtPC9rZXl3b3JkPjxrZXl3b3JkPlRpbWUgRmFjdG9yczwva2V5d29yZD48a2V5d29yZD4qQ2FsY2l1bSBTaWduYWxpbmc8L2tleXdvcmQ%2BPGtleXdvcmQ%2BKlBlcHRpZGUgRnJhZ21lbnRzL2NoZW1pc3RyeS9tZXRhYm9saXNtPC9rZXl3b3JkPjwva2V5d29yZHM%2BPGlzYm4%2BMDAyOC0wODM2IChQcmludCkwMDI4LTA4MzY8L2lzYm4%2BPGFjY2Vzc2lvbi1udW0%2BMzY5MjI1OTY8L2FjY2Vzc2lvbi1udW0%%%2BPGN1c3RvbTI%2BUE1DMTAwNjAxNjU8L2N1c3RvbTI%2BPGVsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjEwLjEwMzgvczQxNTg2LTAyMy0wNTgyOC05PC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48cmVtb3RlLWRhdGFiYXNlLXByb3ZpZGVyPk5MTTwvcmVtb3RlLWRhdGFiYXNlLXByb3ZpZGVyPjxsYW5ndWFnZT5lbmc8L2xhbmd1YWdlPjxudW1iZXI%%3D%3D
https://web.endnote.%2BaW4mI3hhMDt2aXZvPC9lbT4gaW1hZ2luZyIsInB1Ymxpc2hlciI6IkVsc2V2aWVyIiwicmVmZXJlbmNlVHlwZSI6IjE3IiwicGFnZXMiOiI0NDU4LTQ0ODciLCJndWlkIjoiNDhhMDhiOTctZjRiMi00MDJjLTllNjEtNThlYzllZTJkMTY1IiwicnN4bWwiOiI8cmVjb3JkPjxyZWYtdHlwZT4xNzwvcmVmLXR5cGU%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPlh1LCBDaHJpczwvYXV0aG9yPjxhdXRob3I%2BTmVkZXJnYWFyZCwgTWFpa2VuPC9hdXRob3I%2BPGF1dGhvcj5Gb3dlbGwsIERlYm9yYWggSi48L2F1dGhvcj48YXV0aG9yPkZyaWVkbCwgUGV0ZXI8L2F1dGhvcj48YXV0aG9yPkppLCBOYTwvYXV0aG9yPjwvYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48dGl0bGVzPjx0aXRsZT5NdWx0aXBob3RvbiBmbHVvcmVzY2VuY2UgbWljcm9zY29weSBmb3IgJmx0O2VtJmd0O2luJmFtcDsjeGEwO3Zpdm8mbHQ7L2VtJmd0OyBpbWFnaW5nPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPkNlbGw8L3NlY29uZGFyeS10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAyNDwveWVhcj48L2RhdGVzPjxwYWdlcz40NDU4LTQ0ODc8L3BhZ2VzPjx2b2x1bWU%2BMTg3PC92b2x1bWU%2BPHB1Ymxpc2hlcj5FbHNldmllcjwvcHVibGlzaGVyPjxpc2JuPjAwOTItODY3NDwvaXNibj48bm90ZXM%2BZG9pOiAxMC4xMDE2L2ouY2VsbC4yMDI0LjA3LjAzNjwvbm90ZXM%2BPHVybHM%2BPHJlbGF0ZWQtdXJscz48dXJsPmh0dHBzOi8vZG9pLm9yZy8xMC4xMDE2L2ouY2VsbC4yMDI0LjA3LjAzNjwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTAxNi9qLmNlbGwuMjAyNC4wNy4wMzY8L2VsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjxhY2Nlc3MtZGF0ZT4yMDI1LzAxLzAzPC9hY2Nlc3MtZGF0ZT48bnVtYmVyPjE3PC9udW1iZXI%2BPHJlYy1ndWlkPjQ4YTA4Yjk3LWY0YjItNDAyYy05ZTYxLTU4ZWM5ZWUyZDE2NTwvcmVjLWd1aWQ%2BPHJlYy11c24%2BMzE8L3JlYy11c24%2BPC9yZWNvcmQ%2BIn1dLCJyZWNvcmQiOnsicHVibGlzaGVyIjoiRWxzZXZpZXIiLCJyZWMtZ3VpZCI6IjQ4YTA4Yjk3LWY0YjItNDAyYy05ZTYxLTU4ZWM5ZWUyZDE2NSIsInJlZi10eXBlIjoiMTciLCJ2b2x1bWUiOiIxODciLCJ1cmxzIjp7InJlbGF0ZWQtdXJscyI6eyJ1cmwiOiJodHRwczovL2RvaS5vcmcvMTAuMTAxNi9qLmNlbGwuMjAyNC4wNy4wMzYifX0sImRhdGVzIjp7InllYXIiOiIyMDI0In0sInRpdGxlcyI6eyJ0aXRsZSI6Ik11bHRpcGhvdG9uIGZsdW9yZXNjZW5jZSBtaWNyb3Njb3B5IGZvciA8ZW0%%3D%3D
https://web.endnote.%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPlByZXZlZGVsLCBSb2JlcnQ8L2F1dGhvcj48YXV0aG9yPkZlcnJlciBPcnRhcywgSsO6bGlhPC9hdXRob3I%2BPGF1dGhvcj5LZXJyLCBKYXNvbiBOLiBELjwvYXV0aG9yPjxhdXRob3I%2BV2F0ZXJzLCBKYWNrPC9hdXRob3I%2BPGF1dGhvcj5CcmVja3dvbGR0LCBNaWNoYWVsIE8uPC9hdXRob3I%2BPGF1dGhvcj5EZW5lZW4sIEJlbmphbWluPC9hdXRob3I%2BPGF1dGhvcj5Nb25qZSwgTWljaGVsbGU8L2F1dGhvcj48YXV0aG9yPlNveWthLCBTdGVsbGEgSi48L2F1dGhvcj48YXV0aG9yPlZlbmthdGFyYW1hbmksIFZhcnVuPC9hdXRob3I%2BPC9hdXRob3JzPjwvY29udHJpYnV0b3JzPjx0aXRsZXM%2BPHRpdGxlPlRocmVlLXBob3RvbiBtaWNyb3Njb3B5OiBhbiBlbWVyZ2luZyB0ZWNobmlxdWUgZm9yIGRlZXAgaW50cmF2aXRhbCBicmFpbiBpbWFnaW5nPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPk5hdHVyZSBSZXZpZXdzIE5ldXJvc2NpZW5jZTwvc2Vjb25kYXJ5LXRpdGxlPjwvdGl0bGVzPjxkYXRlcz48eWVhcj4yMDI1PC95ZWFyPjxwdWItZGF0ZXM%2BPGRhdGU%2BMjAyNS8wOS8wMTwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjxwYWdlcz41MjEtNTM3PC9wYWdlcz48dm9sdW1lPjI2PC92b2x1bWU%2BPGlzYm4%%2BPHVybD5odHRwczovL2RvaS5vcmcvMTAuMTAzOC9zNDE1ODMtMDI1LTAwOTM3LXkgPC91cmw%2BPC9yZWxhdGVkLXVybHM%2BPC91cmxzPjxlbGVjdHJvbmljLXJlc291cmNlLW51bT4xMC4xMDM4L3M0MTU4My0wMjUtMDA5MzcteTwvZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BPG51bWJlcj45PC9udW1iZXI%2BPHJlYy1ndWlkPjczZTkxMzVlLTUzMmYtNGQ0Ny05YzZjLTVmY2Y5ZTk4ZGJmODwvcmVjLWd1aWQ%2BPHJlYy11c24%2BMjM2PC9yZWMtdXNuPjwvcmVjb3JkPiIsImdyb3VwR3VpZHMiOltdLCJzZWNvbmRhcnlUaXRsZSI6Ik5hdHVyZSBSZXZpZXdzIE5ldXJvc2NpZW5jZSIsImlzYm4iOiIxNDcxLTAwNDgiLCJ1cmwiOlsiaHR0cHM6Ly9kb2kub3JnLzEwLjEwMzgvczQxNTgzLTAyNS0wMDkzNy15ICJdfV19XX0%3D
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsyOV0iLCJjaXRhdGlvbnMiOlt7ImJpYmxpb0NvbnRlbnQiOlt7Imdyb3VwR3VpZHMiOltdLCJ1cmwiOlsiaHR0cHM6Ly9kb2kub3JnLzEwLjEwMjEvYWNzLm5hbm9sZXR0LjliMDE3MDggIl0sInBhZ2VzIjoiNTI2MC01MjY1IiwicnN4bWwiOiI8cmVjb3JkPjxyZWYtdHlwZT4xNzwvcmVmLXR5cGU%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPkxpdSwgSG9uZ2ppPC9hdXRob3I%2BPGF1dGhvcj5EZW5nLCBYaWFuZ3F1YW48L2F1dGhvcj48YXV0aG9yPlRvbmcsIFNoZW48L2F1dGhvcj48YXV0aG9yPkhlLCBDaGVuPC9hdXRob3I%2BPGF1dGhvcj5DaGVuZywgSHVpPC9hdXRob3I%2BPGF1dGhvcj5aaHVhbmcsIFppd2VpPC9hdXRob3I%2BPGF1dGhvcj5HYW4sIE1lbmd5YW88L2F1dGhvcj48YXV0aG9yPkxpLCBKaWE8L2F1dGhvcj48YXV0aG9yPlhpZSwgV2VpeGluPC9hdXRob3I%2BPGF1dGhvcj5RaXUsIFBpbmc8L2F1dGhvcj48YXV0aG9yPldhbmcsIEtlPC9hdXRob3I%2BPC9hdXRob3JzPjwvY29udHJpYnV0b3JzPjx0aXRsZXM%2BPHRpdGxlPkluIFZpdm8gRGVlcC1CcmFpbiBTdHJ1Y3R1cmFsIGFuZCBIZW1vZHluYW1pYyBNdWx0aXBob3RvbiBNaWNyb3Njb3B5IEVuYWJsZWQgYnkgUXVhbnR1bSBEb3RzPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPk5hbm8gTGV0dGVyczwvc2Vjb25kYXJ5LXRpdGxlPjwvdGl0bGVzPjxkYXRlcz48eWVhcj4yMDE5PC95ZWFyPjxwdWItZGF0ZXM%2BPGRhdGU%2BMjAxOS8wOC8xNDwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjxwYWdlcz41MjYwLTUyNjU8L3BhZ2VzPjx2b2x1bWU%2BMTk8L3ZvbHVtZT48cHVibGlzaGVyPkFtZXJpY2FuIENoZW1pY2FsIFNvY2lldHk8L3B1Ymxpc2hlcj48aXNibj4xNTMwLTY5ODQ8L2lzYm4%2BPG5vdGVzPmRvaTogMTAuMTAyMS9hY3MubmFub2xldHQuOWIwMTcwODwvbm90ZXM%2BPHVybHM%2BPHJlbGF0ZWQtdXJscz48dXJsPmh0dHBzOi8vZG9pLm9yZy8xMC4xMDIxL2Fjcy5uYW5vbGV0dC45YjAxNzA4IDwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTAyMS9hY3MubmFub2xldHQuOWIwMTcwODwvZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BPG51bWJlcj44PC9udW1iZXI%2BPHJlYy1ndWlkPjA5NjA0NDE2LTA1MWYtNDMwNi05ZjgzLTI0MjY2ODM1NWQ5MjwvcmVjLWd1aWQ%2BPHJlYy11c24%%3D
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlszMF0iLCJjaXRhdGlvbnMiOlt7Imd1aWQiOiI0YzBlZmMxOS0wOWUwLTQwYjAtYjQxZS1hMjQ5OWI2MjQ3MzUiLCJiaWJsaW9Db250ZW50IjpbeyJlbGVjdHJvbmljUmVzb3VyY2VOdW1iZXIiOiIxMC4xMzY0L09FLjIxLjAyNzE0MiIsInllYXIiOiIyMDEzIiwibnVtYmVyIjoiMjIiLCJ1cmwiOlsiaHR0cHM6Ly9vcGcub3B0aWNhLm9yZy9vZS9hYnN0cmFjdC5jZm0%2FVVJJPW9lLTIxLTIyLTI3MTQyICJdLCJwdWJsaXNoZXIiOiJPcHRpY2EgUHVibGlzaGluZyBHcm91cCIsInBhZ2VzIjoiMjcxNDItMjcxNTQiLCJ2b2x1bWUiOiIyMSIsImF1dGhvcnMiOlsiV2FuZywgQ2hlbiIsIkppLCBOYSJdLCJndWlkIjoiNGMwZWZjMTktMDllMC00MGIwLWI0MWUtYTI0OTliNjI0NzM1IiwicmVjb3JkU3RhdHVzIjoiYWN0aXZlIiwic2Vjb25kYXJ5VGl0bGUiOiJPcHRpY3MgRXhwcmVzcyIsInJlZmVyZW5jZVR5cGUiOiIxNyIsImdyb3VwR3VpZHMiOltdLCJyc3htbCI6IjxyZWNvcmQ%2BPHJlZi10eXBlPjE3PC9yZWYtdHlwZT48Y29udHJpYnV0b3JzPjxhdXRob3JzPjxhdXRob3I%2BV2FuZywgQ2hlbjwvYXV0aG9yPjxhdXRob3I%2BSmksIE5hPC9hdXRob3I%2BPC9hdXRob3JzPjwvY29udHJpYnV0b3JzPjx0aXRsZXM%2BPHRpdGxlPkNoYXJhY3Rlcml6YXRpb24gYW5kIGltcHJvdmVtZW50IG9mIHRocmVlLWRpbWVuc2lvbmFsIGltYWdpbmcgcGVyZm9ybWFuY2Ugb2YgR1JJTi1sZW5zLWJhc2VkIHR3by1waG90b24gZmx1b3Jlc2NlbmNlIGVuZG9taWNyb3Njb3BlcyB3aXRoIGFkYXB0aXZlIG9wdGljczwvdGl0bGU%2BPHNlY29uZGFyeS10aXRsZT5PcHRpY3MgRXhwcmVzczwvc2Vjb25kYXJ5LXRpdGxlPjxhbHQtdGl0bGU%2BT3B0LiBFeHByZXNzPC9hbHQtdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMTM8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDEzLzExLzA0PC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHBhZ2VzPjI3MTQyLTI3MTU0PC9wYWdlcz48dm9sdW1lPjIxPC92b2x1bWU%2BPGtleXdvcmRzPjxrZXl3b3JkPkFjdGl2ZSBvciBhZGFwdGl2ZSBvcHRpY3M8L2tleXdvcmQ%2BPGtleXdvcmQ%2BR3JhZGllbnQtaW5kZXggbGVuc2VzPC9rZXl3b3JkPjxrZXl3b3JkPkVuZG9zY29waWMgaW1hZ2luZzwva2V5d29yZD48a2V5d29yZD5NaWNyb3Njb3B5PC9rZXl3b3JkPjxrZXl3b3JkPkZsdW9yZXNjZW5jZSBtaWNyb3Njb3B5PC9rZXl3b3JkPjxrZXl3b3JkPk5vbmxpbmVhciBtaWNyb3Njb3B5PC9rZXl3b3JkPjxrZXl3b3JkPkltYWdlIG1ldHJpY3M8L2tleXdvcmQ%2BPGtleXdvcmQ%2BSW1hZ2luZyBzeXN0ZW1zPC9rZXl3b3JkPjxrZXl3b3JkPk9wdGljYWwgZWxlbWVudHM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BUmVmcmFjdGl2ZSBhbm9tYWxpZXM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BU3BoZXJpY2FsIGFiZXJyYXRpb248L2tleXdvcmQ%2BPGtleXdvcmQ%2BVGhyZWUgZGltZW5zaW9uYWwgaW1hZ2luZzwva2V5d29yZD48L2tleXdvcmRzPjxwdWJsaXNoZXI%2BT3B0aWNhIFB1Ymxpc2hpbmcgR3JvdXA8L3B1Ymxpc2hlcj48YWJzdHJhY3Q%%2BaHR0cHM6Ly9vcGcub3B0aWNhLm9yZy9vZS9hYnN0cmFjdC5jZm0%2FVVJJPW9lLTIxLTIyLTI3MTQyIDwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTM2NC9PRS4yMS4wMjcxNDI8L2VsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjxudW1iZXI%2BMjI8L251bWJlcj48cmVjLWd1aWQ%2BNGMwZWZjMTktMDllMC00MGIwLWI0MWUtYTI0OTliNjI0NzM1PC9yZWMtZ3VpZD48cmVjLXVzbj4yMTQ8L3JlYy11c24%2BPC9yZWNvcmQ%%
https://web.endnote.%2FVVJJPW9wdGljYS02LTYtNzU4IiwiaHR0cHM6Ly9vcGcub3B0aWNhLm9yZy9vcHRpY2EvZnVsbHRleHQuY2ZtP3VyaT1vcHRpY2EtNi02LTc1OCZpZD00MTMyMTIiXSwiZGF0ZSI6IjIwMTkvMDYvMjAiLCJyc3htbCI6IjxyZWNvcmQ%2BPHJlZi10eXBlPjE3PC9yZWYtdHlwZT48Y29udHJpYnV0b3JzPjxhdXRob3JzPjxhdXRob3I%2BU2FuY2F0YWxkbywgR2l1c2VwcGU8L2F1dGhvcj48YXV0aG9yPlNpbHZlc3RyaSwgTHVkb3ZpY288L2F1dGhvcj48YXV0aG9yPkFsbGVncmEgTWFzY2FybywgQW5uYSBMZXRpemlhPC9hdXRob3I%2BPGF1dGhvcj5TYWNjb25pLCBMZW9uYXJkbzwvYXV0aG9yPjxhdXRob3I%2BUGF2b25lLCBGcmFuY2VzY28gU2F2ZXJpbzwvYXV0aG9yPjwvYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48dGl0bGVzPjx0aXRsZT5BZHZhbmNlZCBmbHVvcmVzY2VuY2UgbWljcm9zY29weSBmb3IgaW4gdml2byBpbWFnaW5nIG9mIG5ldXJvbmFsIGFjdGl2aXR5PC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPk9wdGljYTwvc2Vjb25kYXJ5LXRpdGxlPjxhbHQtdGl0bGU%2BT3B0aWNhPC9hbHQtdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMTk8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDE5LzA2LzIwPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHBhZ2VzPjc1OC03NjU8L3BhZ2VzPjx2b2x1bWU%2BNjwvdm9sdW1lPjxrZXl3b3Jkcz48a2V5d29yZD5GbHVvcmVzY2VuY2UgbWljcm9zY29weTwva2V5d29yZD48a2V5d29yZD5JbWFnaW5nIHN5c3RlbXM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BSW4gdml2byBpbWFnaW5nPC9rZXl3b3JkPjxrZXl3b3JkPk5vbmxpbmVhciBtaWNyb3Njb3B5PC9rZXl3b3JkPjxrZXl3b3JkPk9wdGljYWwgaW1hZ2luZzwva2V5d29yZD48a2V5d29yZD5PcHRpY2FsIHN5c3RlbXM8L2tleXdvcmQ%2BPC9rZXl3b3Jkcz48cHVibGlzaGVyPk9wdGljYSBQdWJsaXNoaW5nIEdyb3VwPC9wdWJsaXNoZXI%%2BPHVybD5odHRwczovL29wZy5vcHRpY2Eub3JnL29wdGljYS9hYnN0cmFjdC5jZm0%2FVVJJPW9wdGljYS02LTYtNzU4PC91cmw%2BPHVybD5odHRwczovL29wZy5vcHRpY2Eub3JnL29wdGljYS9mdWxsdGV4dC5jZm0%2FdXJpPW9wdGljYS02LTYtNzU4JmFtcDtpZD00MTMyMTI8L3VybD48L3JlbGF0ZWQtdXJscz48L3VybHM%2BPGVsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjEwLjEzNjQvT1BUSUNBLjYuMDAwNzU4PC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48bnVtYmVyPjY8L251bWJlcj48cmVjLWd1aWQ%2BZGI1ZWMzZWEtNzdhMi00NzQ0LWE0YzEtYTA5MjM0MGVjZWMxPC9yZWMtZ3VpZD48cmVjLXVzbj4xNjY8L3JlYy11c24%2BPC9yZWNvcmQ%%3D%3D


 

Developments in multimode and few-mode fibers have further expanded bandwidth through 

spatial multiplexing, yet the resulting complexity in mode management underscores the 

importance of optical elements such as GRIN lenses [32].  

 
Figure 1-4. Schematic illustration of a GRIN lens. 

Schematic of a GRIN endomicroscope. Light rays (red and blue) propagate through the GRIN lens, which relays the 

image from the tissue to the image plane. The system has an image-side working distance of 100 µm in air and an 

object-side working distance of 250 µm in water (tissue). The GRIN diameter and length define the physical 

dimensions of the probe. 

GRIN lenses, in particular, have become popular due to their compact size which is 

typically around 0.5 mm in diameter and 7 mm in length [33, 34, 35]. These lenses work by 

varying the refractive index radially, following a hyperbolic secant function controlled by dopant 

concentrations.This design allows light to be focused and relayed along the optical axis through 

the lens (Figure 1-4). Owing to the use of GRIN lenses, the penetration depth of two-photon 

endoscopy is no longer limited to 2 mm. This technique enables researchers to look into deep 

brain functions. 

Building on this foundation, it is highly desirable to  study the intricate neuronal 

networks in specific brain regions through volumetric functional imaging within the mouse brain 

[36, 37, 38], for which several strategies have been developed for two-photon endoscopy (Figure 
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1-5). The most straightforward approach involves mechanically moving the objective lens  

(Figure 1-5A); however, this method is inherently slow and limited to partial sampling of neural 

responses [39]. Alternatively, spatial light modulators (SLMs) [40] can be employed to generate 

patterned illumination or Bessel beams, enabling simultaneous observation of a volume beneath 

a GRIN lens  (Figure 1-5B). While effective in principle, this approach is primarily restricted to 

sparse samples due to cross-talk between planes and typically requires additional post-processing 

to separate signals from different depths. Electrically tunable lenses (ETLs) have also been 

incorporated to accelerate axial scanning (Figure 1-5C), but their response speed is generally 

limited to multi-plane imaging rather than continuous volumetric acquisition [41]. In practice, 

these techniques either suffer from slow axial scanning speeds or compromised axial resolution, 

making it difficult to resolve fast, simultaneous activity from neurons located at different depths. 

To address these limitations, we aim to integrate a tunable acoustic gradient (TAG) lens (Figure 

1-5D), which enables high-speed axial scanning at hundreds of kilohertz (Table 1-1), thereby 

allowing true volumetric functional imaging in real time. Yet, while such strategies extend 

imaging depth and speed, they also introduce emerging difficulties, including tissue scattering, 

reduced contrast, and optical aberrations from GRIN lenses. These issues highlight the need for 

effective image-quality correction, which we address in the next section. 
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Figure 1-5. Strategies for fast volumetric imaging in two-photon endoscopy.  

Corresponding techniques: (A) Moving objective. (B) Spatial light modulator. (C) Electrically tunable lens. (D) 

Tunable acoustic gradient (TAG) lens. 

 

Table 1-1. Comparison of axial scanning strategies for volumetric two-photon endoscopy. 
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1.4. Handling Image Degradation Caused by Deep Imaging and Optical Aberrations 

Although our 3D imaging system is capable of capturing signals from deep in vivo tissue, 

the combination of tissue observation and high-speed scanning inevitably compromises image 

contrast [42]. This limitation is further aggravated by the intrinsic fourth-order aberrations 

inherent to GRIN lenses. To address such issues, image processing plays a pivotal role in 

enabling accurate data analysis. Conventional approaches typically rely on handcrafted 

algorithms and follow a sequence of predefined steps, including histogram equalization, image 

projection (averaging), smoothing filters, and deconvolution [43, 44]. While effective to some 

extent, these methods fail under conditions of low signal-to-noise ratio (SNR) and may introduce 

artifacts that distort functional imaging outcomes [45, 46]. 

In recent years, deep learning [47] has transformed image processing tasks such as noise 

reduction, segmentation, recognition, and classification [48]. As a subset of machine learning 

inspired by neural processing in the human brain, it has become an essential tool for handling 

complex imaging problems [49]. The introduction of convolutional neural networks (CNNs) in 

the late 1990s marked a breakthrough in this field, and continuous development has since 

advanced supervised, unsupervised, and self-supervised learning paradigms. Supervised learning 

relies on labeled datasets to achieve high prediction accuracy, unsupervised learning extracts 

hidden patterns without labels, and self-supervised learning [50] generates supervisory signals 

directly from the internal structure of the data [51], thereby reducing dependence on manual 

annotation. 
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In parallel, optical correction strategies have been extensively investigated to mitigate 

aberrations in GRIN lenses. Early efforts employed low-order electrostatic membrane mirrors for 

optical compensation, while pupil segmentation techniques enabled more efficient aberration 

correction, thereby enhancing fluorescence signal intensity and extending the field of view 

(FOV) [52]. Subsequent work introduced geometric transformation adaptive optics, which 

provided improved correction but required substantial modifications to the optical path, 

additional software control, and often compromised temporal resolution. Alternative approaches, 

such as the integration of millimeter-scale plano-convex lenses with GRIN optics, demonstrated 

on-axis correction and increased numerical aperture (NA) [53]. However, these methods remain 

impractical for GRIN lenses with cross-sectional diameters below 1 mm due to manufacturing 

challenges in producing precise small-scale optics. More recently, 3D micro-printing of polymer 

aspherical corrective lenses directly at the GRIN back end has been proposed as a built-in 

solution [54], offering compactness and ease of use. Nevertheless, demonstrations of this method 

have been limited to GRIN lenses with a radius of FOV around 150 μm and remain constrained 

in imaging depth. 

Given these limitations, we developed two post-processing approaches. One is a 

self-learning model designed to denoise the image series, and the other is a deconvolution-based 

algorithm to compensate for GRIN-induced aberrations. Unlike adaptive optics or 

hardware-based correction methods [55], our approach requires no modification of the optical 

system, preserves temporal resolution, and provides a practical framework for enhancing image 

quality in deep tissue imaging 
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1.5. Deep brain target of interest – the Suprachiasmatic Nucleus 

By combining our home-built two-photon endoscopy with two post-processing methods, 

we are able to investigate the biological mechanisms of specific deep-brain regions in live 

animals. Among these, particular attention has been devoted to the SCN, a small structure in the 

hypothalamus located ~6 mm beneath the surface of the mouse brain (Figure 1-6A) [56]. 

Serving as the central circadian pacemaker, the SCN synchronizes peripheral clocks across 

diverse tissues to maintain temporal homeostasis [57]. The presence of an endogenous circadian 

rhythm, which can be entrained by environmental cues, is essential for physiological and 

behavioral regulation. A critical component of this system is the light pulse signal transmitted 

from intrinsically photosensitive retinal ganglion cells (ipRGCs), which aligns the internal 

circadian clock with the external light–dark cycle, a process known as circadian 

photoentrainment [58]. Across species, light stimulation induces distinct phase-shift responses, 

exposure during the early subjective night typically produces a phase delay, while exposure 

during the late subjective night induces a phase advance. In contrast, exposure during the 

so-called “dead zone” of the subjective day yields minimal phase shifts. Despite decades of 

research, the fundamental properties of the SCN that underlie these phase-shifting behaviors 

remain a subject of ongoing debate [59, 60]. In this context, our two-photon endoscopy system, 

employing a 7 mm implanted GRIN lens in the mouse brain, provides an experimental model 

that enables investigation of neuronal responses within the SCN region (Figure 1-6B). 
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Figure 1-6. Optical access to the mouse SCN via implanted GRIN lens. 

(A) Schematic coronal brain atlas showing the SCN, located ~6 mm beneath the cortical surface. The implanted 

GRIN lens provides a volumetric imaging field of ~650 × 650 × 300 µm³ within the SCN. (B) A 7-mm 

gradient-index (GRIN) lens is stereotaxically implanted into the mouse brain, allowing two-photon (2P) excitation 

light (red) to reach the SCN and enabling fluorescence emission (green) to be collected from the same pathway. 
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1.6. Aim of this Study 

In this study, we aim to develop and demonstrate a custom-built two-photon endoscopy 

system capable of capturing dynamic three-dimensional neural activity in deep brain regions 

with enhanced image quality by deep-learning denoising and aberration correction. Specifically, 

we target the SCN, located approximately 6 mm beneath the cortical surface of the mouse brain. 

To achieve this, we integrate TAG and GRIN lenses into our optical system. To overcome the 

reduced image contrast commonly encountered in deep tissue imaging, we apply 

deep-learning-based post-processing techniques. These methods rely on self-supervised learning 

models that exploit spatial and temporal redundancies to perform effective denoising. 

Furthermore, we implement a customized algorithm to correct optical aberrations introduced by 

the imaging system. 

Chapter 2 introduces the underlying principles of the technologies used, including the 

two-photon laser scanning system, TAG lens, GRIN lenses, and the self-attention (SA) 

deep-learning model. Chapter 3 details the experimental procedures, including performance 

evaluation using fluorescent beads and mouse brain slices, as well as the development of an 

algorithm for calibrating dark image patterns. 

By combining advanced optical hardware with intelligent computational processing, our 

system successfully reconstructs high-contrast, high-resolution volumetric images of neuronal 

activity in vivo. Chapter 4 presents the experimental results and corresponding post-processed 

images, along with quantitative analyses. This approach enables precise visualization of the SCN 

and provides a promising platform for investigating circadian rhythm regulation and deep brain 

functional connectivity. 
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Chapter 2 Principle  

In this chapter, we present the optical and computational foundations underlying our 

imaging system, beginning with the principle and implementation of two-photon laser scanning 

microscopy. We first discuss GRIN lenses, which serve as compact optical relays for deep-brain 

access, followed by the introduction of the TAG lens, a high-speed adaptive optical element that 

enables rapid axial scanning for volumetric imaging. Building upon these hardware components, 

we next describe our development of TAG-SPARK 2.0, a self-supervised deep learning 

framework that enhances imaging quality by incorporating attention mechanisms into a 3D 

U-Net architecture. Finally, we address deconvolution techniques, which compensate for optical 

aberrations and scattering to further restore fine structural details. Together, these elements 

establish the basis of our methodology, combining advanced microscopy, adaptive optics, and 

computational correction to achieve high-resolution volumetric imaging of neural activity in 

vivo. 

2.1​ Two-photon laser scanning microscopy 

To understand two-photon laser scanning microscopy, we begin by introducing its 

theoretical foundation, which is the concept of two-photon absorption. We then explain how this 

principle is applied in laser scanning microscopy. The idea of two-photon absorption was first 

proposed by Maria Göppert-Mayer in 1931 [61]. As the name suggests, this phenomenon occurs 

when two photons, usually of equal energy, are absorbed by a single molecule at the same time. 

The combined energy of these photons excites the molecule as if it had absorbed one photon with 

twice the energy (Figure 2-1). If the molecule is fluorescent, it subsequently returns to its ground 

state by emitting a single fluorescent photon. Because this process requires both photons to 
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arrive nearly simultaneously, the probability of two-photon absorption depends on the square of 

the excitation light intensity (S ∝ I²) [62]. The efficiency of two-photon absorption is measured 

using the unit Göppert-Mayer (GM), which defines the two-photon absorption cross-section [63]. 

Most commonly used fluorescent dyes and proteins have cross-section values in the range of 1 to 

300 GM . Due to the extremely small likelihood of two-photon absorption, high-intensity light is 

required to observe this effect. 

 

Figure 2-1. Fluorescence emission in one- and two-photon microscopy. 

To capture a two-dimensional image, the focal spot of the laser must be scanned across 

the sample. This process is similar to how images were formed on old cathode-ray tube (CRT) 

televisions, where electron beams were deflected to scan across a phosphorescent screen and 

build up the image line by line. In two-photon laser scanning microscopy, a similar principle is 

applied. The excitation laser is deflected using a pair of galvanometric mirrors, which perform a 
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raster scanning motion to sequentially illuminate each point on the focal plane. As the laser 

excites the sample point by point, the resulting fluorescence emitted from each location is 

collected by a point detector, typically a photomultiplier tube (PMT) [64].The detected signals 

are then sent to a computer, which assigns the intensity values to the corresponding positions in a 

two-dimensional matrix, effectively reconstructing the image pixel by pixel. This forms a 2D 

image of the focal plane. By shifting the focal plane along the axial (z) direction and repeating 

the scanning process, a stack of 2D images can be acquired at different depths. These image 

layers can then be combined to generate a full three-dimensional representation of the sample 

[65]. With its ability to perform optical sectioning and to penetrate deeper into tissue than 

traditional fluorescence microscopy, two-photon laser scanning microscopy allows researchers to 

visualize volumetric structures in living tissues with high resolution and clarity at the cellular 

level. 

Two-Photon scattering principle  

Only photons that travel straight without scattering, which is known as ballistic photons, 

are responsible for generating two-photon (2P) excited fluorescence within the small focal region 

[66]. Since the focal spot is very small (around 1 µm or less) compared to the imaging depth 

(which can range from hundreds to thousands of micrometers), photons that have been scattered 

and deviated from this direct path are highly unlikely to reach the focus. Because the number of 

ballistic photons decreases exponentially as imaging depth increases, the fluorescence signal 

detected in two-photon fluorescence microscopy (2PFM) also diminishes exponentially with 

depth, a trend confirmed by many experimental studies. The characteristic length over which this 

signal decays, called the effective attenuation length (EAL), mainly depends on how much the 

tissue absorbs and scatters light. Although increasing the excitation power can partly compensate 
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for signal loss at greater depths up to the point where tissue damage occurs, doing so reduces the 

three-dimensional confinement of excitation. This effect is measured by the 

signal-to-background ratio (SBR), where the signal (S) is the fluorescence generated at the focal 

point, and the background (B) is fluorescence coming from other areas. When considering only 

ballistic photons, the SBR can be approximated by the formula , where z 𝑆𝐵𝑅 ≈ 𝑧2𝑒
− 2𝑧

𝐸𝐴𝐿

represents imaging depth. Studies using simulations and tissue phantoms have shown that 

scattered photons do not contribute to the focused signal but significantly add to background 

fluorescence. As imaging goes deeper, fluorescence generated outside the focal volume, which 

lacks high-resolution information, increases and eventually overwhelms the signal, causing the 

SBR to approach zero and resulting in a complete loss of image contrast.  

2.2​ Gradient-index lenses (GRIN) lens 

The concept of the GRIN lens can be traced back to James Clerk Maxwell in 1854 and was later 

further developed by Robert William Wood in the early twentieth century [67]. Fundamentally, 

GRIN lenses are designed to achieve ideal on-axis optical focal relays. The refractive index 

distribution of such lenses typically follows a hyperbolic secant profile, expressed as 

​ ​ ​ ​           Eq. 2-12 𝑛(𝑟) = 𝑛
0
𝑠𝑒𝑐ℎ(𝑔𝑟).

where n0​ denotes the refractive index along the optical axis,  represents the gradient constant 𝑔

that characterizes the radial variation of refractive index, and  is the radial distance from the 𝑟

axis. This profile allows the focal point to be periodically relayed along the optical axis with 

minimal aberration. 
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The gradient constant  is directly related to the physical length of a full-pitch GRIN lens, given 𝑔

by 

​ ​ ​ ​ ​           Eq. 2-13 𝐿
𝑝𝑖𝑡𝑐ℎ

= 2𝝅
𝑔 .

, and simultaneously determines the maximum numerical aperture (NA) that the GRIN lens can 

support. The relationship between the NA and lens geometry is described by 

.​ ​ ​ ​           Eq. 2-14 𝑁𝐴 = 𝑛
0

1 − 𝑠𝑒𝑐ℎ2( 𝑔𝑑
2 )

, where  is the lens diameter. These characteristics highlight the ability of GRIN lenses to serve 𝑑

as efficient optical relays while maintaining compact geometries and reduced aberration 

compared to conventional refractive optics [68]. 

Aberrations of GRIN lens 

Since the GRIN lens is inherently designed to achieve perfect on-axis focal relay, light 

rays deviating from the optical axis experience aberrations. Two dominant off-axis aberrations 

are observed, field curvature and astigmatism, both classified as fourth-order aberrations with 

quadratic dependence on the field position . Two types of aberrations, astigmatism and field 

curvature, arise in cylindrical GRIN structures and result in fourth-order aberrations in the 

imaging system. 
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Figure 2-2. Aberrations caused by a GRIN lens. 

Astigmatism is particularly detrimental to image quality, and its effects become pronounced 

with increasing off-axis distance. As illustrated in upper part of Figure 2-4, this multiplicity of 

foci leads to artifacts in volumetric imaging, where the same structural feature may appear more 

than once within the reconstructed volume. Such distortions significantly compromise both 

spatial accuracy and interpretability of the acquired data. 

Field curvature, on the other hand, results in a non-planar imaging surface (the bottom part of 

Figure 2-4). While the tangential foci remain approximately on a flat plane, the sagittal foci 

instead reside on a quadratic surface described by 

.​​ ​ ​           Eq. 2-15 𝑥2 + 𝑦2 = 𝑎𝑧

The accompanying 3D visualization illustrates this curvature of the focal surface, with colored 

ellipses highlighting the separation between sagittal and tangential focal planes caused by 
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astigmatism across different radial regions [69]. In the context of volumetric deep-brain imaging 

with GRIN lenses, field curvature directly impacts both image intensity uniformity and effective 

imaging throughput [70]. Specifically, the central region of the volume of view (VoV) appears at 

greater depth within the tissue and thus suffers from reduced focal intensity due to an increased 

scattering path length. This non-uniformity may be partially mitigated through modulation of the 

excitation laser intensity as a function of field position. Furthermore, field curvature produces 

characteristic artifacts in volumetric recordings: in the upper portion of the imaging volume, the 

periphery of the VoV becomes dark because the true focal positions fall outside the tissue 

boundaries; conversely, in the lower portion of the volume, the central region darkens as the 

focal depth exceeds the maximum penetration limit of the system [71]. 

2.3​ Tunable Acoustic Gradient Lens (TAG lens)​  

A TAG lens consists of a cylindrical cavity filled with silicone oil, enclosed by a hollow 

piezoelectric tube with two flat glass windows providing optical access (Figure 2-2A) [72]. 

When an AC voltage is applied to the piezoelectric transducer, it excites radial vibrations in the 

tube wall. These vibrations launch an acoustic standing wave in the fluid, periodically 

modulating its refractive index (Figure 2-2B). The focal length of the lens changes continuously 

during each oscillation cycle, and because the acoustic resonance frequency is typically in the 

hundreds of kHz range. Its tuning can be achieved with sub-microsecond temporal resolution 

[73]. 
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Figure 2-3. Axial focal shift of objective induced by TAG lens resonance.  

(A) Three conditions of the TAG lens are shown, namely no effect, convergent effect, and divergent effect. The red 

curve in each condition represents the refractive index profile along the radial direction inside the TAG lens. (B) 

Black dotted lines indicate the effective aperture of the TAG lens. d: distance between the objective and the TAG 

lens. z₀: inherent focal plane. z₁: nearest focal plane. z₂: farthest focal plane. Δz: axial shift between z₁ and z₂. 
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Piezoelectric Excitation and Acoustic Field 

Electrodes are deposited on the inner and outer surfaces of the piezoelectric cylinder. The 

radial vibration velocity ​ of the inner surface is proportional to the driving voltage amplitude  𝑉
𝐴

​ ​ ​ ​ ​ Eq. 2-1 𝑉 = 𝑉
𝐴

𝑠𝑖𝑛(ω𝑡).

where  is the driving frequency of the TAG lens. ω

The acoustic field inside the fluid forms concentric standing-wave rings in the radial 

direction [74]. The spatial distribution follows a Bessel function, with geometry and spacing 

determined by the drive conditions and refractive index modulation. Under the linearized fluid 

mechanics approximation, the refractive index distribution is given by: 

​ ​ ​ ​ Eq. 2-2 𝑛(ρ, 𝑡) = 𝑛
0

+ 𝑛
𝐴

𝐽
0
( ωρ

𝑐
𝑠

)𝑠𝑖𝑛(ω𝑡).

where  is the static refractive index of the fluid,  is related to modulation amplitude,  is 𝑛
0

𝑛
𝐴

ω

TAG lens driving frequency,  is acoustic velocity in the fluid, and  is the radial coordinate in 𝑐
𝑠

ρ

the lens plane. Eq. 2-2 shows that the refractive index varies radially as a Bessel function​, which 

defines the strength and location of the focusing rings. 

Optical Phase Modulation 

At the lens plane, the transverse coordinates are defined such that the optical phase 

imparted to the light is: 
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​​ ​ ​ ​ Eq. 2-3 𝑡
𝑙𝑒𝑛𝑠

(ξ,  η) = 𝑒
𝑖𝑘

0
(𝑛𝐿

0
)
.

, where ​ is the free-space wavenumber and  is the lens thickness.​𝑘
0

𝐿
0

Since the ray deflection (<50 μm) is much smaller than the acoustic wavelength, the thin lens 

approximation holds that light exits the lens at the same transverse location it enters. 

If the wavefront propagates an additional distance [75], z, beyond the exit surface (Eq. 2-4), the 

constant-phase surface satisfies 

 ​ ​ ​ Eq. 2-4 𝑡
𝑙𝑒𝑛𝑠

(ξ,  η) = 𝑒
𝑖𝑘

0
(𝑛(𝐿

0
+(ρ)))

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐶.

 and  ​ ​ ​ Eq. 2-5 𝑛(ρ)(𝐿
0

+ 𝑧(ρ)) = 𝐶 𝑧(ρ) = 𝐶
𝑛(ρ) − 𝐿

0
.

, where z<0 denotes the distance from the exit window to the wavefront.  

When ∣z∣≪ , the beam deflection angle inside the fluid is 𝐿
0

 ​ ​ ​ ​ Eq. 2-6 𝑡𝑎𝑛(θ(ρ)) = ∂𝑧
∂ρ = −𝐶

𝑛2
∂𝑛
∂ρ =−

𝐿
0
∂𝑧

𝑛∂ρ .

At the interface, Snell’s law gives 

 ​ ​ ​ ​ ​ Eq. 2-7 𝑠𝑖𝑛(θ'(ρ)) = 𝑛(ρ)𝑠𝑖𝑛(θ(ρ)).

where  is the angle of light after leaving the lens. θ'

Assuming  and applying the small-angle approximation to Eqs. 2-6 and 2-7 yields 𝑛
𝑎𝑖𝑟

= 1
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 and ​ ​ ​ ​ ​ ​ Eq. 2-8 θ' = 𝑛θ θ'(ρ) =−
𝐿

0
∂𝑧

∂ρ .

The exit angle of the beam is proportional to the radial gradient of the refractive index, meaning 

stronger modulation produces larger angular deviations. During a single oscillation period, three 

representative states occur in the TAG lens. 

Uniform index,  and , no lensing effect.​𝑠𝑖𝑛(ω𝑡) = 0 𝑛 = 𝑛
0

 

Positive index,  and , convex lens (converging beam).​𝑠𝑖𝑛(ω𝑡) > 0 𝑛 = 𝑛
𝑚𝑎𝑥

 

Negative index,  and concave lens (diverging beam). 𝑠𝑖𝑛(ω𝑡) < 0 𝑛 = 𝑛
𝑚𝑖𝑛

For sin (t) = 0, the refractive index is uniform and the beam’s wavefront is preserved. A positive 

sin (t) corresponds to a local refractive index maximum, where the TAG lens behaves as a 

convex lens, converging the beam. A negative sin (t) corresponds to a local refractive index 

minimum, where the TAG lens behaves as a concave lens, diverging the beam. 

Increasing the driving frequency compresses the radial of the major rings, and the first 

major ring,  is relative to the effective numerical aperture (NA) of the TAG lens [76], which is 

approximately given by, 

 ​ ​ ​ ​ ​ ​ Eq. 2-9 ρ' =
3.832𝑐

𝑠

ω .

where 3.832 is the first minimum of . 𝐽
0
(ρ)
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Depth of Field and Axial Scanning 

When the TAG lens is placed in the conjugate plane of an objective, it shifts the focal 

position along the optical axis [77]. The axial range or depth of field (DOF) is given by: 

 and ​ Eq. 2-10 𝐷𝑂𝐹 = 𝑛 × 𝑓2 × δ
𝑡𝑜𝑡𝑎𝑙

× (
𝑓

2

𝑓
1

)
2

δ
𝑡𝑜𝑡𝑎𝑙

= 1
𝑓

𝑇𝐴𝐺
.

, where  is refractive index of the sample,  is the focal length of the objective,  is the 𝑛 𝑓 δ
𝑡𝑜𝑡𝑎𝑙

optical power of TAG lens,  and   are the focal lengths of relay lenses (beam magnification) 𝑓
1

𝑓
2

between TAG lens and objective lens respectively. A larger ​ or smaller beam magnification 𝑓

increases the DOF. 

The optical power scales quadratically with the driving frequency: 

 ​ ​ ​ ​ Eq. 2-11 δ(𝑡) =
𝐿

0
𝑛ω2𝑠𝑖𝑛(ω𝑡)

2𝑣2 .

Thus, increasing  extends DOF but reduces effective NA, introducing a trade-off ω

between axial range and lateral resolution.TAG lenses offer high-speed tuning, with their 

performance limited only by the acoustic resonance frequency, which can reach hundreds of 

kilohertz. They also possess a high damage threshold, making them more robust than 

liquid-crystal tunable lenses. In addition, their analog operation enables smooth, continuous focal 

variation without pixelation, ensuring precise and seamless optical adjustments [78].  
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Signal to noise ratio (SNR) of TAG lens 

​ Owing to the rapid axial focal shift characteristic of the TAG lens, typically tuned to 188 

kHz, the number of photons captured by the photomultiplier tube (PMT) is limited. In other 

words, the pixel dwell time in TAG lens imaging is approximately 1000 times shorter than that in 

conventional low-speed scanning mode. 

 

Figure 2-4. Comparison of images acquired with and without the TAG lens. 

(A) Image of a layer of 10-µm fluorescent beads (FLBs) obtained with low-speed scanning, where the pixel dwell 

time is approximately 4000 µs. Image size: 128 × 128 pixels. (B) Image of a layer of 10-µm fluorescent beads 

(FLBs) obtained with high-speed scanning, where the pixel dwell time is approximately 5 µs and the TAG lens 

amplitude is 15% (corresponding to 56 µm along the axial direction). Image size: 128 × 128 pixels.  
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Figure 2-3 presents a comparison of two images of the same 10-µm FLB sample with 

different scanning speed in our system. The image acquired with the TAG lens exhibits poorer 

contrast than the image obtained without it (Figure 2-3A). To quantify the signal-to-noise ratio 

(SNR), regions of interest (ROIs) were selected around each FLB shown in the images. The SNR 

of the left image is 25.3 dB, whereas that of the right image is 21.1 dB. Thus, with the TAG lens 

(Figure 2-3B), the SNR decreases and the image quality is reduced by approximately a factor of 

2.63 compared to low-speed scanning. Intuitively, although the TAG lens enhances volumetric 

imaging speed, this improvement comes at the expense of image quality. Balancing temporal 

resolution and spatial resolution without significant compromise is therefore one of the central 

objectives of this research. This trade-off highlights the necessity of developing strategies to 

improve image quality in high-speed TAG-lens microscopy, which forms a key motivation of 

this thesis. 

2.4​ TAG-SPARK 2.0 model 

When imaging the brain, one of the most important challenges is seeing fine details 

clearly. Contrast, or the difference in brightness between regions, allows us to distinguish the 

shapes and boundaries of cells. But capturing high-quality images is not always easy. 

Traditionally, researchers have relied on step-by-step image processing methods such as 

histogram equalization, smoothing filters, and deconvolution [79]. These techniques are based on 

predefined rules and often perform well when the signal is clean. However, under noisy 

conditions, such as during live imaging where light levels must be kept low, these methods can 

struggle and may even introduce unwanted artifacts into the data [80]. This is where deep 

learning becomes valuable. Inspired by how the human brain processes information, deep 

learning uses neural networks to learn patterns directly from data [81]. Over the past few 
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decades, especially with the development of convolutional neural networks (CNNs), deep 

learning has transformed the field of image analysis. Unlike traditional methods, these models 

can learn how to reduce noise, identify structures, and interpret complex data. Depending on the 

training method, deep learning can be classified as supervised, unsupervised, or self-supervised. 

In supervised learning, models are trained using labeled data provided by humans. In 

unsupervised learning, the model looks for structure in data without labels. Self-supervised 

learning stands somewhere in between, where the model generates its own training signals based 

on the hidden structure of the input data. 

For researchers studying brain activity in live animals, self-supervised learning has 

proven especially useful [82]. One major reason is that clean reference images, which are 

essential for supervised training, are extremely difficult to obtain. Neural signals change rapidly, 

and capturing a perfect reference image is often not possible. On the other hand, fully 

unsupervised methods may compromise the accuracy of the signal. Self-supervised learning 

avoids these limitations by relying on the data itself. It often uses redundancy in time or space, 

such as the similarity between consecutive image frames, to guide the learning process [83]. 

A well-known example is DeepCAD-RT, a self-supervised model developed for calcium 

imaging. Rather than depending on ground truth data, it learns from temporal similarities across 

neighboring frames within the same dataset [45]. This approach effectively reduces noise while 

preserving the structure and dynamics of neural activity. With the help of such models, 

researchers can gain clearer insights into how the brain functions in real time, opening up new 

possibilities for understanding complex neural processes. 
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In this study, we propose an enhanced denoising algorithm developed in collaboration 

with Wen-Chi Chen, called TAG-SPARK 2.0 model, which is based on the TAG-SPARK 

framework by incorporating attention mechanisms into the 3D U-Net architecture [84]. The 

goal is to improve overall denoising performance across datasets with diverse structural 

characteristics and noise types. To accommodate these variations, the algorithm of 

TAG-SPARK 2.0 (self-attention and spatial attention) model is further developed into two 

tailored strategies optimized for different application scenarios. 

For image sequences with structurally intact content and high spatial redundancy across 

adjacent slices, spatial attention blocks are inserted before the first-layer convolution in the 

encoder to emphasize salient regions in the input data. This enhancement facilitates more 

effective feature extraction and improves subsequent model performance. In addition, 

self-attention blocks are appended after the convolutional layers in the second to fourth encoding 

stages to capture long-range dependencies among features. These refined features are then 

forwarded either to the next encoder layer or fused via skip connections, with the self-attention 

mechanism enhancing representational capacity in critical regions and improving the model’s 

ability to capture relevant information. Considering the scale difference between Mean Absolute 

Error (MAE) and Mean Squared Error (MSE), which can lead to imbalance during optimization, 

the loss function is formulated as a weighted combination to harmonize their contributions 

(Figure 2-5).​

 ​ ​ ​ ​ Loss = 0.5 × MAE + 0.5 × √MSE.​ ​ Eq. 2-16 

For datasets containing structural distortions or lacking sufficient spatial redundancy, a 

two-stage training scheme is adopted to enhance denoising capability. In the first stage, two 
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parallel models are trained using different target image pairs to extract both spatial structures and 

temporal dynamics. At the time of designing the first-stage model, the goal was to capture the 

dominant noise pattern in the time series, not necessarily the full calcium event. Using 9 

consecutive frames (t – 4 … t … t + 4) gives the network a short temporal window over a 

duration of about 0.72 s, i.e. 8 time intervals that is long enough to learn what is consistent over 

time (structure) and what is inconsistent (noise), but still short enough that the underlying signal 

does not change too much. If the SCN calcium response occurs on a temporal scale of 

approximately 1 s, the temporal parameter in the denoised model should be adjusted from “t – 4 

to t + 4” to “t – 5 to t + 5”.  The averaged outputs of the two models serve as the input for the 

second stage, in which the model is further trained to complete the denoising task. This 

progressive refinement leverages enhanced structural features and redundancy established during 

the first stage (Figure 2-5). 
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Figure 2-5. Illustration of TAG-SPARK 2.0 model. 
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2.5​ Deconvolution 

In optical imaging systems, the point spread function (PSF) characterizes how a single 

point source of light is blurred by the system [85]. Due to optical aberrations, scattering, and 

diffraction, the recorded image is often a degraded version of the true object, with the PSF acting 

as a blurring kernel [86].  

 

Figure 2-6. Illustration of aberration correction.  

The upper schematic shows the flowchart of deconvolution processing. The lower schematic shows the PSF of 1 m µ

in a 3D space. 

 

Deconvolution is a computational technique that aims to reverse this effect by 

mathematically estimating and removing the influence of the PSF from the observed image [87], 

[88, 89]. By applying PSF-based deconvolution, fine structural details such as cell boundaries 

33 doi:10.6342/NTU202504634

https://web.endnote.%%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPlR1cmNvdHRlLCBSYXBoYcOrbDwvYXV0aG9yPjxhdXRob3I%2BU3V0dSwgRXVzZWJpdTwvYXV0aG9yPjxhdXRob3I%2BU2NobWlkdCwgQ2FybGEgQy48L2F1dGhvcj48YXV0aG9yPkVtcHRhZ2UsIE5pZ2VsIEouPC9hdXRob3I%2BPGF1dGhvcj5Cb290aCwgTWFydGluIEouPC9hdXRob3I%2BPC9hdXRob3JzPjwvY29udHJpYnV0b3JzPjx0aXRsZXM%2BPHRpdGxlPkRlY29udm9sdXRpb24gZm9yIG11bHRpbW9kZSBmaWJlciBpbWFnaW5nOiBtb2RlbGluZyBvZiBzcGF0aWFsbHkgdmFyaWFudCBQU0Y8L3RpdGxlPjxzZWNvbmRhcnktdGl0bGU%2BQmlvbWVkaWNhbCBPcHRpY3MgRXhwcmVzczwvc2Vjb25kYXJ5LXRpdGxlPjxhbHQtdGl0bGU%2BQmlvbWVkLiBPcHQuIEV4cHJlc3M8L2FsdC10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAyMDwveWVhcj48cHViLWRhdGVzPjxkYXRlPjIwMjAvMDgvMDE8L2RhdGU%2BPC9wdWItZGF0ZXM%2BPC9kYXRlcz48cGFnZXM%2BNDc1OS00NzcxPC9wYWdlcz48dm9sdW1lPjExPC92b2x1bWU%2BPGtleXdvcmRzPjxrZXl3b3JkPkJyYWluIGltYWdpbmc8L2tleXdvcmQ%2BPGtleXdvcmQ%2BSW1hZ2luZyBzeXN0ZW1zPC9rZXl3b3JkPjxrZXl3b3JkPk1hY2hpbmUgbGVhcm5pbmc8L2tleXdvcmQ%2BPGtleXdvcmQ%2BTXVsdGltb2RlIGZpYmVyczwva2V5d29yZD48a2V5d29yZD5TcGF0aWFsIGxpZ2h0IG1vZHVsYXRvcnM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BU3BhdGlhbCByZXNvbHV0aW9uPC9rZXl3b3JkPjwva2V5d29yZHM%%2BPHVybD5odHRwczovL29wZy5vcHRpY2Eub3JnL2JvZS9hYnN0cmFjdC5jZm0%2FVVJJPWJvZS0xMS04LTQ3NTkgPC91cmw%2BPC9yZWxhdGVkLXVybHM%2BPC91cmxzPjxlbGVjdHJvbmljLXJlc291cmNlLW51bT4xMC4xMzY0L0JPRS4zOTk5ODM8L2VsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjxudW1iZXI%2BODwvbnVtYmVyPjxyZWMtZ3VpZD42ZGZlZjRlYi1iOTgxLTQ2OGYtOWZiNC1jZjViY2IyMDhiNDQ8L3JlYy1ndWlkPjxyZWMtdXNuPjIxODwvcmVjLXVzbj48L3JlY29yZD4iLCJwdWJsaXNoZXIiOiJPcHRpY2EgUHVibGlzaGluZyBHcm91cCJ9XSwiZ3VpZCI6IjZkZmVmNGViLWI5ODEtNDY4Zi05ZmI0LWNmNWJjYjIwOGI0NCJ9XX0%3D
https://web.endnote.%2BPHJlZi10eXBlPjE3PC9yZWYtdHlwZT48Y29udHJpYnV0b3JzPjxhdXRob3JzPjxhdXRob3I%2BV2FuZywgWHVyYW48L2F1dGhvcj48YXV0aG9yPlBhcmssIEppaHdhbjwvYXV0aG9yPjxhdXRob3I%2BU3VzenRhaywgS2F0YWxpbjwvYXV0aG9yPjxhdXRob3I%2BWmhhbmcsIE5hbmN5IFIuPC9hdXRob3I%2BPGF1dGhvcj5MaSwgTWluZ3lhbzwvYXV0aG9yPjwvYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48dGl0bGVzPjx0aXRsZT5CdWxrIHRpc3N1ZSBjZWxsIHR5cGUgZGVjb252b2x1dGlvbiB3aXRoIG11bHRpLXN1YmplY3Qgc2luZ2xlLWNlbGwgZXhwcmVzc2lvbiByZWZlcmVuY2U8L3RpdGxlPjxzZWNvbmRhcnktdGl0bGU%2BTmF0dXJlIENvbW11bmljYXRpb25zPC9zZWNvbmRhcnktdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMTk8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDE5LzAxLzIyPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHBhZ2VzPjM4MDwvcGFnZXM%2BPHZvbHVtZT4xMDwvdm9sdW1lPjxpc2JuPjIwNDEtMTcyMzwvaXNibj48YWJzdHJhY3Q%%2BPHVybHM%2BPHJlbGF0ZWQtdXJscz48dXJsPmh0dHBzOi8vZG9pLm9yZy8xMC4xMDM4L3M0MTQ2Ny0wMTgtMDgwMjMteCA8L3VybD48L3JlbGF0ZWQtdXJscz48L3VybHM%2BPGVsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjEwLjEwMzgvczQxNDY3LTAxOC0wODAyMy14PC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48bnVtYmVyPjE8L251bWJlcj48cmVjLWd1aWQ%2BMGQ5ZGQxYzItZjg5Yi00YTFlLTlkYzYtMzcxMDMzNTBhZTBmPC9yZWMtZ3VpZD48cmVjLXVzbj4xOTc8L3JlYy11c24%2BPC9yZWNvcmQ%%3D
https://web.endnote.%2BMTA8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5CZXJ0ZXJvLCBNLjwvYXV0aG9yPjxhdXRob3I%2BQm9jY2FjY2ksIFAuPC9hdXRob3I%2BPC9hdXRob3JzPjxzZWNvbmRhcnktYXV0aG9ycz48YXV0aG9yPkV2YW5nZWxpc3RhLCBWYWx0ZXJlPC9hdXRob3I%2BPGF1dGhvcj5CYXJzYW50aSwgTGF1cmE8L2F1dGhvcj48YXV0aG9yPlBhc3NhcmVsbGksIFZpbmNlbnpvPC9hdXRob3I%2BPGF1dGhvcj5HdWFsdGllcmksIFBhb2xvPC9hdXRob3I%2BPC9zZWNvbmRhcnktYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48dGl0bGVzPjx0aXRsZT5JbWFnZSBEZWNvbnZvbHV0aW9uPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPkZyb20gQ2VsbHMgdG8gUHJvdGVpbnM6IEltYWdpbmcgTmF0dXJlIGFjcm9zcyBEaW1lbnNpb25zPC9zZWNvbmRhcnktdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMDU8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDA1Ly88L2RhdGU%2BPC9wdWItZGF0ZXM%2BPC9kYXRlcz48cGFnZXM%2BMzQ5LTM3MDwvcGFnZXM%2BPHB1Yi1sb2NhdGlvbj5Eb3JkcmVjaHQ8L3B1Yi1sb2NhdGlvbj48cHVibGlzaGVyPlNwcmluZ2VyIE5ldGhlcmxhbmRzPC9wdWJsaXNoZXI%2BPGlzYm4%2BOTc4LTEtNDAyMC0zNjE2LTM8L2lzYm4%%2BM2EyMDlmMDAtZTU1Zi00OTExLTkwZGEtMWRmNDJmNDk5NjFiPC9yZWMtZ3VpZD48cmVjLXVzbj4xOTg8L3JlYy11c24%2BPC9yZWNvcmQ%2BIiwiZ3VpZCI6IjNhMjA5ZjAwLWU1NWYtNDkxMS05MGRhLTFkZjQyZjQ5OTYxYiIsInNlY29uZGFyeUF1dGhvcnMiOlsiRXZhbmdlbGlzdGEsIFZhbHRlcmUiLCJCYXJzYW50aSwgTGF1cmEiLCJQYXNzYXJlbGxpLCBWaW5jZW56byIsIkd1YWx0aWVyaSwgUGFvbG8iXSwiZGF0ZSI6IjIwMDUvLyIsInBsYWNlUHVibGlzaGVkIjoiRG9yZHJlY2h0In1dfV19
https://web.endnote.%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPlNhZ2UsIERhbmllbDwvYXV0aG9yPjxhdXRob3I%2BRG9uYXRpLCBMYXVyw6luZTwvYXV0aG9yPjxhdXRob3I%2BU291bGV6LCBGZXJyw6lvbDwvYXV0aG9yPjxhdXRob3I%2BRm9ydHVuLCBEZW5pczwvYXV0aG9yPjxhdXRob3I%2BU2NobWl0LCBHdWlsbGF1bWU8L2F1dGhvcj48YXV0aG9yPlNlaXR6LCBBcm5lPC9hdXRob3I%2BPGF1dGhvcj5HdWlldCwgUm9tYWluPC9hdXRob3I%2BPGF1dGhvcj5Wb25lc2NoLCBDw6lkcmljPC9hdXRob3I%2BPGF1dGhvcj5VbnNlciwgTWljaGFlbDwvYXV0aG9yPjwvYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48dGl0bGVzPjx0aXRsZT5EZWNvbnZvbHV0aW9uTGFiMjogQW4gb3Blbi1zb3VyY2Ugc29mdHdhcmUgZm9yIGRlY29udm9sdXRpb24gbWljcm9zY29weTwvdGl0bGU%2BPHNlY29uZGFyeS10aXRsZT5NZXRob2RzPC9zZWNvbmRhcnktdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMTc8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDE3LzAyLzE1LzwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjxwYWdlcz4yOC00MTwvcGFnZXM%2BPHZvbHVtZT4xMTU8L3ZvbHVtZT48a2V5d29yZHM%2BPGtleXdvcmQ%2BRGVjb252b2x1dGlvbiBtaWNyb3Njb3B5PC9rZXl3b3JkPjxrZXl3b3JkPk9wZW4tc291cmNlIHNvZnR3YXJlPC9rZXl3b3JkPjxrZXl3b3JkPlN0YW5kYXJkIGFsZ29yaXRobXM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BVGV4dGJvb2sgYXBwcm9hY2g8L2tleXdvcmQ%2BPGtleXdvcmQ%2BUmVmZXJlbmNlIGRhdGFzZXRzPC9rZXl3b3JkPjwva2V5d29yZHM%2BPGlzYm4%%2BaHR0cHM6Ly93d3cuc2NpZW5jZWRpcmVjdC5jb20vc2NpZW5jZS9hcnRpY2xlL3BpaS9TMTA0NjIwMjMxNjMwNTA5NiA8L3VybD48L3JlbGF0ZWQtdXJscz48L3VybHM%
https://web.endnote.%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPllhbm55LCBLeXJvbGxvczwvYXV0aG9yPjxhdXRob3I%2BTW9uYWtob3ZhLCBLcmlzdGluYTwvYXV0aG9yPjxhdXRob3I%2BU2h1YWksIFJpY2hhcmQgVy48L2F1dGhvcj48YXV0aG9yPldhbGxlciwgTGF1cmE8L2F1dGhvcj48L2F1dGhvcnM%2BPC9jb250cmlidXRvcnM%2BPHRpdGxlcz48dGl0bGU%2BRGVlcCBsZWFybmluZyBmb3IgZmFzdCBzcGF0aWFsbHkgdmFyeWluZyBkZWNvbnZvbHV0aW9uPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPk9wdGljYTwvc2Vjb25kYXJ5LXRpdGxlPjxhbHQtdGl0bGU%2BT3B0aWNhPC9hbHQtdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMjI8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDIyLzAxLzIwPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHBhZ2VzPjk2LTk5PC9wYWdlcz48dm9sdW1lPjk8L3ZvbHVtZT48a2V5d29yZHM%2BPGtleXdvcmQ%2BRGVlcCBsZWFybmluZzwva2V5d29yZD48a2V5d29yZD5Gb3VyaWVyIHRyYW5zZm9ybXM8L2tleXdvcmQ%2BPGtleXdvcmQ%2BSW1hZ2luZyBzeXN0ZW1zPC9rZXl3b3JkPjxrZXl3b3JkPkludmVyc2UgZGVzaWduPC9rZXl3b3JkPjxrZXl3b3JkPk5ldXJhbCBuZXR3b3Jrczwva2V5d29yZD48a2V5d29yZD5UaHJlZSBkaW1lbnNpb25hbCByZWNvbnN0cnVjdGlvbjwva2V5d29yZD48L2tleXdvcmRzPjxwdWJsaXNoZXI%2BT3B0aWNhIFB1Ymxpc2hpbmcgR3JvdXA8L3B1Ymxpc2hlcj48YWJzdHJhY3Q%%2BaHR0cHM6Ly9vcGcub3B0aWNhLm9yZy9vcHRpY2EvYWJzdHJhY3QuY2ZtP1VSST1vcHRpY2EtOS0xLTk2IDwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTM2NC9PUFRJQ0EuNDQyNDM4PC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48bnVtYmVyPjE8L251bWJlcj48cmVjLWd1aWQ%2BN2NmMWNkYWUtMTU2OC00MGM2LTgwZTYtNTZjYjUxOTcxMjhhPC9yZWMtZ3VpZD48cmVjLXVzbj4yMDY8L3JlYy11c24%2BPC9yZWNvcmQ%2BIiwiYWx0ZXJuYXRlVGl0bGUiOiJPcHRpY2EiLCJzZWNvbmRhcnlUaXRsZSI6Ik9wdGljYSIsImRhdGUiOiIyMDIyLzAxLzIwIiwiYXV0aG9ycyI6WyJZYW5ueSwgS3lyb2xsb3MiLCJNb25ha2hvdmEsIEtyaXN0aW5hIiwiU2h1YWksIFJpY2hhcmQgVy4iLCJXYWxsZXIsIExhdXJhIl0sIm51bWJlciI6IjEiLCJncm91cEd1aWRzIjpbXSwidGl0bGUiOiJEZWVwIGxlYXJuaW5nIGZvciBmYXN0IHNwYXRpYWxseSB2YXJ5aW5nIGRlY29udm9sdXRpb24ifV0sImd1aWQiOiI3Y2YxY2RhZS0xNTY4LTQwYzYtODBlNi01NmNiNTE5NzEyOGEifV19


 

and subcellular features can be restored with greater clarity. In this study, we incorporated a 

deconvolution step following denoising, using either a theoretical or experimentally measured 

PSF.  

Optical aberrations were calibrated using a spatially variant deconvolution algorithm 

developed in collaboration with Risa Kitamura. Two versions of the algorithm were implemented 

to address aberrations across the imaging field. 

In the first version, each acquired image was partitioned into nine spatial subregions to 

compensate for local variations in aberration across the FOV. Deconvolution was performed 

independently for each subregion using a PSF derived from 1 μm fluorescent beads (Figure 2-6). 

This correction process effectively restored distorted cellular structures, improving both their 

morphological accuracy and contrast. 

The second version of the algorithm exploits the cylindrical symmetry of the PSF in 

three-dimensional space, which arises from field-dependent astigmatism (Figure 2-7A). In this 

approach, the FOV was divided into 4 × 4 subregions during deconvolution. At each imaging 

depth, the PSF varies with radial distance from the FOV center but retains a consistent shape 

along any given radius which is different only by rotational orientation. This astigmatism 

generates radial and tangential line above and below the nominal focal plane, thereby reducing 

spatial resolution and contrast in peripheral regions. To address this, the spatially variant 

deconvolution framework leverages the PSF’s radial symmetry by aligning the radial axis with 

one dimension of the image. Each radial ring and its corresponding PSF are transformed into the 

polar coordinate domain, where the PSF can be assumed to be approximately shift-invariant 

within each local subregion. This allows the application of standard deconvolution techniques in 

34 doi:10.6342/NTU202504634



 

a locally adaptive manner. For each radial segment i, the PSF is padded and circularly shifted to 

ensure proper spatial alignment, then transformed into the polar domain with angular constraints 

to minimize artifacts (Figure 2-7B). The full FOV is reconstructed by aggregating the 

deconvolved results from all radial bands. 

This cylindrical deconvolution strategy offers a physically grounded balance between 

modeling accuracy and computational efficiency. However, it should be noted that the spatially 

variant deconvolution using 4 × 4 cylindrical subregions requires approximately 4.5 times longer 

computation time compared to the 3 × 3 subregion approach. 

 

 

 
Figure 2-7. Spatially-variant aberration correction for cylindrically symmetric PSFs.  

(A) Cylindrically symmetric PSFs caused by GRIN-induced astigmatism. (B) Spatially-variant deconvolution: the 

image stack is divided into concentric cylindrical subregions by radial distance, each deconvolved in the polar 

domain with its corresponding PSF. 
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Chapter 3 Method 

This chapter describes our optical setup, the expected depth of field, the actual system 

performance, and the procedures for sample preparation. Building upon the previous chapter, 

which outlines the principles of the techniques used, we now focus on the experimental methods 

and key considerations to be addressed before conducting the experiments. 

3.1. Optical setup

 

Figure 3-1. Optical setup of the high-speed two-photon volumetric imaging system. 
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The home-built high-speed two-photon volumetric imaging system is driven by a tunable 

Ti: Sapphire oscillator (Chameleon Ultra II, Coherent). The excitation wavelength was tuned to 

940 nm for two-photon excited fluorescence of green fluorescent protein GCaMP7. With a lens 

pair (LA1608-B and AC254-150-A-ML, Thorlabs), the laser beam size was adjusted to match 

the effective aperture of the tunable acoustic gradient lens (TAG lens 2.5β, TAG Optics), which 

is 4 mm. The laser beam was guided through a lens pair (AC254-060-B-M and LA1422-B, 

Thorlabs) and then relayed to a pair of galvanometric mirrors (6215H, Cambridge Technology) 

for 2D raster scanning. Through a telecentric scan lens and tube lens pair (SL50-2P2 & 

TL200-2P2, Thorlabs), the scanning pattern was reflected by a dichroic beam splitter and 

directed onto the back aperture of a 20X objective (UPLanFLN20X0.5NA, Olympus). The 

emitted two-photon fluorescence was epi-collected by the same objective, passing through the 

dichroic beam splitter, and then focused by an imaging lens onto a photomultiplier tube (PMT) 

module. Two bandpass filters (FF01-520/15-25, Semrock) were placed in front of the PMT to 

filter out the reflected excitation laser and undesired background signals. The main difference 

from our previous publication is that to observe neuronal dynamics in the SCN, a GRIN lens 

(NEM-060-50-00-920-S-1.5p, Grintech) was inserted into the mouse brain, enabling 

high-resolution imaging of deep-brain regions using two-photon endoscopy (Figure 3-1 and 

Table 3‑1). During image acquisition sessions, awake mice, which expressed GCaMP7f in SCN, 

were mounted on a custom-designed two-dimensional tilting stage, with a free-rotating wheel 

provided to alleviate stress from head constraints.  
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Table 3‑1. List of elements with manufacturer and model number. 

3.2. Sample preparation 

Before conducting the experiments, we evaluated the system's performance using several 

samples. To assess the system's resolution, we measured the spot size of the image obtained from 

2D fluorescent bead samples. To evaluate the DOF for volumetric imaging, we used 3D 
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fluorescent bead samples and mouse brain slices. Additionally, we describe the surgical 

procedure for inserting a GRIN lens into the SCN region of an in vivo mouse. 

 

2D Fluorescent beads 

Fluorescent beads with a diameter of 200 nm are diluted in deionized (DD) water at a 

1:100 ratio. A small volume of the diluted solution, which is typically 5 μL in size, is then 

dispensed onto a slide and covered with a coverslip. To let the sample air dry, the edges of the 

coverslip are sealed using nail polish (Figure 3-2). 

 

Figure 3-2. 2D Fluorescent Bead Sample Preparation. 

 

3D Fluorescent beads 

To evaluate the DOF for volumetric imaging, 10 μm fluorescent microspheres are used to 

simulate mouse neurons. The agarose hydrogel concentration is 0.7%.  Agarose is heated and 

stirred until it reaches 90 °C and becomes fully transparent. Once cooled to approximately 50 °C, 

10 μL of diluted fluorescent beads are added to the upper and central regions of the gel. The 

mixture is then refrigerated to allow solidification, forming a jelly-textured sample. To preserve 
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the sample, Parafilm is used to seal the edges of the container, which is then stored in a 

refrigerator at 7 °C (Figure 3-3). 

 

 

Figure 3-3. 3D Fluorescent Bead Sample Preparation. 

 

Mouse brain slice  

The Thy1-eGFP (Jackson Laboratory, #007788) mice were used as one of the samples to 

check the resolution performance. The mice were housed under a 12-hour light/12-hour dark 

cycle with food and water provided ad libitum. All experimental procedures were approved by 

the Institutional Animal Care and Use Committee of National Taiwan University (approval 

number: NTU110-EL-00023). The mice were placed in a chamber and exposed to 5% isoflurane 

via an anesthetic vaporizer for 5 minutes to euthanize them. After breathing had stopped, the 

mice were transcardially perfused with 30 ml phosphate-buffered saline followed by 30 ml 4% 

paraformaldehyde. When the perfusion was completed, the brain was dissected and postfixed in 

4% paraformaldehyde for 2 days at 4° C. A vibratome was used to cut the brain into 500 µm 

sagittal or coronal sections. The sections were immersed in RapiClear solution (SunJin Lab Co., 

Taiwan) overnight at room temperature. The clarified brain sections were mounted on a chamber 
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composed of a 0.5-mm plastic spacer and cover glass for imaging. (The mouse brain tissue 

sample was prepared by Dr. Jye-Chang Lee.) 

3.3. SCN Mouse preparation 

All surgeries were performed with a stereotaxic platform and Hamilton syringes 

controlled by a motorized micromanipulator to ensure precise virus injection and lens 

implantation into the SCN. Mice were anesthetized by isoflurane inhalation (5% vapor for 

induction and 1-1.5% vapor for maintenance). For in vivo imaging, the GRIN endoscopes (0.6 

mm in diameter and 7.4 mm in length, GRINTECH NEM-060-50-00920-S-1.5P) were implanted 

after 300 nL AAV9-GCaMP7f (Addgene #104488) injection. The injection and implantation 

trajectories for the GRIN endoscope were rolled 6° clockwise on the coronal plane. Injection 

needle tips and endoscopes were aimed at anterior-posterior (AP) -0.46 mm and medial-lateral 

(ML) -0.725 mm from the bregma, and DV -5.2 to -5.4 from the surface of the cerebral cortex. 

Endoscopes were protected by custom-designed head plates, and all materials were secured using 

dental cement and superbond. For TRAP2 mice in the behavioral tests, 150 nL of 

AAV9-hSyn-DIO161 rM3D(Gs)-mCherry or AAV9-hSyn-DIO-EGFP (Addgene #50458 and 

#50457) were bilaterally injected, aimed at AP -0.46 mm and ML ±0.2 mm from the bregma and 

DV 163 -5.76 from the surface of the cerebral cortex. (The SCN mouse brain tissue sample was 

prepared by Cheng-Han Wang.) 

3.4. Performance evaluation of the optical system 

To evaluate the performance of the optical system, we first calculate the theoretical 

values based on the parameters of the optical elements. We then measure the spot size to assess 

the practical resolution and DOF. 

41 doi:10.6342/NTU202504634



 

By measuring the spot size, we evaluate the resolution of our two-photon microscope. 

After calculating the theoretical spot size, we imaged 200 nm fluorophores, which are more than 

three times smaller than the theoretical resolution limit. As a result, the measured spot size 

closely matches the PSF. 

 

Theoretical value 

The theoretical two-photon focal volume corresponds to 

  𝐹𝑊𝐻𝑀 (𝑋, 𝑌) =
2 𝑙𝑛2×0.325× λ

2𝑁𝐴0.91        𝑁𝐴 > 0.7.

2 𝑙𝑛2×0.320× λ
2𝑁𝐴

       𝑁𝐴 < 0.7

​ ​ ​ ​ ​ ​ ​ ​ Eq. 3-1 

 ​  𝐹𝑊𝐻𝑀 (𝑍) = 0.532λ
2

× 1

𝑛− 𝑛2−𝑁𝐴2
 .

, where  and  are the full width at half maximum (FWHM) of the PSF 𝐹𝑊𝐻𝑀(𝑋, 𝑌) 𝐹𝑊𝐻𝑀(𝑍)

in the lateral and axial direction,  is the wavelength of the laser, NA is the effective numerical λ

aperture of the objective, and n is the refractive index of the sample. 

However, since the laser beam size does not fill the aperture of the objective, we consider the 

effective NA by measuring the laser beam size with a camera and calculating the effective NA  

by the following formula. 

FWHM (laser beam)  mm.  = 𝐷 = 6. 3

 𝑁𝐴 = 𝑛 × 𝑠𝑖𝑛θ.

​ ​ ​ ​ ​ ​ ​ Eq. 3-2 2 × 𝑠𝑖𝑛θ = 𝐷
𝑓 .

 𝑁𝐴
𝑒𝑓𝑓

= 𝑛 × 𝑠𝑖𝑛(𝐷/2𝑓) = 1 × 𝑠𝑖𝑛(6. 3/2 × 9. 0) = 0. 34.

, where  is a refractive index and is the focal length of an objective lens. 𝑛 𝑓 

Substituting the parameters of our two-photon microscopy system into Eq. 3-1,   
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nm. 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐹𝑊𝐻𝑀(𝑋, 𝑌) = 2 𝑙𝑛2×0. 320× 940
2(0.34)

 ≅ 1032 

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ Eq. 3-3 

nm. 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐹𝑊𝐻𝑀(𝑍) = 2 𝑙𝑛2 × 0.532*940
2

× 1

1− 12−(0.34)2
 ≅ 9711 

 

, where  nm, effective NA = 0.34 of the objective (Olympus, UPLFLN 20X, NA0.5), λ = 940

and  which is the same as gas for 2D samples. 𝑛 = 1

    ​  

 This measurement evaluates the resolution of two-photon microscopy by measuring the 

spot size using a theoretical model and 200 nm fluorophores, achieving a spot size close to the 

Point Spread Function (PSF). Fluorescent bead intensity profiles fitted with a Gaussian curve 

determined a lateral size of 1046.4 nm ± 78.3 nm and an axial size of 5972.4 nm ± 1156.2 nm, 

with minimal errors. DOF measurements for 10 µm fluorescent beads and mouse slices, 

correlated between slow and fast scan images, revealed variations with different Tunable 

Acoustic Gradient (TAG) lens amplitudes. DOF for 15% amplitude was about 10% smaller than 

expected, 25% amplitude was slightly larger, and 40% amplitude showed 11.4% smaller DOF for 

beads and 9.6% larger for mouse slices. Additionally, the GRIN lens produced a circular field of 

view, with axial spot size varying with depth. 
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Figure 3-4. The z-projection image of a sample of the 200 nm fluorophore.   

According to the sample preparation, the concentration of the hydrous solution is . Scale bar: 10 µm. 2%

 
By fitting the intensity profile of several Fluorescent beads with a Gaussian curve, we 

derive the measured FWHM. Table 3-1. shows the statistical result of the spatial resolution. The 

measured lateral size is 1046.4 nm  78.3 nm, and the error compared to the theoretical size is ±

1.4% while the measured axial size is 5972.4 nm  1156.2 nm, and the error compared to the ±

theoretical size is 2.4% (Table 3-2). 

Table 3-2. The statistical result of the lateral and axial FWHM of 2D 200 nm. 
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Analysis of  DOF corresponds to different amplitudes of TAG lens with an objective  

(Olympus, UPLFLN 20X, NA 0.5) 

To analyze the DOF of the system, the amplitude of the TAG lens is set to 15%, 25%, and 

40%. Two types of samples are used: 10 μm fluorescent beads (FLB) and a mouse brain slice. 

Both samples are scanned using low-speed and high-speed scanning modes. In the following 

figures (Figures 3-5, 3-6, and 3-7), the first image shows the correlation analysis between the 

low-speed and high-speed scans. Since the actual layer thickness is known from the low-speed 

scanning mode, the measured DOF is determined by identifying the layers in the high-speed scan 

that yield the highest correlation with the top and bottom layers from the low-speed scan. 

1.​ Theoretical DOF with TAG lens 188k, Amplitude = 15% , 

 

 𝑛 = 1. 33,     𝑓
𝑜𝑏𝑗

= 9. 0𝑚𝑚,     𝑀 = ( 40
60

200
50 ) = 8

3 ,    1
𝑓

𝑇𝐴𝐺
= δ = 3. 75.

 

          μm.                                                         = 1. 33 * 81. 0 * 3. 75 * 9/64 ≅ 56. 8

 

2.​ Theoretical DOF with TAG lens 188k, Amplitude = 25% 

 

 𝑛 = 1. 33,     𝑓
𝑜𝑏𝑗

= 9. 0𝑚𝑚,     𝑀 = ( 40
60

200
50 ) = 8

3 ,    1
𝑓

𝑇𝐴𝐺
= δ = 6. 25.

 

                  μm.                                                 = 1. 33 * 81. 0 * 6. 25 * 9/64 ≅ 94. 6

 
 

3.​ Theoretical DOF with TAG lens 188k, Amplitude = 40% 
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 𝑛 = 1. 33,     𝑓
𝑜𝑏𝑗

= 9. 0𝑚𝑚,     𝑀 = ( 40
60

200
50 ) = 8

3 ,    1
𝑓

𝑇𝐴𝐺
= δ = 10.

 

              μm.                                                   = 1. 33 * 81. 0 * 10 * 9/64 ≅ 151. 4

 
(A) 

          
 
(B) 

 
Figure 3-5. Measured DOF analysis with TAG amplitude set as 15%. 

(A) The measured DOF for the 10 μm fluorescent beads (FLB) is 50 μm. Compared to the theoretical value, this 

corresponds to a relative error of –11.9%. 

(B) The measured DOF for the mouse brain slice is 52 μm, with a relative error of –8.4%. 
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Figure 3-6. Measured DOF analysis with TAG amplitude set as 25%. 

(A) The measured DOF for the 10 μm fluorescent beads (FLB) is 98 μm. Compared to the theoretical value, this 

corresponds to a relative error of +3.5%. 

(B) The measured DOF for the mouse brain slice is 98 μm, with a relative error of +3.5%. 

 
(A) 
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Figure 3-7. Measured DOF analysis with TAG mplitude set as 40%. 

(A) The measured DOF for the 10 μm fluorescent beads (FLB) is 134 μm. Compared to the theoretical value, this 

corresponds to a relative error of -11.4%. 

(B) The measured DOF for the mouse brain slice is 166 μm, with a relative error of +9.6%. 

Examining the error values, we observe that the measured DOF of the TAG lens at 15% 

amplitude is approximately 10% smaller than the theoretical value for both samples. At 25% 

amplitude, the measured DOF is slightly larger than expected. At 40% amplitude, the measured 

DOF for the 10 μm FLB is 11.4% smaller than the theoretical value, while the measured DOF for 
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the mouse brain slice is 9.6% larger. These results (Table 3-3) indicate that the system’s DOF 

closely matches the theoretical predictions across different TAG lens amplitudes. 

 

 

Table 3-3. The measured DOF corresponds to different amplitudes of the TAG lens by high-speed and 

slow-speed scanning.  
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3.5. Image processing 

 Dark pattern calibration  

After deriving the high-speed scanning images, a dark pattern randomly appears (Figure 

3-8A). To fix this problem, we developed an image processing method to calibrate the dark 

pattern. This method relies on homemade Python programming. 

The algorithm is designed to detect the appearance of a dark pattern in the image series 

and then analyze its intensity. Accordingly, it recovers the intensity of the dark pattern to its 

original value. The details are as follows: there are three loops during the calibration process. In 

the first loop, the input data is denoised from high-speed imaging. The threshold is defined as a 

parameter, 0.8 times the average intensity of all pixels. 

Next, to detect the appearance of a dark pattern in the image series, the inspection is 

conducted line by line. If the average intensity of a line is smaller than the threshold, the 

intensity of that line is replaced by the average of nearby lines. Therefore, the output images are 

saved in Folder 1. 

In the second loop, the input data is from Folder 1, and the parameter is set to 0.9. The 

main process is the same as the previous loop. The output images are saved in Folder 2. 

Similarly, in the last loop, the input data is from Folder 2, and the parameter is set to 1. The 

output images are well-calibrated. 

By comparing the images before and after calibration, we selected one ROI to analyze its 

intensity. In the uncorrected image series, the ROI exhibits a drastic drop in intensity. However, 

after calibration, the intensity curve becomes smooth and consistent. This demonstrates that our 

homemade calibration program effectively corrects the dark pattern without compromising the 

true intensity values in the image (Figure 3-8B). 

50 doi:10.6342/NTU202504634



 

 

Figure 3-8. Dark pattern calibration and  ROI analysis. 

(A) Uncorrected and corrected images of a single layer at one time point. The dashed line indicates the dark pattern. 

The red circle marks a region of interest (ROI). Scale bar: 100 μm. 

(B) Intensity analysis within the ROI. (Top): Before correction. (Bottom): After correction. 
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Deconvolution algorithm with  3D 1 μm fluorescent beads (FLB) using an inserted GRIN 

lens 

​ After addressing the random appearance of dark patterns, the reconstructed images were 

substantially improved. However, distortion and aberrations introduced by the GRIN lens 

remained evident. To mitigate these effects, a dedicated deconvolution algorithm was developed 

by our collaborator, Risa Kitamura. To evaluate whether this algorithm is appropriate for 

correcting GRIN lens–induced aberrations, 3D image stacks of 1 μm FLB were acquired under 

two conditions: without GRIN lens insertion and with GRIN lens insertion.  

​ To evaluate the effectiveness of our deconvolution algorithm in correcting GRIN 

lens–induced aberrations, we imaged 1 μm fluorescent beads (FLB) embedded in a 

three-dimensional matrix. Figure 3-9A shows a representative raw image acquired at a depth of 

162 μm with an inserted GRIN lens. For comparison, two deconvolution methods were applied 

to the raw image. The theoretical PSF, obtained without the GRIN lens, is spatially invariant, 

whereas the experimental deconvolved image was reconstructed by applying the algorithm to the 

raw dataset, where the PSF is spatially variant. With the spatially variant PSF, the deconvolved 

image shows a more precise correction than the one produced by the traditional spatially 

invariant deconvolution method. Highlighted in Figure 3-9B, the raw images display 

characteristic aberrations, including lateral distortions (yellow arrows) and elongation of bead 

profiles (green arrows). Following deconvolution, bead morphology and symmetry were largely 

restored, indicating effective correction of optical artifacts. 

Quantitative analysis further confirmed these improvements. As shown in Figure 3-9C, 

lateral FWHM measurements along tangential and radial directions revealed strong anisotropy in 

the raw images, consistent with GRIN lens–induced aberrations. After deconvolution, isotropy 
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was restored, and line profiles illustrated reduced elongation of bead shapes. Similarly, axial 

resolution analysis (Figure 3-10D) demonstrated a marked reduction of aberration-induced 

broadening. Both depth-dependent and radial-dependent FWHM values showed significant 

improvements after deconvolution, yielding more uniform resolution across imaging depth and 

lateral positions. Together, these results validate the capability of the algorithm to correct GRIN 

lens–induced aberrations and enable accurate three-dimensional imaging in deep-brain 

applications. 
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Figure 3-9. Correction of GRIN lens induced aberrations using a deconvolution algorithm.  

(A) Representative raw image of 1 μm fluorescent beads (FLB) acquired at 162 μm depth with an inserted GRIN 

lens. For reference, the theoretical point spread function (PSF) was obtained without the GRIN lens, while the 

experimental deconvolved image was generated by applying the deconvolution algorithm to the raw dataset. Scale 
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bar: 50 μm. (B) Enlarged views of bead images showing characteristic aberrationsin the raw data, including lateral 

distortion (yellow arrows) and elongation (green arrows). Application of the deconvolution algorithm recovers bead 

morphology and symmetry. (C) Lateral FWHM along tangential and radial directions. Raw images exhibit 

anisotropy introduced by the GRIN lens, while deconvolution restores isotropy. Line profiles further illustrate the 

reduction of elongation. (D) Axial FWHM analysis as a function of imaging depth (left) and radial distance (right), 

comparing raw and deconvolved conditions. Deconvolution significantly reduces aberration-induced broadening, 

yielding more uniform resolution across depth and lateral positions. 
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Chapter 4 Results and Discussion 

Based on the foundation laid in Chapter 3 regarding the optical system setup, we now 

examine the evidence that demonstrates the system's performance. In this chapter, we focus on 

applying our techniques to capture neural dynamics in the SCN, located 6 mm deep in the mouse 

brain. Our goal is to observe how neural signals are transmitted under different light-induced 

phases and examine the impact on the three-dimensional neuronal population activity in vivo.  

4.1. SCN structure in an in vivo mouse  

Before conducting the experiments, we examined the structure of SCN in an alive mouse 

using a two-photon endoscopy system. Using a laser wavelength of 920 nm, cells expressing the 

calcium indicator GCaMP8s were imaged through low-speed scanning, with the translation stage 

advanced in 5 μm intervals. A 5-second average projection image was generated to visualize the 

fine structure of this deep brain region. Each frame was acquired with a pixel dwell time of 

1.7 μs. 

Approximately 120 cells were observed within the SCN volume, with an imaging area of 

1000 × 1000 × 285 μm³. By gradually moving the objective toward the GRIN lens, we captured 

images from the lens surface down to its bottom. At the surface, the image revealed a circular 

field of view surrounded by numerous dental cement bridges, which were used to secure the 

GRIN lens to the mouse skull. At the bottom of the GRIN lens, signal intensity was minimal. In 

the middle portion of the volume, two distinct types of signals were detected: green fluorescence 

from GCaMP8s-expressing cells and red fluorescence from tdTomato-expressing cells. 
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Because tdTomato was expressed specifically in VIP (vasoactive intestinal peptide) 

neurons, which are localized exclusively within the SCN, we confirmed that the imaged region 

corresponded precisely to our target area (Figure 4-1). 

 

Figure 4-1. Average projections of in vivo SCN structure via GRIN lens imaging.  

Five-second average projection images of in vivo SCN cells labeled with GCaMP8s (green) and tdTomato (red), 

simultaneously acquired using a two-photon microscope.Left: Image at the surface of the GRIN lens. Middle: Image 

focused on the SCN region. Right: Image at the bottom of the GRIN lens. Scale bar: 100 μm.   

4.2. High-speed volumetric image of SCN neural activity in an in vivo mouse  

To study the functional activity of the deep brain region, SCN, we derived the volumetric 

image using a high-speed scanning system. Given that intrinsically photosensitive retinal 

ganglion cells (ipRGCs) are crucial for conveying light information to the SCN, which controls 

the circadian rhythm, the experiment is set to a specific zeitgeber time (ZT). To stimulate retinal 

photosensitive cells, a 488 nm LED light is diffused onto a 10 x 26 mm screen in front of the 

eyes of mice. The average power of light on the screen was 1.76 . For the experimental µ𝑊/𝑚𝑚2

design, each trial consists of a 90-second recording using a 940 nm wavelength laser to stimulate 

SCN cells in an alive mouse. The trial begins with a 30-second dark phase, during which no light 
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is applied to simulate a dark environment. This is followed by a 60-second phase in which an 

LED light is exposed to the mouse’s eyes. During this phase, we expect certain cells to exhibit a 

functional response. Afterward, both the laser and LED light are turned off to allow the mouse to 

rest and avoid interference with subsequent trials (Figure 4-2). 

 

 

Figure 4-2. Schematic of the experimental design. 

Each trial begins with a 30-second dark phase (Dark), followed by blue LED illumination from t = 30 s to t = 90 s 

(LED on). Afterward, the mouse enters a 300-second resting period (Rest). 

Figure 4-3 presents in vivo images of the SCN at different depths. The left portion of the 

figure highlights the structural layers of the SCN, acquired through low-speed scanning during 

initial imaging (Figure 4-3A). With this low-speed mode, individual cells are clearly resolved 

within a single frame. Once the structure was confirmed, the stage was fixed at the middle layer 

of the volume for subsequent high-speed functional imaging. 

High-speed scanning was performed using a tunable acoustic gradient (TAG) lens, which 

dynamically shifts the focal plane along the z-axis at its resonant frequency of 188 kHz, enabling 

an ultra-fast voxel dwell time of 0.02 μs. The volume acquisition rate depended on the lateral 

pixel resolution, allowing for flexible image capture that integrates both structural and functional 
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information. In our setup, the TAG lens was driven at 15% amplitude, corresponding to an 

optical power of approximately 3.75 diopters. This setting extended the depth of field to around 

56 μm. However, under high-speed scanning, structural details could no longer be discerned from 

a single frame due to the rapid acquisition. 

Instead, high-speed imaging generated a cascade of overlapping layers and frames during 

each experimental trial. Owing to the fast axial scanning, neighboring frames showed high 

similarity (Figure 4-3B). The average time projection (0–6 s) was generated from the first 6 

seconds of each trial, while the average time projection (6–12 s) was generated from the 

subsequent 6 seconds. By comparing these two projections, we observed that signal locations 

remained consistent, while noise appeared randomly distributed. These spatial and temporal 

redundancies allowed us to apply a TAG-SPARK 2.0 model for denoising, preserving both 

spatial detail and temporal dynamics. Additionally, a deconvolution algorithm was used to 

correct aberrations introduced by the GRIN lens. 
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Figure 4-3. Adjacent frames of the image of the in vivo SCN at different depths. 

(A) Representative single-frame image at a specific depth acquired via low-speed scanning. (B) Single-frame image, 

average time projection (0–6 s), and average time projection (6–12 s) at the same depth obtained using high-speed 

axial scanning. 

4.3. Evaluation and comparison of functional images pre- and post-processing 

In Chapter 3, we mentioned that there are two methods used in post-processing. The first 

method involves denoising the raw image using a deep learning model, while the second method 

corrects aberrations using a deconvolution algorithm. To evaluate the denoising performance of 

the TAG-SPARK 2.0 model, we compared the raw and denoised images shown in Figure 4-4A. 
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By selecting a region of interest (ROI), the calcium signal responses over time are presented in 

Figure 4-4B.  

 

Figure 4-4. Improved signal clarity in SCN calcium imaging via TAG-SPARK 2.0 model denoising. 

(A) In vivo calcium imaging of SCN neurons at different depths, shown as single-frame snapshots. Left: Raw 

images acquired using high-speed scanning. Right: Denoised images obtained by applying the TAG-SPARK 2.0 

model to high-speed data. Scale bars: 100 μm. (B) Calcium traces from SCN neurons located at different depths 

were recorded over a 90-second period. 

 

The raw trace shows a slight increase in signal intensity from t = 30 s to t = 90 s, but it 

contains a significant amount of noise, which makes the trace appear rigid. After applying the 

dark pattern correction and our TAG-SPARK 2.0-based denoising method, the denoised trace 
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displays a much clearer trend during the same time period. These results indicate that the 

TAG-SPARK 2.0 model successfully reduces noise while preserving both the signal peaks and 

overall dynamics. 

 

Figure 4-5. Cell shape calibration in SCN calcium imaging via a deconvolution algorithm.  

(A) In vivo calcium imaging of SCN neurons at different depths. Left: Average projection of 1000 time 

points from raw high-speed scanning images. Middle: Denoised images generated by applying the TAG-SPARK 2.0 

model to individual frames of high-speed data. Right: Denoised and aberration-corrected images obtained by 

applying the TAG-SPARK 2.0 model followed by deconvolution. Scale bars: 50 μm. (B) Quantification of cell size 

at different depths. Yellow curve: Average of 1000 time points from raw images. Blue curve: Denoised images. Pink 

curve: Denoised images with aberration correction.  

 

The image quality is significantly enhanced by the denoising model. However, the cells 

appear distorted due to intrinsic aberrations introduced by the GRIN lens. Fortunately, our 

deconvolution algorithm corrects both the shape and size of the cells (Figure 4-5A). Compared 
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to the average projection of 1000 time points from raw high-speed scanning images, the 

post-processed images after denoising and aberration correction show cells that closely 

approximate the theoretical size. The FWHM of the denoised image is about 18 μm, whereas the 

FWHM of the two post-processed images is approximately 12 μm (Figure 4-5B). 

To ensure that the post-processing methods do not introduce any artifacts, we perform 

correlation analysis to compare the pre- and post-processed images. Moreover, peak 

signal-to-noise ratio (PSNR) analysis is used to evaluate image quality and demonstrate the 

effects of noise reduction. 

During the correlation analysis, the correlation between denoised images from each frame 

and layer and a 1000-time-point moving average is over 0.8. After the aberration correction, the 

correlation increases to approximately 0.9. That is, combining both post-processing methods, we 

derive the images from high-speed scanning that have a high similarity with those from 

low-speed scanning. According to the PSNR analysis, the PSNR of TAG-SPARK 2.0 denoised 

images increases from 19 dB to 21.5 dB. To convert a change in PSNR (Peak Signal-to-Noise 

Ratio) from 19 dB to 21.5 dB into a percentage improvement in signal quality, you can use the 

fact that PSNR is a logarithmic measure of the ratio between signal power and noise power. 

The formula for PSNR is 

​ ​ ​ ​ ​                                                  

​ ​ ​ ​ ​ ​ Eq. 4-1 

, where MAX is the maximum possible pixel value and MSE is the mean squared error. 

​ ​ Eq. 4-2 
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This means MSE decreased by approximately 43.8% since 1 − 0.562 ≈ 0.438. Therefore, the 

signal quality improved by about 43.8%, in terms of reduced noise/error. After the aberration 

correction, it increases 1 dB in PSNR, corresponding to a ~20.6% reduction in noise (Figure 

4-6). 

 

Figure 4-6. Correlation and PSNR analysis with three kinds of datasets.  

Yellow dots: Average of 1000 time points from raw images. Blue dots: Denoised images. Pink dots: Denoised 

images with aberration correction. 
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Chapter 5 Conclusion and Outlooks 

Although previous studies have explored circadian rhythms using brain slices or 

two-dimensional in vivo recordings, these approaches are limited in their ability to reveal 

dynamic biological processes occurring deep within the brain. Our system addresses this 

challenge by enabling real-time, three-dimensional imaging of neuronal population in the SCN in 

vivo (Figure 5-1). 

 

Figure 5-1. Three-dimensional SCN reconstruction obtained by high-speed scanning endoscopy and image 

post-processing. Image size: 500 × 500 × 56 μm³.  

 

To enhance the quality and interpretability of the captured images, we implemented two 

post-processing methods: deep learning-based denoising and deconvolution-based aberration 

correction. The TAG-SPARK 2.0 denoising model significantly reduced noise while preserving 

signal fidelity, as confirmed by clearer calcium dynamics and a ~43.8% reduction in mean 

squared error (MSE). Additionally, the deconvolution algorithm corrected shape distortions 
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introduced by the GRIN lens, resulting in cellular structures that more closely matched 

theoretical expectations. Post-processed images showed a full width at half maximum (FWHM) 

of 10 – 15 μm and a 1 dB increase in PSNR, corresponding to a ~20.6% noise reduction. 

 

 

Figure 5-2. Maximum FOV of the three-dimensional sample obtained by high-speed scanning endoscopy. 

(A)Three dimensional reconstruction of a standard sample 10 μm FLB. (B) Three dimensional reconstruction of 

SCN. (C) Depth-projection image of SCN. Image size: 500 × 500 × 152 μm³. Scale bar:100 μm. Dashed curve: FOV 

of the GRIN lens 

Together, these results demonstrate that the proposed post-processing pipeline not only 

improves the overall image quality but also enhances the reliability of functional interpretations. 

Using a standard sample of 10 μm FLB, the maximum FOV for 3D imaging is measured to be 

500 × 500 × 152 μm³ (Figure 5-2A). This figure clearly illustrates the spatial distribution of the 

FLB population in three dimensions. 
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To further explore the structural complexities of the SCN, the maximum in vivo FOV was 

obtained using our high-speed volumetric imaging system (Figure 5-2B). The axial resolution in 

the in vivo condition; however, is less well-defined compared to that of the standard sample. This 

observation might suggest mechanical instability caused by the insertion of the GRIN lens into 

the living mouse brain. Despite these limitations, the developed imaging system successfully 

captures multiple neurons within the maximum FOV (Figure 5-2C), demonstrating its capability 

for functional in vivo neuroimaging. The integrated imaging and analysis framework thus 

provides a powerful platform for uncovering the neural mechanisms underlying circadian 

rhythms and paves the way for future investigations of deep brain circuits in vivo.  

In the context of the SCN, this approach can be leveraged to probe the complexity of 

neural networks across distinct circadian phases, as well as assess their responses to varying light 

exposure intensities. Such applications highlight the potential of the system to advance our 

understanding of how environmental cues shape circadian regulation at the network level. 
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