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ABSTRACT 

Development of Image Mapping Spectrometer (IMS) for hyperspectral microscopy 

by 

Liang Gao 

A snapshot hyperspectral imaging device - Image Mapping Spectrometer (IMS) -

has been developed for hyperspectral microscopy. The IMS replaces the camera in a 

digital imaging system, allowing one to add high speed snapshot spectrum acquisition 

capability to a variety of imaging modalities, e.g. microscopy, endoscopy, macroscopic 

imaging, to maximize the collection speed. 

The IMS described in this thesis is a parallel acquisition instrument that captures 

a hyperspectral datacube without scanning. It also allows "full" light throughput 

across the whole spectral collection range due to its snapshot operating format. 

The developments of three generations of the IMS (low sampling prototype, high 

sampling IMS, ruggcdizcd IMS)have been reported in this thesis. Two illumination 

methods (fUterless full-spectrum and structured illumination) are also developed for 

the IMS to achieve specific imaging aims. To show the application of the IMS in real

time hyperspectral imaging of live cells, the Calcium and a FRET-bascd biosensor 

are monitored simultaneously in /?-ccll dynamics. The imaging results demonstrate 

that the IMS has become an important spectral imaging modality in the biological 

imaging applications. 
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Chapter 1 

Motivation and Concept 

1.1 Motivation 

1 1 1 Objectives and specific aims 

The overall goal of this research is to develop a real-time fluorescence spectral imaging system 

for simultaneous high-resolution sub-cellular microscopy of multiple fluorescence probes in 

living cells The specific aims of this project are 

Specific Aim 1 Construct the Image Mapping Spectrometer (IMS) with a wavelength range of 

450 to 650 nm 

Specific Aim 2 Test the Image Mappmg Spectrometer against currently available spectral 

imagmg systems m live cell imaging applications 

112 Overview 

The dissertation descnbes the development of a snapshot hyperspectral imaging device - Image 

Mappmg Spectrometer (IMS) for biological fluorescence microscopy The dissertation is 

organized as follows 

Chapter 1: Motivation and concepts. This chapter first describes the motivation of the research 

and specific aims of the dissertation Then it discusses the image mappmg concept - the 

fundamental operation principle of the IMS 

Chapter 2 - 4 describe the progress on consecutive IMS implementations 

Chapter 2: Development of low-sampling IMS prototype. In this chapter, a proof-of-concept 

low-samplmg IMS prototype is descnbed It has realized 100 x 100 x 50 samphng m the 3D 
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datacube (x, y, X), corresponding to 0.45 um spatial and 5.6 nm spectral resolution respectively 

when a 40 x M A . = 0.75 objective is used on the microscope. The spectral imaging performance 

of IMS prototype is demonstrated in a fluorescent bead imaging experiment. 

Chapter 3: Development of high-sampling IMS system. In this chapter, An IMS with high 

sampling density is presented, measuring a datacube of dimensions 285 x 285 x 60 (x, y, X). The 

spatial resolution is ~ 0.45 um with a FOV of 100 x 100 um . The measured spectrum is from 

450 nm to 650 nm and is sampled by 60 spectral channels with average sampling interval ~3.3 

nm. The spectral imaging performance of high-sampling IMS is demonstrated in a multi-color 

fluorescent cellular imaging experiment. 

Chapter 4: Design of the image mapper for the ruggedized IMS. In this chapter, the 

ruggedization of the IMS is described. An important issue - compound angle effects - on the 

image mapper design and its correction approach are discussed. 

Chapters 1-4 present the work that related specific Aim 1 of my research. Partial of the contents 

have been published in Optics Express 17 (15), 12293-12308 (2009), Optics Express 18 (14), 

14330-14344 (2010), and Appl Optics 49 (10), 1886-1899 (2010). 

Chapter 5: Development of filter-less illumination system for the full-spectrum IMS. In this 

chapter, a novel filter-less full-spectrum IMS is presented, which allows multiple fluorophores to 

be excited and imaged simultaneously without compromise. The illumination scheme employs 

polarization, spatial coherence filtering and datacube filtering to replace the role of traditional 

filters. The performance of full-spectrum IMS is demonstrated in the multi-color fluorescent 

bead and bovine cell fluorescent imaging experiment. A theoretical simulation shows that an 

average 2-6 times signal improvements can be achieved if filter-based imaging is replaced with 

full-spectrum imaging in a multiplexed cell immunofluorescence imaging experiment. 
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Chapter 6: Development of structured illumination for the 4-D IMS. In this chapter, the 

structured illumination is implemented wim the IMS to acquire a 4-D datacube (x, y, z, X) of 

biological samples. Quantitative comparisons between the IMS and a typical hyperspectral 

confocal microscope (HCM) (Zeiss Meta 510) and a liquid-crystal-tunable-filter (LCTF)-based 

hyperspectral imager (CRT) are carried out in a standard fluorescent bead imaging experiment. 

Experimental results show that the signal acquired by the IMS is ~ 428 times higher than that can 

be acquired by the HCM, ~ 74.89 times higher than mat can be acquired by the LCTF-based 

hyperspectral imager at the same frame rate. 

Chapter 7: Real-time Hyperspectral imaging of (t-cell dynamics. In this chapter, for the first 

time, the IMS is utilized in the real-time hyperspectral imaging of live cells. The Calcium and 

FRET-based SCAT3.111 biosensor are successfully simultaneously monitored by the IMS in the 

(5-cell dynamics. 

Chapters 5 - 7 present the work that completes Specific Aim 2 of my research. Partial of the 

contents are in the preparation of publication. 

Chapter 8: Conclusions and Future Work. 

1.1.3 Background 

Fluorescence imaging is an indispensable tool for biological studies, especially in 

cellular research. Through the staining of cells with various fluorophores and imaging 

under a microscope, a large volume of color-coded processes can be quantitatively 

characterized, from chromosome dynamics [1] to gene expression [2]. The development 

of fluorescent probes has greatly improved cellular research by bringing high quantum 

yield fluorescent dyes and multiplexed staining methods into the field [3]. This has 

enabled researchers to investigate several organelles and their interactions in the same 
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field of view (FOV) and at the same time with high contrast. As more and more 

fluorophores are developed in the visible light band, a central problem for multi-staining 

methods to solve is how to discriminate fluorescent probes with spectral peaks very close 

to each other. So in addition to the traditional requirements on spatial resolution, high 

spectral resolution is also necessary for imaging devices which target fluorescent imaging 

applications. 

Hyperspectral microscopy (HM) is an emerging field based on hyperspectral or 

multispectral imaging concepts, which often borrow from remote sensing techniques [4] 

[5]. Because of its high spectral resolution (less than lOnm), HM has found many 

applications in spectral imaging of living cells [6-9]. HM has also been used to 

discriminate the contributions of autofluorescence from exogenous fluorescent signals 

present in the sample [10]. Compared to only 3 spectral bands that can be obtained by 

the traditional RGB color cameras or multi-filter imaging, HM has the capability to 

capture the whole fluorescent spectrum within its 2D FOV, and build a 3D datacube (x, y, 

X) for multivariate data analysis. Such data can provide accurate information about 

fluorescent probe distributions and their relative concentration over the whole specimen. 

On the other hand, HM with high temporal resolution is gaining more importance in 

biological microscopy. This is because it can be used to capture transient scenes, which 

is often a critical requirement in cellular dynamics research. Unfortunately, most 

currently available HMs need scanning which limits their temporal resolution. In 

confocal fluorescence microscopy, the scanning mechanism of HMs must trade-off 

between image signal-to-noise (S/N) ratio and photobleaching and photodamage. For 

example, in two-photon excitation hyperspectral confocal microscopy, the log-log plot of 
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fluorescence emission versus excitation power increases with a slope of ~2, while the 

photobleaching rate increases with a slope ^ 3 [11]. This means that the acquisition of 

high-contrast images commonly accompanies strong photo-bleaching, which is of 

particular concern in prolonged imaging experiments. In addition, since the photodamage 

has significant nonlinear dependence on the intensity of illumination light [12], the HM is 

not an ideal solution for live cell imaging. Another problematic issue of scanning HMs is 

their low temporal resolution. For example to acquire a datacube of size 512 x 512 x 34 

(x, y, A), the available scanning rates that the state-of-art hyperspectral confocal 

microscopes can provide are 5 frames/second [13], however to capture high dynamic 

range images much slower scanning speeds may often be required. On the other hand, 

although AOTF- or LCTF- based spectral imagers can switch wavelengths very fast 

(<100 microseconds for AOTF [14], 50 ms for LCTF in the visible light range [15]), their 

intrinsic light throughputs are low (30% for AOTF in the visible light range [14]; 50% for 

LCTF in the red and NIR region, but -15% in the blue light range [15]). In addition, 

wavelength-filtered scanning spectral imagers lose a factor of n in throughput when 

measuring n spectral channels. Although tunable filters attempt to shorten the total 

capture time by selectively acquiring spectral bands, or altering each channel's exposure 

time as a function of wavelength so that time can be saved in bright channels, the low-

throughput and sequential acquisition mode are intrinsic barriers that cannot be easily 

overcome, especially in multi-fluorophore imaging which can require at least 30 spectral 

channels to be captured [16]. In addition to the above HFM approaches, other scanning 

techniques include Fourier-transform imaging spectrometers [17] (scanning in phase 

space) and fiber Fabry-Perot arrays [18] (scanning in frequency). The scanning 
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mechanism of these HMs still decreases their temporal resolution and limits their 

potential use in real-time imaging. HMs with low temporal resolution are also not 

suitable for time-sensitive imaging experiments, such as the observation of fast-diffusing 

molecules [19] or the determination of temporally-resolved dynamic biological processes 

[20]. To fully utilize the potential information yielded by fluorescent probes in HM, 

snapshot techniques are needed. 

Currently, many snapshot techniques have been developed for hyperspectral imaging, 

such as aperture splitting [21], field splitting (by fibers [22] or lenslet arrays [23]), 

Computed Tomography Imaging Spectrometry (CTIS) [24], Coded Aperture Snapshot 

Spectral Imaging (CASSI) [25, 26] and Image-Replicating Imaging Spectrometer (IRIS) 

[27]. Among these, CTIS, CASSI and IRIS are particularly interesting due to their higher 

throughput and compact size which are both critical features for fluorescence microscopy. 

CTIS has already been demonstrated in fluorescence microscopy [24] and CASSI has just 

recently been used in real-time spectral imaging for remote sensing applications [26]. 

CTIS utilizes a computer-generated-hologram (CGH) to map multiple projections of the 

3D data tube (x, y, X) onto a 2D detector array. After being processed by linear algebra 

reconstruction methods, spectra from every spatial position within the CGH's two-

dimensional FOV is collected. Although CTIS can provide spectral imaging of fast 

moving and/or low-light objects it suffers from many problems, including massive 

computational requirements and the missing cone effect. CASSI draws on the ideas of 

compressed sensing. The spatial modulation is brought in by a coded aperture, and is 

later transformed to spatial and spectral modulation in the undoing process. Then a 

multiscale reconstruction algorithm is employed to extract the spatial and spectral 
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information from the mask-modulated intensity graph. However, this technique requires 

the object to be sparse in the gradient domain. The IRIS is a compact spectral imaging 

device based on the generalization of the Lyot filter. It offers promise for real-time 

applications because image acquisition is direct without the need for complicated post

processing. However, the linear polarization requirement on its input light makes IRIS 

less applicable to those low-light level imaging applications whose emission signals 

exhibit a large degree of polarization anisotropy [28]. In those cases, the theoretical 

maximum throughput that IRIS can reach is only 50%. In addition, the number of spectral 

channels that IRIS has demonstrated so far is 8. Acquiring a large number of spectral 

channels (such as in hyperspectral imaging) may present difficulties for the IRIS 

technique, such as blurring due to prism dispersion and the high cost and lack of 

availability of large Wollaston prisms. Beside these three, current aperture splitting and 

field splitting techniques also have defects. Aperture splitting is not light efficient, while 

field splitting by fibers or lenslet arrays is limited by size of their spatial sampling 

components. 

In this thesis, a novel snapshot HFM device is presented - the Image Mapping 

Spectrometer (IMS). It can acquire the whole spectral information within its FOV via a 

single integration of an array detector. By directly imaging the remapped and dispersed 

image zones onto a CCD detector, the IMS system overcomes the CTIS and CASSI's 

problems of computational reconstruction and resolution loss. The IMS acquires data 

directly with minimal post processing to build a 3D datacube. 

1.2 Image mapping concept - the operation principle of the IMS 
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The operating principle of the IMS system is shown m Fig 11 An acinus cell image 

formed at the side port of a microscope is first reimaged onto the image mapper - a 

custom made redirecting mirror The image mapper is composed of many long strip 

mirror facets which reorganize the image to provide optically void regions on a large 

format CCD image sensor The mirror facets of the image mapper have tilt angles that 

reflect the remapped image zones mto different directions In Fig 1 1 the image mapper 

is shown as a simplified 3D model which has only 8 mirror facets, tilted in the two-

dimensional direction (ah Pj) (l, j=l, 2) However, the real image mapper used in the 

system has much more mirror facets and tilt angles Subsequently, a prism disperses the 

remapped image zones mto their neighbonng void regions The remapped and dispersed 

image can be acquired in a single integration event on the CCD camera This mapping 

method establishes a one-to-one correspondence between each voxel in the datacube (x, y, 

X) and pixel on the CCD camera Therefore it is possible to directly measure the 

distribution of light intensities in the object The position-encoded pattern on the CCD 

camera contains the spatial and spectral information within the microscopic image, both 

of which can thus be obtained simultaneously No reconstruction algorithm is required 

since the image data contains direct irradiance from the object Simple image remapping 

is sufficient for image and data display 
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Fig. 1.1 The operating principle of the IMS system 

The dimensions of the data cube obtained in the IMS depend on the size of the CCD 

image sensor. This means that the total number of voxels cannot exceed the total number 

of pixels on the CCD camera. Therefore for a given camera, one can always increase the 

spatial sampling at the expense of spectral sampling, and vice-versa. For example, by 

using a 1024x1024 pixel camera, a datacube (x, y, X) can be built either in the 

256x256x16 format, or 512x512x4 (the first two numbers describe spatial sampling, and 

the third one is the spectral sampling). To realize higher spatial and spectral sampling 

simultaneously, a large format CCD camera should be selected. The largest scientific 

grade CCD camera currently available is 16 Megapixels which limits the IMS to a 

datacube maximum of 500x500x64. Consumer grade cameras have recently reached 25 

megapixel resolutions which further extend the possible resolution of the IMS in the 

future. 
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Chapter 2 

Development of low-sampling IMS prototype 

In this chapter, a proof-of-concept low-sampling IMS prototype is developed for 

microscopic applications. It has realized 100 x 100 x 50 sampling in the 3D datacube (x, 

y, X), corresponding to 0.45 um spatial and 5.6 nm spectral resolution respectively when 

a 40 x /N.A. = 0.75 objective is used on the microscope. The FOV, spectral range, spatial 

and spectral resolution can be easily tuned to cater to the specific needs of biological 

imaging. 

2.1 System setup 

The presented IMS prototype is coupled to a Zeiss AX 10 inverted microscope as the fore 

optics. A photograph of the prototype system is shown Fig. 2.1 (a), and the schematic 

layout is presented in Fig. 2.1 (b). Specimens are placed on the microscope stage and 

illuminated by a 120W X-cite arc lamp. The fluorescent signal is collected by a Zeiss EC 

Plan-Neofluar 40 x /N.A. = 0.75 objective. The intermediate image is formed outside of 

the microscope side image port, co-located at the field stop of the IMS system. The 

intermediate image at the field stop is first re-imaged by a 10 x magnification image relay 

system (telecentric both in object and image space) onto a custom-fabricated image 

mapper. One role of this image relay system is to preserve the image resolution by 

matching the size of image PSF with that mirror facet. The other is to guarantee the strict 

telecentricity at the side of image sheer, which is the requirement of correct guidance of 

chief rays. The image mapper is a one-dimensional mirror array that has 25 different two-
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dimensional tilt angles (0°, ± 0.23°, ± 0.46° with respect to both x and y-axes) and can 

reflect zones of sliced image into 25 different directions. The total number of mirror 

facets on the image mapper is 100, and each one has dimensions of 16mm x 160um in 

length and width respectively (see Table. 1.1). In Fig. 2.1(b), only tilt angles with respect 

to the y-axis are shown, the redirected light is gathered by the collecting lens (130mm 

Zeiss Tube lens, N.A. = 0.033, FOV = 25mm), and forms 25 separate pupils at the pupil 

plane. A 5.56 x beam expander (Edmund Optics Gold series telecentric lenses 58258, 

FOV = 8mm) adjusts the pupil dimensions to match those of the re-imaging lens array 

optics. The magnified pupils are dispersed by a custom prism (material: SF4, 10° wedge 

angle, made by Towel optics) and then re-imaged onto a large format CCD camera 

(Apogee U16M, 4096 x 4096 pixels, 9 microns pixel size, RMS noise: 10.5 e-, Dark 

current: 0.13 e-/pixel.s) by a 5x5 array of reimaging systems. Each re-imaging lens is 

composed of a 60mm F.L. positive achromatic doublet (Edmund Optics 47698, dia = 

6.25mm) and a -12.5mm F.L. negative achromatic doublet (Edmund Optics 45420, dia = 

6.25mm) to form a long focal length lens (F.L. = 350mm). Note that the IMS prototype 

presented here does not use the full CCD resolution. However this large image sensor 

will allow us to greatly improve the system resolution in high-sampling system 

development (See Chapter 3). 



3 

10v leliuniint Image Rciav 

Field Stop 

Microscope Switchable 

Dual Ports 

Image Plane CCD Camera 

Prism 

Reunagi% l^me* Air^y 

0 4b° till angle slicing component 

0 2 i a tilt angle slicing component -

0" lilt angle slicing component 

0 23° tilt angle slicing component 

-0 46 ' till angle slicing component • 

(b) 

Fig. 2.1 IMS system setup. Fig. (a) is a photograph of the system A switchable dual-port 

image relay is mounted on the microscope side port One port is connected to the IMS 

system. The other can be used as a direct imaging port to provide a standard image or 

reference spectrum. Fig. (b) is the schematic layout Light rays reflected from different 
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tilted slicing components are labeled with different colors Note that only tilts with 

respect to the y-axis are shown in the Fig 

2.2 Design, fabrication and characterization of image mapper 

2 2 7 Principle of a grouped 2D mapping design 

The image mapper is the most critical component in the IMS system It plays the role of 

remappmg the field and redirecting the image zones into different pupils The image 

mapper is comprised of multiple mirror facets The number of mirror facets (M), the 

length of the mirror facets in relation to the image PSF (N) (Note The prototype is optics 

limited for the spatial resolution in this direction), and the number of tilt angles (L), 

determine the size NxMx2L of the 3D (x, y, X) datacube Note that N is the total number 

of spatial data points in the x-dnnension, M is the total number of spatial data points in 

the y-dimension, and 2L is the total number of spectral sampling points (X) (each mirror 

facet image is sampled by two camera's pixels) In order to obtam the required void 

regions in the undispersed image, the mapper is composed of repeating blocks of mirror 

facets with L tilt angles as shown in Fig 2 2 (a) For our prototype system, there are 25 

total tilt angles (I e 25 spectral bands) labeled in red with an accompanying arrow to 

indicate the direction of tilt Each mirror facet withm the block re-directs a part of the 

image within that block to a unique location m the pupil (Fig 2 1 (b)) also labeled with 

the same red number as its corresponding tilt angle The block is then repeated down the 

length of the mapper until all N mirror facets in the x direction have been obtamed In 

this manner, each pupil only sees every L^ line of the image corresponding to the same 
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tilt angle (in both x and y directions). For our prototype system of 100x100x50, each lens 

in the re-imaging array only sees a total of 4 image lines from the original image. 

As the system is telecentric at the mapper's image side, the chief rays reflected by a 

specific mirror facet in each block have the same reflection angle. After passing the 

collecting lens, the light associated with these chief rays will enter the same pupil 

corresponding to a specific block. In this way, the reflected light from an entire mapper 

block gets separated into different pupils. Each reimaging lens is then dedicated to only 

one tilt direction and reimages all associated image lines. The image is thus efficiently 

re-distributed for spectral separation without losing any light. Note that this is an 

important improvement over previous astronomical image mappers which reimaged 

every image line separately, instead of in a common pupil location which simplifies the 

design and makes it more compact for high resolution microscopy applications. Using 

this approach the spatial and spectral resolution must be balanced for both the N.A. and 

FOV of the collecting lens (i.e. etendue). For the square pupil configuration, (L/2)1/2 

NAmapperS N.A.collect where N.A.coikct is the N.A. of the collecting lens and NAmapper is the 

N.A. exiting the image mapper. The N.A.couect limits the spectral resolution of the system 

while the FOV determines the spatial resolution of the system (i.e. # of mirror facets in 

the FOV). 
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Fig. 2.2. Pupil selection principle. Fig. (a) shows one of the image mapper's repeating 

blocks, and Fig. (b) shows the corresponding pupil plane. In (a) the arrow in each mirror 

facet represents the tilt direction (there is no arrow on mirror facet 13 because it has no 

tilt) and the sequential number represents the mirror facet index. Light reflected from 

each mirror facet in this block will enter the corresponding pupil in (b). The dimensions 

of mirror facets in the Fig. are scaled to show their features. In the prototype, the mirror 

facet is 16mm in length (Y direction), and 160um in width (X direction). 

2.2.2 Fabrication of image mapper 

The image mapper can be fabricated with several technologies, such as raster flycutting, 

micro-milling, or lithography [29, 30]. For this prototype, the image mapper was made 

by raster flycutting on a Nanotech U250 Ultra-Precision Lathe (UPL), which can be later 

reproduced with molding for mass production. The Nanotech U250 UPL is a 4 axes (X, 

Y, Z and C) lathe which allows diamond turning, micro-milling and raster flycutting at 

high sub-micron precision and 1-10 nanometer scale roughness. The image mapper 

substrate used for the IMS prototype is made of high purity aluminum. The substrate was 

placed on a manual goniometer (Newport GON40-U, 0.0022° sensitivity) which was 

fixed to the base of Y axis of the UPL. A custom diamond flycutting tool made by 



7 

Chardon Inc., (160um tip width, 20.03° included angle) was mounted to the spindle of 

the lathe and rotates at a rate of 2800 rpm during the cutting process. The mirror facets 

are designed to have tilts around the Z axis and the X axis in the machine coordinates 

(See Fig. 2.3). The tilt angles of the mirror facets can be described by two parameters: 

The first one is the tilt angle a around the Z axis which is controlled by the depth of cut 

of the flycutting tool. And the second one is the tilt angle P around X axis which is 

controlled by the rotation angle of the goniometer. 

Fig. 2.3. Raster flycutting on Nanotech 250UPL. Red coordinate arrows indicate the X, 

Y, and Z axes of the machine. C axis is not used in raster flycutting mode. 

When cutting process begins, the rotation angle of goniometer is first set to 0.46° with 

respect to the horizontal plane. Then the flycutting tool smoothly slides over the surface 

along the X axis, removing materials along its path. After completing a single mirror 

facet, the flycutting tool returns back and shifts a mirror facet width unit (160 microns) in 

Z axis and starts another pass until all the mirror facets in a block with tilt angle P=0.46° 

(called a mapper section) are fabricated. Then the flycutting tool shifts a block width unit 

(4mm) in Z axis to cut the next block. By just shifting the origin's Z coordinate the 
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distance of a mapper section width (0.8mm) after each change of goniometer angle, the 

whole process is repeated for 0=0.46°, 0.23°, 0°, -0.23°, -0.46° sequentially. The preset 

parameters for the finished image mapper are shown in Table 2. 1. 

Table 2.1. Fabrication parameters for the image mapper 

Tilt angle a along Z i 

Tilt angle P along X 

Mirror facet width 

Mirror facet length 

Mirror facet number 

axis 

axis 

0, ±0.23°, ±0.46° 

0, ±0.23°, ±0.46° 

160 microns 

16mm 

100 

2.2.3 Characterization of image mapper 

A photographic picture of the fabricated image mapper prototype is shown in Fig. 2.4(a) 

and Fig. 2.4(b), and a three dimensional profile of a portion of the image mapper acquired 

with a white light interferometer is shown in Fig. 2.4(c). 

tM $m&±;-

(a) (c) 
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Fig. 2.4. The profile of image mapper. Fig. (a) and (b) are photographic pictures. In (a), 

the remapped Rice logo letters can be directly seen in the reflection direction. In (b), a 

quarter is placed as the reference to show the size of the image mapper (16mmx 16mm). 

Fig. (c) is a three dimensional picture of a portion of the image mapper obtained by Zygo 

white light interferometer. 

The tilt angle and surface roughness of each mirror facet was measured using the Zygo 

NewView 5032 (Fig. 2.4(c)) white light interferometer. The accuracy of the tilt angle 

measurement of the interferometer is 0.01°. The tilt angles of 25 mirror facets in a block 

were also measured. The measured value presented in Table 2.2 was obtained by 

averaging the five mirror facets in a block with the same a or P expected value. 

Generally speaking, a is closer to the expected value than p. This is because P is 

controlled by the manual goniometer. For the current low sampling IMS prototype, the 

reimaging optics is designed to accommodate these tolerances. 

Table 2.2. Mirror facet tilt angle measurement 

Expected Measured a Measured P 
Value 

-0.46° -0.456°±0.0055° -0.44°±0.0255° 

-0.23° -0.224°±0.0114° -0.226°±0.0114° 

0° 0.008±0.0084° 0.024°±0.0167° 

0.23° 0.242°±0.0084° 0.27°±0.02° 

0.46° 0.472°±0.0084° 0.526°±0.0055° 

To obtain the surface roughness data, a virtual mask is applied to make only one mirror 

facet visible in the FOV (0.14mmx0.11mm). Roughness is measured at three randomly 

picked up mirror facets. An average of 6nm RMS value indicates their good surface 
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quality. In Fig. 2.5, a 3D height profile of a mirror facet is shown. Based on the high 

purity nature and surface smoothness, for example, the percent decrease in specular 

reflectance due to the surface roughness is only ~2% [31], the reflectivity of the mirror 

facet is expected to be comparable to that of evaporated aluminum film, which is above 

90% in the visible light range [31]. 

Fig. 2.5. Mirror facet surface height profile. The roughness data is obtained by the 

removal tilt. Surface roughness RMS value = 6 nm. 

23 Optical design of reimaging lenses 

In this 100x100x50 (x, y, X) IMS prototype, the reimaging lens sets are assembled using 

off-the-shelf achromatic doublets (60mm F.L. doublets and -12.5 F.L. doublets). They 

are arranged as 5x5 array pattern. Custom opto-mechanics were designed and fabricated 

to support these lenses (See Fig. 2.6). The opto-mechanics were black anodized to reduce 

any stray light effects in the system. The optical design for each reimaging lens set in the 

array was modeled using ZEMAX to verify diffraction limited performance over the full 

field of view (FOV) and spectral range (See Fig. 2.7). 
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Fig. 2.6. Reimaging lenses and mount. Fig. (a) shows the photographic picture of the 

whole piece. There are 25 tubes inside this mount. Each tube holds a reimaging lens set. 

Fig. (b) gives the cross section view of a single tube. 60mm F.L. achromatic doublets are 

mounted at the back of the tube (facing the pupil), while -12.5mm F.L. achromatic 

doublets are mounted at the front of tube (facing the image plane). The F.L. of this 

reimaging lens set is 350mm. 
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Fig. 2.7. Zemax simulation of optical performance of reimaging lenses. The black circle 

represents the airy disk for reference. 
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The FOV of a reimaging lens set is designed to be overlapped with adjacent lens sets to 

maximize the usable area of the CCD camera. As the whole mapper plate's image has a 

square shape, while the FOV of the reimaging lens set is circular, there exist four void 

regions outside the mapper plate's image but inside the FOV (See Fig. 2.8). Because of 

these void regions, the FOV of neighboring reimagmg lens sets are allowed to overlap. 

This allows a fully utilized imaging area on the CCD camera. 

Spectrum spread of a single Overlap of FOVs of adjacent 

image slice reimaging lenses sets 

\ 

FOV of a single reimaging 

lenses set O | © © <D G 

;0!j ;jb:1-$ j;loji ;© 

i© |;$! '© i lw £ 

Fig. 2.8. Overlap of the FOVs on the CCD camera. Each reimaging lens set images the 

corresponding pupil in the pupil plane. The FOVs of adjacent reimaging lens are 

overlapping to fully utilize the CCD area. The image mapper itself creates a field stop 

allowing the overlap. 

2.4 Imaging Results 

In order to verify the image performance and test the spatial and spectral resolution of the 

IMS prototype, imaging experiments were performed in the following sequence: (1) the 

undispersed 1951 USAF resolution target was imaged and the PSF (point spread function) 

of a single image line was measured; (2) spectra images of test samples made with 

fluorescent beads were obtained. 
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2.4.1 Image quality and PSF measurement of undispersed remapped resolution target 

An image of an undispersed 1951 USAF resolution target was obtained by removing the 

prism from the instrument. The target is placed on the microscopic stage. The raw image 

was captured with a 16-bit CCD camera without binning (pixel size equal to 9um). To 

calibrate the spatial features in the image, first a black bar across the whole FOV is 

chosen for imaging. Then, the image lines are aligned with each other manually to 

restore the straight bar feature. At the same time, the starting coordinates of each image 

line on the camera are recorded. A "jigsaw puzzle" algorithm was developed to build the 

system realignment matrix. By imposing this matrix on the target raw data, the image can 

be reconstructed automatically. Note that image registration and distortion are allowed in 

the raw image because they will be calibrated out of the system during this process. To 

calibrate the image intensity, another reference blank image was obtained under uniform 

illumination and with no object on the microscope stage. After dividing the intensity data 

at each target image line by the corresponding value at the reference image line, the target 

image intensity is corrected. 

The smallest feature of USAF target was moved to the center of FOV to test the image 

quality of the reconstructed image. The reconstructed result from the raw data (See Fig. 

2.9 (a)) is shown in Fig. 2.9(b). The width of the top black bars presented in the Fig. is 

2.19 nm. Fig. 2.9(c) shows the direct image of the same bars at the microscope side port 

for comparison (captured by Lumenera Infinityl-1 monochromatic camera). The imaging 

results demonstrate that the prototype can image microscopic samples with contrast 

(Imax-Iminy^max+hninJ^OJ for the 2.19 um bars in Fig. 2.9(b), which corresponds 

closely to the direct imaging result. The PSF of the IMS was measured by analyzing the 
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intensity distribution of a line that is across a single image line (See Fig. 2.10). The 

FWHM is about 7 pixels, which is 63um. The theoretical N.A. at the camera's side is 

0.005, corresponding to a diffraction spot size of 122um (FWHM of diffraction limit is 

61 microns). This suggests that the IMS system approaches the diffraction limit. The 

distance between the peaks of two adjacent undispersed image lines is also measured to 

be around 170 pixels. It indicates that about 24.3 spectral bands can be resolved within 

the void regions and is very close to the 25 spectral bands designed for. 

% Am 5» pntt) (c) linage directly eaptured by 

(a) Raw image monochromatic camera 

Fig. 2.9. A 1951 USAF target undispersed image. The raw image (a) is obtained using a 

16-bit camera without binning (pixel size = 9um). Fig. (b) is the reconstructed image. 

For comparison purposes, an image of the same bars is captured at the microscope side 

port directly using a monochromatic camera. The imaging result is shown in Fig. (c). 

The top bars in the FOV belong to Group 7, Element 6 (bar width = 2.19 um). 
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Undispersed slice image PSF 

Fig. 2.10. The PSF of a single image line from an undispersed image. The camera pixel 

size equals 9um. The x and y positions indicate the location of this image line in the 

CCD camera's global coordinates. 

2.4.2 Fluorescent Beads imaging experiment 

Before imaging, the fluorescent beads were uniformly suspended by vortex mixing and 

sonicating the suspension. One drop of suspension was added to 1ml buffered saline 

solution to be diluted. Then the diluted suspension was deposited onto a microscope 

slide and sealed by a coverslip. Two samples were prepared for the IMS imaging test. 

One contains only the green beads, while the other is a mix of yellow and red ones. 

Images of the fluorescent beads are shown in Fig. 2.11 and Fig. 2.12. Chroma filter 

sets (61001 and 31002) were used to select the excitation wavelength and separate the 

fluorescent signal from the excitation light. Filter set 61001 (DAPI/FITC/PI) was used 

for fluorescent imaging of the green beads; Filter set 31002 (TRITC/DiI/Cy3) was used 

for fluorescent imaging of the red & yellow mixed beads). The diameter of these 

fluorescent beads is around 2.5um. The raw image was captured with the 16-bits camera 
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under 4x4 binning working mode (binned pixel size equal to 36um). Note that the 

magnification of the prototype is not optimized for the pixel size and therefore requires 

longer integration times. In the future the same CCD will be used for larger format, 

optimized IMS and we predict integration times to be 16 to 64 times shorter. Currently, 

however to fully utilize the dynamic range of the camera, the integration time is set to be 

2s to obtain the spectrum of yellow & red beads, and 6s to acquire the spectra of green 

beads. Full dynamic range is used here because high contrast imaging is preferable in 

this experiment. It can provide a high contrast fluorescent beads image with maximum 

spatial and spectral resolution. Users can increase the imaging speed based on their own 

contrast preferences. For example, if 8 bits dynamic range is used instead of 16 bits, the 

integration time for the green fluorescent beads are expected to be about 20ms. Users 

can also use higher illumination level to increase the sample brightness to reduce the 

necessary integration time. The solid blue line in the spectrum diagram is obtained by the 

IMS prototype, while the red crosses dotted line is obtained by the Ocean Optic 

USB4000 spectrometer for comparison. Because this prototype is designed to 

demonstrate the principle, basic spectral calibration is carried out here. For initial 

spectral calibration, four wavelengths and their corresponding pixel locations were used. 

The first three wavelengths (500 nm, 550 nm, and 600 nm) come from narrow band 

filters (lOnm bandwidth) placed in front of the microscope's broadband halogen lamp. 

The fourth wavelength comes from the fluorescent bead's peak spectrum as measured by 

the USB4000 spectrometer. Linear interpolation is used between these wavelength 

locations to estimate the other wavelength/pixel correspondences. The spectral shape of 

both measurements overlaps well and demonstrates the capability of the IMS prototype 
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for performing fluorescent spectral imaging. Note that although the calibration is quite 

basic here, the spectral data obtained with IMS system matches very well with the 

reference spectrum. More precise and quantitive spectral data are expected to be 

obtained in future IMS systems when complete and thorough calibration procedures are 

adopted. 
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Fig. 2.11. IMS images of green fluorescent beads. The raw image is obtained using a 16-

bit CCD camera with 6s integration time. The bead's spectrum is obtained from point A 

in the re-constructed image. 
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Fig. 2.12. IMS images of red and yellow fluorescent beads. The raw image is obtained 

using a 16-bit CCD camera with 2s integration time. The yellow bead's spectrum is from 

point B in the re-constructed image and the red bead's spectrum is from point C in the re

constructed image. 

2.5 Discussions 

In this chapter, we have presented a proof-of-concept snapshot IMS for microscopic 

applications. The prototype is a compact and compatible instrument that can be coupled 

to many modalities, such as microscopes, endoscopes and other. It has realized 

100x100x25 sampling in the 3D datacube (x, y, X), corresponding to 0.45um spatial and 

5.6nm spectral resolution respectively when a 40x/N.A.=0.75 objective is used on the 

microscope. 
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The design and fabrication of the image mapper used in this prototype is an important 

improvement, compared to previous astronomical mappers. First, the width of mirror 

facet used in this IMS system is only 160 microns which allows sampling at high density. 

Additionally the use of micro-facets shrinks the volume of the entire system to a compact 

table-top or potentially smaller dimensions needed for biological applications. 

Diffraction is an inevitable effect and should be seriously considered when small mirror 

facets are used. When mirror facets sample the diffraction spot at the image side, some 

reflected rays will deviate from geometrical optical path and leak into adjacent pupils on 

the pupil plane, which can lead to crosstalk between neighboring array images. 

Crosstalk might become one of major background noises and affect the accuracy of 

spectral measurement, especially for those stained samples emitting strong and weak 

fluorescent signals simultaneously. While this is a concern it can be compensated with 

cutting larger tilt angle mirror facets and separating array components more. A Fourier 

transform based diffraction analysis predicts the presented prototype experienced 

crosstalk of approximately 1.0% level. Experimental result shows this value is between 

2% to 8%, which is obtained by measuring the ratio of the intensity of the ghost image to 

that of the primary image in the FOV of the same reimaging lenses set. Beside 

diffraction, other image artifacts include neighboring mirror facet's side walls shadowing 

other mirror facets and mirror facet edge eating effect, which are both coming from the 

depth of cut and the included angle of the cutting tool. These artifacts contribute little to 

the image quality in the current mapper configuration. For example, the edge eating 

percent is estimated to be under 7%; shadowing is negligible because the incident angles 

of light are less than the tilt angle of side walls. 
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The building of the reimaging lens array to image separated pupils is another 

innovative point for this prototype. Grouping tilt angles allowed simplifying the re

imaging optics and overall system layout. The overlapped FOVs design enables efficient 

usage of the CCD's imaging area. As mentioned before the final restriction for the 

sampling density of the datacube comes from the total number of imaging pixels on the 

CCD image sensor. Therefore the FOVs of each reimaging lens set should be efficiently 

arranged to fully utilize the imaging capacity of the camera. 
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Chapter 3 

Development of high-sampling IMS system 

In the previous chapter, the proof-of-concept IMS prototype could measure a datacube of 

size 100 x 100X 25 (x, y, X) for a field of view (FOV) of 45 x 45 um2 in a single 

integration period. However, it had only 100 spatial samples in a single direction because 

the mirror facet density on the image mapper was relatively low (6.25 facets/mm, facet 

width =160 um). The low spatial sampling made the prototype less applicable to imaging 

biological samples with high spatial information content. To improve the spatial sampling, 

narrower mirror facets (70 um wide) and a modified fabrication method were adopted. As 

a result, the mirror facet density that can be fabricated was increased to 14.29 facets/mm 

(facet width = 70 um), and a total of 285 mirror facets were produced on a 20 mm 

substrate. The information content that can be processed by this image mapper is nearly 

10 times the previous one. 

In this chapter, the design and development of a high-sampling IMS system is reported. 

The acquired datacube is of size 285 x 285 x 60 (x, y, X). In the case of maintaining the 

spatial resolution (0.45 um) of a particular microscope objective (Zeiss EC Plan-Neofluar 

40 x, N.A. = 0.75 objective), the system has a FOV over 100 x 100 um2. The spectral 

range is from 450 nm to 650 nm and is sampled by 60 spectral channels with average 

~3.3 nm sampling interval. The spectral sampling rate is a little over twice the number of 

resolvable spectral bands - 25 in our particular design - to satisfy the Nyquist sampling 

condition on the camera. The channel's average spectral resolution is approximately 200 
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nm/25 = 8 nm. To evaluate the imaging performance of the high-sampling IMS, the line 

spread function (LSF) and the modulation transfer function (MTF) of the system were 

measured (see Section 3.4.1), and indicate diffraction-limited performance. A sample of 

triple-labeled bovine pulmonary artery endothelial cells (BPAEC) was imaged by the 

system with a Is integration time (see Section 3.4.2). This is the first time the IMS's 

imaging performance is presented in cellular fluorescence imaging. The experimental 

results demonstrate that IMS has become an important spectral imaging modality in 

hyperspectral microscopy. 

3.1 Instrument description 

3.1.1 Optical layout 

The optical layout of the high-sampling IMS system is shown in Fig. 3.1. The fore-optics 

are provided by a Zeiss Axio Observer Al microscope, equipped with an EC Plan-

Neofluar 40 x5 N.A. = 0.75 objective. The sample is placed on the microscope stage and 

epi-illuminated with a 120W X-cite arc lamp. A double port adapter is mounted on the 

microscope side port to provide two switchable imaging ports. An intermediate image is 

formed at one imaging port where the field stop of the IMS is located. A color camera 

(Lumenera infinity 2-1C) is mounted at the other imaging port to provide a direct 

imaging reference. 

The intermediate microscopic image is first relayed onto a custom fabricated 

component (image mapper) by a 5 x magnification optical relay system (combination of 

Zeiss EC Epiplan-Neofluar HD 5 x Objective & 130 mm Zeiss Tube lens). The image 

mapper is a field remapping unit which consists of 285 micro-scale (width = 70 um) 
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mirror facets. Each mirror facet has a two-dimensional tilt angle (a;, (3j), ctj, f3j e [0.02, 

0.01, 0, 0.01, 0.02] (in units of radians) with respect to the substrate plane and is grouped 

into periodic blocks. The N.A. of the incident light at the image mapper is 0.004, and the 

point-spread-function (PSF) is -152 um (X = 500 nm). Since the width of mirror facets is 

70 um, the PSF is sampled by 2.2 mirror facets and the Nyquist sampling condition is 

therefore satisfied. 

The reflected light from the image mapper is collected by the collecting lens (Olympus 

MVPLAPO 1 x, focal length = 90 mm) and directed into 25 corresponding pupils. A 4 x 

beam expander (Schneider Telecentric Lenses 1:4) is then used to magnify the pupils to 

match the diameter of the re-imaging optics. The magnified pupils are then dispersed by a 

prism (material: ZF6, 6° wedge angle) and re-imaged by an array of 25 lenses. A 5 x 5 

pupil mask (Dia = 3 mm) is placed just before the reimaging lenses to prevent the leakage 

of light between adjacent pupils and thus to limit the system's crosstalk level (see Section 

3.2 for details). Each reimaging lens has a focal length of 115 mm, and consists of a 

positive doublet (F.L. = 25 mm, Dia = 6.25 mm, Edmunds Optics K32-305) and a 

negative doublet (F. L. = -12.5 mm, Dia = 6.25 mm, Edmunds Optics K45-420) (see Fig. 

3.2). A Zemax model verified that the reimaging optical system is diffraction limited. The 

reimaging lens array is mounted on two custom designed plates, and the focal length of 

the complete assembly can be finely tuned by adjusting their separation. The raw IMS 

image is captured by a large format CCD camera (Apogee U16M, 4096 x 4096, pixel 

size: 9 um x 9 um). 
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Fig. 3.1. High-sampling IMS optical layout and system configuration 
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Fig. 3.2. Diffraction-limited re-imaging lens design 

3.1.2 Pupil array configuration vs. channel crosstalk 

The pupil array configuration at the back focal plane of the collecting lens is determined 

by the 2D tilt angles of the mirror facets and N.A. of the reflected light from the mapper 

(see Fig. 3.3). The adjacent pupil distance AS and pupil diameter D can be calculated 

from geometrical optics as: 

AS = fx2Aa = 90 mmx2x0.01 = 1.8 mm 

D = fx2N.A.„ =90 mmx2x0.004 = 0.72 mm 
J reflect 

(3.1) 

where f is the focal length of collecting lens, Aar is the tilt angle difference of adjacent 

mirror facets, N A nflecl is the N.A. of the reflected light from the image mapper. Note 

that to avoid vignetting, all the pupils should be within the back aperture of collecting 

lens, whose diameter is D*. This value sets the upper limit for the total number of pupils 

that can be fit into the back aperture of the collecting lens, and the total number of 2D 

tilts that can be fabricated in a periodic block on the image mapper. 
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Fig. 3.3. Pupil array configuration at the back focal plane of the collecting lens. Chief 

rays are drawn from a periodic block on the image mapper. 

To avoid leakage of light into adjacent pupils, the pupils should not overlap, which 

means AS' > D . However, due to diffraction at the image mapper, the diameter of each 

pupil in the array is usually larger than the value predicted by geometrical optics. To 

predict the specific pupil shape (which will be non-circular primarily due to diffraction in 

the direction perpendicular to the long axis of the mapper's reflective facets), a 

diffraction model for the image mapper has been developed and used [32]. The model 

suggests that when the Nyquist sampling condition is satisfied on the image mapper, the 

relation AS > 2.2ID needs to be maintained in order to lower the system's crosstalk level 

to 1%, while at the same time keeping the pupils as compact as possible. In addition, the 

current high-sampling image mapper has surface form error on the mirror facets, which 

leads to additional side lobes in the pupil shape and causes about 10% crosstalk [32]. To 

reduce this effect, a 5x5 mask of 3 mm diameter apertures is placed immediately prior to 

the re-imaging lenses to prevent light from entering the neighboring pupils. The 

conjugate image of the pupil mask at the back focal plane of the collecting lens has a 
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diameter of 0 75 mm, slightly larger than the pupil size of 0 72 mm predicted by 

geometrical optics Measurements show that 6% crosstalk exists in the current system, a 

4% drop from the previous report [32] which did not employ a pupil mask 

3.3 Calibration 

Each active pixel on the CCD camera is encoded with spatial and spectral information 

from the sample In general, this mapping between each pixel on the detector array and 

each voxel m the datacube is descnbed by a five-dimensional array - the mapping tensor 

If the crosstalk is sufficiently small, then this 5D tensor characterizes a mapping which is 

approximately one-to-one each voxel in the datacube is associated with a unique pixel on 

the detector array, and vice-versa This reduces the dimensionality of the problem such 

that the mappmg can be descnbed by a single pair of matrices, each of the same size as 

the detector array 

In order to describe the mappmg geometry, we establish a pair of coordinate systems 

The datacube is indexed by a tnplet of variables (x, y, k) termed the datacube coordinate 

(k is the wavelength index), pixels on the detector array are indexed by a pair of variables 

(x', y'), termed the camera coordmate (see Fig 3 4) The image mapping pnnciple of IMS 

can then be descnbed in terms of these two coordinate systems First, the object's 3D 

datacube (x, y, k) is sliced into 2D x-planes by the image mapper Each x-plane is 

associated with a dispersed mirror facet image (termed image line) Next, these 2D x-

planes are mapped onto different regions of a large format CCD camera Thus, the one-

to-one correspondence between voxels in the datacube and pixels on the detector array 

can be descnbed abstractly as 
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I(x,y,k) <?>I{x\yt) [3.2] 

We first rasterize the datacube so that all voxels can be indexed by a single variable m. 

For example, the datacube Ixyk with x = \,...,LX ; y = l,...,Ly ; and k = l,...,Lk can be 

written as /„ for m = x + Lxy + LxLyk . For the IMS described here, the datacube 

dimensions are (Lx,Ly,Lk) = (285,285,60) so that m ranges from 1 to 4 873 500. 

The calibration process involves determining two matrices. The first matrix M 

determines the index m connected with each pixel (x', y') on the detector array. For 

example, if Mioo,ioo has a value of 2000, then the value measured at pixel location 

(100,100) is mapped to voxel #2000 in the datacube. Similarly, another matrix S 

determines the system sensitivity connected with each pixel. That is, when viewing a 

uniformly illuminated monochromatic object with the IMS, and looking at the 

appropriate pixels on the detector array, we generally find that their values are not quite 

equal. If, for example, one voxel mapping to this k-plane of the datacube is measured to 

have a value of 500 counts while another is measured to have only 400, then the 

sensitivity matrix records these values, so that multiplication by their reciprocal produces 

a properly normalized estimate of the object irradiances. 
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Mapped regions for 2D jr-planes 
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Fig. 3.4. Image mapping principle in IMS. Two coordinate systems (x, y, k) and (x', y') 

are set up on the datacube and CCD camera respectively. 

The first step in the calibration involves illuminating the system with a narrowband, 

spatially uniform source - an elemental object (a £-plane in Fig. 3.4). For this we use a 

supercontinuum laser (Fianium SC 400-4) filtered with an acousto-optic tunable filter 

(AOTF) (bandwidth: 2 nm ~ 6 nm in the visible light range) and passed into an 

integrating sphere (Ocean Optics FOIS-1) whose exit port is then imaged by the IMS. For 

the full calibration dataset, the central wavelength passed by the filter is swept from 450 

nm to 650 nm in 1 nm steps. The location of an image line in the spectral spread direction 

is recorded and shown in Fig. 3.5; the width of each horizontal line indicates the spectral 

width (in nm) assigned to each of the 60 spectral channels. Note that in Fig. 5 the spectral 

sampling is denser in the blue light region than in the red light region because of the non

linear dispersion of the prism. 
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Fig. 3.5. Location of an image line in spectral spread direction under "elemental object" 

illumination. Each dot in the image represents a sweeping wavelength. 

The raw data corresponding to an elemental object produces an "elemental image" (see 

Fig. 3.6), 60 of which are used to produce the full calibration dataset. Within each 

elemental image, we can see Lx number of image lines, each one of which corresponds to 

a vertical column within the datacube. The calibration algorithm uses the elemental 

image to estimate the x'-coordinate of each image line. Next, using knowledge of the tilt 

angles in the mapping mirror design, the algorithm designates which column of the k-

plane corresponds to a given image line. Performing this assembly process for each 

elemental image allows the assembly of the full datacube. 



31 

Fig. 3.6. "Elemental image" and assembly of full datacube 

There are several complications which require the simple procedure above to be 

modified. First is the presence of image distortion, which warps the image lines into 

curves (see Fig. 3.7(a)). Thus, rather than simply locating the x'-position of a line, the 

presence of distortion requires one to fit a curve to the line image and interpolate the 

result onto the pixel grid (see Fig. 3.7(b) & 3.7(c)). The second complication is the 

presence of mis-registration between the various sub-pupils (this can be seen in the 

elemental image in Fig. 3.6). As designed, the pupil array is distributed in a uniform 5x5 

grid, as indicated in Fig. 3.3. However, the pupil positions cannot be controlled to 

subpixel accuracy due to manufacturing constraints, so the calibration process must be 

used to compensate for the change in position. To estimate this shift, all that is needed is 
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to image a target which has a horizontal edge feature: locating this feature within a 

second set of elemental images (collected with the target inserted into the field of view) 

provides an accurate estimate of the shift. 

The above procedure provides the complete mapping matrix M; the second matrix 

obtained during the calibration, S, can also be measured from the elemental images. This 

sensitivity matrix is needed because of variations in reflectance at different locations of 

the image mapper, spectral variation in transmission of the optics, and variations in 

detector responsivity, the measured irradiance of the remapped image. Thus, the 

estimated datacube I(x,y,k) can be described as the result of the mapping operator M 

applied to the irradiance values /(*',y') in the raw image normalized by the spectral 

sensitivities S(x\ y') , 

I(x,y,k) = J{{I(x\y')/S(x\y')} [4.3] 

in which the division is applied element-by-element. (Note that even though we use the 

letter I to represent the datacube, the voxel values represent radiant exitance rather than 

irradiance.) 

Binarizalion H I Curve fiUing 
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Fig. 3.7. Image line distortion and correction 

3.4 Imaging results 

3.4.1 Line spread function (LSF) and modulation transfer function (MTF) measurement 

The spectral resolution of the IMS system is equal to the full spectral range divided by 

the number of resolvable spectral bands, whose width is defined as the full-width-half-

maximum (FWHM) of the line spread function (LSF) under monochromatic illumination. 

Theoretically, the number of resolvable spectral bands is proportional to number of 2D 

tilts (i.e. 25) in each periodic block of the image mapper, and for our particular design 

this proportionality constant is 1. However, due to image aberrations, the actual number 

achieved in practice is slightly smaller. To establish this figure experimentally, a 635 nm 

diode laser is used and guided into an integrating sphere (Ocean Optics FOIS-1) to obtain 

a uniform monochromatic light field. Line width is measured for all image lines in the 

raw image. The mean FWHM of the measured LSF at the image plane is ~2.49 pixels 

(22.41 microns) (see Fig. 3.8). The number of spectrally resolvable bands can be 

approximated as: 

Length of spectral spread region 60 pixels 
N= = = 24.1 (34) 

FWHM of LSF 2.49 pixels v ' 
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Fig. 3.8. LSF measurement of image lines on the IMS raw image 

To evaluate the imaging performance of IMS, the MTF at the image plane is obtained 

by taking the Fourier transform of LSF (assuming that the MTF is a separable function in 

x and y). The measured result is shown in Fig. 3.9, indicating performance very close to 

the diffraction limit. 
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Fig. 3.9. MTF measurement at the image plane. The solid line is the measured MTF. The 

dashed line is the diffraction limit. 

3.4.2 Spectral imaging of triple-labeled bovine pulmonary artery endothelial cells 

(BPAEC) 
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To test the spectral imaging capability of the high-sampling IMS in cellular fluorescence 

microscopy, triple-labeled BPAE cells (Invitrogen FluoCells prepared slide #1 (Cat. no. 

F14780)) were chosen as a sample. Mitochondria are labeled with MitoTracker Red 

CMXRos; filamentous actin is labeled with Alexa Fluor 488 phalloidin; and nuclei are 

labeled with DAPI. A triple-band filter set (Chroma 61001, DAPI/FITC/TRITC) was 

used to separate the excitation and emission light. The direct reference image was 

captured by a color camera at the microscope side-port and is shown in Fig. 3.10(a). 

At an illumination level of 3.3 mW/mm2 at the sample plane, an 11-bit IMS raw image 

was captured with an integration time of Is (see Fig. 3.10(b)). A total of 27 out of 60 

acquired spectral images are shown in Fig. 3.11. The acquired 3D 285x285x60 (x, y, X) 

datacube is shown in Fig. 3.12. Note that there are empty gaps between the three 

component dyes in the datacube. These are created by the blocking bands of the filter set, 

not the IMS. The IMS itself has the capability to capture the full spectrum. Recent 

developments in full-spectrum fluorescence microscopy have offered alternative 

excitation/emission separation mechanisms which can replace traditional filter imaging 

[33, 34]. This can greatly benefit broadband spectral imagers such as the IMS in multi-

fluorophore imaging, because the difficulty of obtaining multiple-band dichroic filters 

can be removed, and the problem of empty gaps in the spectrum can be avoided. 

Since the optics used in the current system are off-the-shelf and throughput has not 

been fully optimized (see discussions in Section 3.5), the integration time here is at the 

level of one second to capture an 11-bit image. However, the integration time is expected 

to be significantly shortened if the system throughput is improved and higher energy 

illumination is adopted. 
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Fig. 3.10. BPAE cells; (a) direct imaging image and (b) IMS raw image. The 11-bit IMS 

raw image was captured with an integration time of 1 second. 
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Fig. 3.11. IMS spectral channel images. Cell Nuclei labeled with DAPI are visible in the 

blue spectral channels (460-472 nm); Filamentous actin labeled with Alexa Fluor 488 

phalloidin are visible in the green spectral channels (520-549 nm); Mitochondria labeled 

with MitoTracker Red CMXRos are visible in the red spectral channels (596-649 nm). 
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Fig. 3.12. 3D datacube 285x285x60 (x, y, X) acquired by IMS. The displayed values 

result from assigning each voxel an opacity value in addition to its irradiance, and 

summing (with attenuation) all voxels along each ray defined by the lines of sight. The 

color bar is in arbitrary units proportional to photons/s/band. 

3.5 Discussions 

In this chapter, a snapshot high-sampling IMS has been presented for hyperspectral 

microscopy applications. It can measure a 285x285x60 (x, y, X) datacube in a single 

camera snapshot. Since the Nyquist sampling condition is satisfied on the image mapper, 

the spatial resolution of the initial microscope objective is maintained. When using a 

40* (N.A. = 0.75) Zeiss EC-Plan Neofluar objective on the microscope, the IMS has a 

FOV of 100x100 jim2 with 0.45 um spatial resolution. The acquired spectrum is from 

450 nm to 650 nm, and is sampled by 60 channels with average ~ 3.3 nm sampling 

interval. The actual number of resolvable spectral bands is measured to be approximately 

24, close the design number of 25. The channel's average spectral resolution is ~ 8 nm. 

The frame rate of the current high-sampling IMS system is limited by the camera's 

readout speed (5 MHz due to its USB interface), so that it takes around 10 seconds to 

download full-frame data from camera to PC. Incorporation of cameras with faster 



38 

interfaces, such as CameraLink, will enable IMS to reach 3-10 fps readout speed while 

still maintaining its high-sampling resolution. 

Calibration procedures for the IMS are also presented in this chapter. The key step is 

to establish the one-to-one correspondence between voxels in the datacube and pixels on 

the CCD camera. Since the current calibration is based on wide-field imaging (all the 

points in the FOV are calibrated simultaneously), the procedure is time efficient. Only 60 

narrow-band elemental images are needed. Currently the calibration process does not 

provide crosstalk correction. In the work [32], a 10% crosstalk level was reported due to 

diffraction effects at the image mapper and form error arising during fabrication. To 

decrease this crosstalk level, a physical pupil mask was implemented in this system to 

constrain the light entering the reimaging optics. This step reduced the crosstalk level in 

the system to around 6%. Crosstalk can be further reduced by improving the current 

calibration procedure, so that the mapping relationship between voxels in the datacube 

and pixels on CCD camera will be described by a five-dimensional tensor. 

To evaluate the system's spectral imaging capability, IMS was used for cellular 

fluorescence microscopy for the first time. A 3D full-resolution datacube was acquired 

and displayed at the same time (i.e. without a long delay for computational 

reconstruction). At an illumination level of 3.3 mW/mm , an 11-bit raw IMS image was 

captured with a 1 second integration time. 

The light throughput of the presented high-sampling IMS system is measured to be 

around 20%. This relatively low figure is due to the fact that most of the system 

components are built with off-the-shelf optics, which are not optimized for light 
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efficiency in the IMS. For example, our measurements indicate that 50% of light is lost 

at the 4x beam expander, whose primary role is to fit the pupil array to the size of 

commercially-available reimaging optics. The system throughput is expected to be 

improved at least 3.5 times by adopting custom reimaging optics and eliminating the need 

for the beam expander. 

One of the common problems in hyperspectral imaging is the compromise between the 

number of the spectral channels and the channel's signal-to-noise ratio (SNR) [35]. 

Without considering noise, more spectral channels often means more fluorophores in the 

sample can be spectrally unmixed (as long as the system is over-determined). However, 

for a fixed level of emission intensity, due to the detector and photon noise, the side-

effect that usually accompanies an increase in spectral channel number is a decrease of 

each channel's SNR, which can reduce the accuracy of spectral unmixing [35]. In the 

current IMS system, a single channel's readout noise is about 10.5 electrons, which 

provides a high dynamic range (80 dB) with a full well depth of 85,000 electrons. The 

camera's pixel binning capability along the spectral direction offers further flexibility in 

tuning the spectral channel number to match the optimal set when a specific fluorophore 

combination is chosen for imaging. In the imaging result shown in Fig. 11, by 

maximizing the number of sampling channels, the IMS's spectral imaging performance is 

demonstrated even in this extreme case. Note that many biomedical imaging problems 

are emerging which require fine spectral sampling over a broadband range such as in 

vascular imaging [36], retinal imaging [37] and oral cancer diagnostics [38]. The IMS 

technique with its full spectral sampling capacity will have an edge in those applications 

because parallel acquisition enables both real-time 2D imaging (for qualitative feedback) 
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and spectral detection (for quantitative assessment) simultaneously. Another fact that 

may help diminish the trade-off between the number of spectral channels and an 

individual channel's SNR is the recent development of low-noise detector arrays, such as 

the sCMOS camera [39], whose readout noise is less than 2 electrons (close to EMCCD 

performance) even at very high frame rate (30 fps). Incorporation of such cameras into 

the IMS will significantly increase single channel's SNR (until the system is shot-noise 

limited), and whole system's frame rate. 
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Chapter 4 

Design of image mapper for the ruggedized IMS 

4.1 IMS ruggedization 

The IMSs described in Chapter 2 and Chapter 3 are bench-top devices, which are not 

suitable for field imaging applications. Recently, a ruggedized IMS system is designed 

and developed in our lab [40]. The optimized system is only 20 inxlO inx3 in, and can 

easily be adapted onto a wide-field fluorescence microscope (Fig. 4.1a). The system's 

optics and opto-mechanics are assembled and fixed in a ruggedized enclosure (Fig. 4.1b), 

making the whole device stable and functional in ambient room light. 

Fig. 4.1 System configuration for the ruggedized IMS 

The ruggedized system acquires a 350x350x48 (x, y, X) datacube with a spectral window 

from 450 nm to 650 nm and ~ 4 nm sampling interval. Due to removal of the beam 

expander, the device's optical throughput is measured to be ~ 65% (from the image input 

plane to the camera), which is significantly improved compared to the ~ 20% measured 

in the previous IMS described in Chapter 3. 
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4.2 Design of image mapper for the ruggedized IMS 

Due to ruggedized IMS' compact design, the required light reflection angles from the 

image mapper ([±0.15, ±0.09, ±0.03] radians) are much larger than the system described 

in the Chapter 2 and Chapter 3 - A fact that brings a unique challenge on the image 

mapper design due to compound angle effects. 

4.2.1. Compound angle effects - pupil plane distortion and sub-field image vignetting 

The image mapper is a 2D light beam steering device. The light reflected from each 

mirror facet has a unique x steering angle (3X and y steering angle Py. In the previous IMS 

design, it is assumed that px is only determined by the x tilts of mirror facet ax, and Py is 

only determined by the y tilts of the mirror facet ayby the relation: 

A=2a r 

However, this assumption is only valid under small angle approximations. In the present 

ruggedized system, this assumption causes severe pupil plane distortion (Fig. 4.2 (a)) and 

sub-field image vignetting problems (Fig. 4.2 (c)). 

To analyze the observed pupil plane distortions, we first measure each pupil's position 

and size in the Fig. 4.2(a), and represent them by red circles in Fig. 4.1(b). Then 4 blue 

dash lines connecting pupil centers in rows, and 6 green dash lines connecting pupil 

centers in columns are drawn in Fig. 4.1(b). Two pupil plane distortions are indentified: 

Keystone (blue dash lines) and Smile (green dash lines). These pupil plane distortions 

shift pupils from their desired positions (indicated by black circles in the Fig. 4.2 (b)). 
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Since in the ruggedized IMS design [40] there is a pupil mask located at pupil desired 

positions (the size is indicated by black circles in Fig 4 2 (b)), the pupil plane distortions 

cause severe vignetting problems in the sub-field images at the image plane. 
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Fig. 4.2 Pupil plane distortion and sub-field image vignetting at the image plane 

4.2.2 Correction approach - compound angle compensation design 

To correct the pupil plane distortions, a mathematical model is built to simulate the light 

reflection from the image mapper (Fig. 4.3). The analytical solution of this model show 
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that the relation between mirror facet tilt angles (ax, ay) and light beam reflection angles 

(Px,Py)is: 

sin(/?x ) = 2 sin(ax ) cos(at) 

cos(j3y) = cos(2a,) / cos(/^) 

cos(a ;) = cos(ay + A)cos(ax) 

(4.2) 

where A is the tilt angle of the whole mapper with respect to the incident light beam axis. 

Equ. 4.2 shows that there is a strong coupling effect between mirror facet tilt angles ax 

and cty in determining the light beam reflection angles (Px, Py) from the mirror facet. 

optical axis 

\ 

Mirror facet 

Fig, 4.3. Mathematical model for simulating the light reflection on the image mapper 

To compensate this compound angle coupling effect, we first derive the reverse 

relation of Equ. 4.2: 
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sin(ax) = A/jB 

cos(ay+A) = A/sin(ax)cos(ax) /4 3x 

_ sinQgJ = cosQg^cosQg,) +1 

2 ' 2 

In the ruggedized IMS design, the desired light beam reflection angles from the image 

mapper are: 

Px =[0.075, 0.045, 0.015, -0.015, -0.045, -0.075] x 2 

fiy =[0.045+A, 0.015+A, -0.015+A, -0.045+A]x 2 ( 4 ' 4 ) 

By substituting (Px ,Py) into Equ. 4.3, the corrected mirror facet tilt angles (ax, ay) are 

calculated and shown in Table. 4.1. 

Table 4.1. Corrected mirror facet tilt angles based on compound angle compensation 

Mirror facet x tilts ax (in radians) 

0.0812 0.0487 0.0162 -0.0162 -0.0487 -0.0812 

0.0802 0.0482 0.0161 -0.0161 -0.0482 -0.0802 

0.0794 0.0476 0.0159 -0.0159 -0.0476 -0.0794 

0.0786 0.0472 0.0157 -0.0157 -0.0472 -0.0786 

Mirror facet y tilts ay (in radians) 

0.0427 0.0442 0.0449 0.0449 0.0442 0.0427 

0.0128 0.0142 0.0149 0.0149 0.0142 0.0128 

-0.017 -0.0157 -0.0151 -0.0151 -0.0157 -0.017 

-0.0468 -0.0456 -0.0451 -0.0451 -0.0456 -0.0468 

4.2.3 Experimental test and evaluation 
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To evaluate the corrections on the image mapper design, an image mapper with corrected 

tilt angles is fabricated. The new pupil plane image is shown in Fig. 4.4 (a) and (b), and 

the sub-field images at the image plane are shown in Fig. 4.4 (c). The results indicate that 

the pupil plane distortions and sub-field image vignetting are both successfully removed. 
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Fig. 4.4 Removal of pupil plane distortion and sub-field image vignetting by the 

compound angle compensation design 

43 Discussions 
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In this chapter, the image mapper design of a ruggedized IMS is presented. Due to ruggedized 

IMS' compact design, the required light beam steering angles from the image mapper are much 

larger than the previous IMSs. Without considering the coupling effect between x tilts and y tilts 

in the image mapper design causes severe pupil plane distortions (Keystone and Smile) and sub-

field image vignetting problems. To correct these distortions, we propose a compound angle 

compensation method, which is based on a 3D geometrical light reflection model. The 

experiment results demonstrate the feasibility of this correction approach. 

Another attention that should be paid is the possible compound angle effects during the image 

mapper fabrication process. The ruggedized IMS' image mapper is fabricated by the ruling 

method - the flat tip diamond tool slides over substrate surface direcdy to cut a mirror facet. The 

mirror facet's y tilt is still controlled by the depth of cut as in raster-flying cutting method (See 

Section 2.2.2); but the x tilts now is controlled by the C axis of the machine. For the zero degree y 

tilts, the mirror facet width axis coincides with diamond tool's local coordinate axis. In this case, 

the mirror facets' x tilts are equal to machine's C axis rotation angles. However, for the non-zero 

degree y tilts, the mirror facet width axis mismatches with diamond tool's local coordinate axis. 

This axial mismatch creates a deviation angle between mirror facets' x tilt and the machine's C 

axis rotation angle. In the current image mapper design, this deviation angle is small (< 0.004 

radians) and can be neglected; however, for the future image mapper with even larger x and y 

tilts, this compound angle effect during the fabrication process must be taken into considerations. 
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Chapter 5 

Development of filter-less illumination system for the 

full-spectrum IMS 

In this chapter, a novel filter-less illumination scheme is presented for the full-spectrum 

IMS. The scheme employs polarization, spatial coherence filtering and datacube filtering 

to replace the role of traditional filters. Quantitative comparisons between full-spectrum 

and filter-based microscopy are provided in the context of overall signal level and 

accuracy of measured fluorophores' emission spectra. To show the potential applications, 

a five-color cell immunofluorescence imaging experiment is also theoretically simulated, 

whose results indicate a 2 - 6 times improvement in signals can be achieved if filter-

based imaging is replaced by the proposed full-spectrum imaging technique. 

5.1 The trade-offs of filter-based imaging in multiplexed hyperspectral 

microscopy 

The continuing development of fluorescent probes bringing new spectral characteristics 

and new functional properties for cellular labeling has widened the possibilities of what 

biological features can be measured by a microscope. Taking full advantage of their 

properties, however, can require modification of the traditional fluorescence imaging 

setup. Since the fluorescent probes which have been developed exhibit different photo-

activities in the visible light and near infra-red (NIR) region with Stokes shifts (difference 
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between peak excitation and emission wavelengths) from a few to over a hundred 

nanometers [41], it can be challenging to image multiple probes simultaneously. 

To acquire fluorescence images, conventional fluorescence microscopy utilizes 

exciter/dichroic/emitter filter sets to separate fluorescent emission from excitation. The 

filter combination of exciter/dichroic/emitter can reach a very high extinction ratio in 

damping the excitation background, thus providing high contrast for fluorescent objects. 

However, for many commonly used fluorophores, the Stokes shifts are small, for 

example, ~20 nm for most dyes in the families of Alexa Fluor and Cy [42]. To image 

these fluorophores with filter sets, one faces an inevitable trade-off between the 

excitation and emission spectra because they are not allowed to overlap: one either 

sacrifices a large portion of the excitation spectrum (blocking illumination photons and 

thus sacrificing measurement speed) or acquires a reduced portion of the emission 

spectrum (blocking emission photons and thus sacrificing signal-to-noise ratio) to 

accommodate a given filter set. 

In multiplexed hyperspectral microscopy, the problem of the non-overlap requirement 

becomes even more significant, because illuminating multiple excitation bands and 

collecting multiple emission bands into the full spectrum, each spectral band has to be 

narrower than in the single bandpass case. For example, a Semrock quad filter set 

(LF405/488/561/635-A) has eight spectral windows (four windows for the excitation and 

four windows for the emission) spanning over ~300 nm wide UV and visible light range, 

each of which has a transmission bandwidth around 40 nm. The non-overlap requirement 

of these spectral windows creates four spectral gaps in both the excitation and emission 

spectra, gaps which cannot be used to excite fluorophores or collect emission signals. In 
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addition, multi-band filters change the measured fluorophores' emission spectra (see 

discussions in Section 5.4.2), which causes problems in quantitative fluorescence 

microscopy, where results are sensitive to the acquired spectral profile or absolute peak 

positions. 

To avoid the trade-off between emission and excitation spectra in standard filter 

imaging, several full-spectrum illumination techniques have been developed. Ye [34] 

proposed a time-gated technique to detect the whole spectrum fluorescence (lifetime 

scale of nanoseconds) while separating out the excitation light (pulse duration time scale 

of picoseconds) in the time domain. Although this approach enables extremely high 

rejection of scattered excitation light, currently it has not been implemented in high-

resolution imaging systems. In order to realize full-spectrum illumination in wide-field 

imaging, Curry [43] presented a dark-field oblique illumination scheme, which uses a 

field stop in the reflected optical path to block most of the specular reflected light. 

However, there is still a considerable amount of excitation light left in the background. 

To further improve the image contrast, polarization separation has been used as an 

additional filtering mechanism in recent works [33, 44], a mechanism that is based on the 

fact that fluorescence emission often exhibits a large degree of polarization anisotropy 

while most back-reflected excitation light remains in the original polarization state [28]. 

Although the feasibility of combining these wavelength-independent filtering 

mechanisms has been proven in cellular fluorescence imaging [33], to the best of our 

knowledge few attempts have been made to implement full-spectrum illumination in 

HFM - the field that suffers most from the spectrum trade-off problem. This is because 

for a snapshot or spatial-scanning HFM imager any spectral band used at the excitation 
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side will cause imagers' corresponding spectral channels to be redundant at the emission 

collection side. The filter's trade-off problem significantly degrades the multi-channel 

imaging capabilities of hyperspectral imagers in experiments which require a fine 

spectral sampling over a broad range of spectrum. In addition, the previous full-spectrum 

imaging [33] experiments were not quantitatively compared with the filter-based results. 

Here a new full-spectrum-illumination-based HFM system is proposed with an image 

mapping spectrometer (IMS) as the spectral detection device. The fast acquisition of the 

IMS provides a unique opportunity for employing full-spectrum illumination techniques, 

because high dynamic range real-time imaging needs abundant photons to be excited in a 

short exposure time. The full-spectrum HFM setup is implemented on a standard epi-

illuminated microscope. By applying spatial coherence filtering and polarization 

filtering, the full spectrum is used at both the excitation side and emission side, so that the 

difficulty of avoiding spectral overlap in filter-based imaging can be eliminated. In 

addition, we use a datacube filtering algorithm to isolate elastically scattered light from 

the fluorescent emission to further improve the image contrast. The acquisition of full-

spectrum HFM images of multi-color fluorescent beads and bovine pulmonary artery 

endothelial cells prove the feasibility of this new approach (see Section 5.3). Quantitative 

comparisons between full-spectrum imaging and filter-based imaging are implemented in 

the context of overall signal level and accuracy of measured fluorophores' emission 

spectra. In order to show the potential advantage of full-spectrum HFM technique in 

multiplexed imaging applications, we also simulate a five-color cell immunofluorescence 

imaging experiment under the two illumination schemes. The results indicate that a 2- 6 



52 

tunes improvement in signals can be achieved if filter-based imaging is replaced by the 

proposed full-spectrum imaging technique 

5.2 System description 

5 2 1 Operation principle 

The operating pnnciple of full-spectrum fluorescence microscopy is shown m Fig 5 1 At 

the object plane, since the excitation is often several orders of magnitude bnghter than 

the emission in the fluorescence microscopy, the fluorescent signal is buried in a high 

level of background light The excitation light is first removed by the polanzation and 

spatial coherence filtenng [33] The background level is significantly damped (normally 

with better than 10" extinction ratio) dunng this process, while the throughput for the 

fluorescent signals can still reach -50% (down from 100% due to the loss at the 

polanzation separation interface) 

Then, a 3D datacube (x, y, X) is acquired by the IMS, which contains both the 

fluorescent emissions and residual excitation For the thin fluorescent samples in which 

the residual excitation background is mainly contnbuted by the spunous reflection and 

wavelength-independent scattenng, the excitation background has the same spectral 

signature as the excitation source, so that it can be considered as a specific spectral 

component in the captured datacube With the known reference spectra of each 

fluorophore's emission and of the source's excitation spectrum, a linear unmixing 

algorithm is implemented on the captured datacube, and discnminates the ongmal 

datacube into two sub-cubes based on their spectral difference - one with the excitation 

background and the other with fluorescent emissions Consequently, the datacube of 
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fluorescence signals within the image have now been separated from the background 

light and the image contrast is improved. 

Excitation background 
(linearly polarised) Residual excitation background 

Fluorescent 
emission 
(randomly 
polarized) 

Object 

Polarisation 
i filtering & 
•spatial coherence! 
[filtering 

e 
* f T * * 4* 

/ \ 

1r *$ •$ ?̂ # ^ 

RGB image 

itiVATi 
i U - 4 i 4 i 
U l t U I 1 

Residual excitation 
datacube 

Conversion 
• « - — — 

Conversion 

< 

Datacube filtering 
by spectral unmixing 

< 

Fluorescent emission 
datacube 

3D datacube (fluorescence & 
residual excitation) 

Fig. 5.1. Operating principle of full-spectrum fluorescence microscopy 

5.2.2. Optical setup 

The full-spectrum HFM is implemented on a Zeiss Axio Observer microscope with epi-

illumination (see Fig. 5.2). The excitation source is a supercontinuum laser (Fianium 

SC400) with broadband spectrum (410 nm - 2100 nm). A variable neutral density filter 

and a hot filter are placed in front of the laser output to attenuate the laser intensity and 

filter out the IR light, so that the whole excitation spectrum falls in the visible light range. 

Then, the excitation laser is linearly polarized (s component) by a Glan-Thompson prism 

(Thorlab, GTH5M), and beam-expanded 2x to mateh the illumination area with the 

IMS's field-of-view (FOV) on the microscope's sample stage. A polarization beam-
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splitter cube (PBS) (Lambda Research Optics, extinction ratio > 500: 1) is mounted on 

the microscope filter wheel, reflecting the excitation light towards the microscope 

objective. Due to the spatially coherent nature of the supercontinuum laser, the excitation 

light is focused onto a single point at the back pupil plane of the microscope objective, 

where the spatial coherence filter is located. The focus's in-plane position is finely 

adjusted by a folding mirror until it reaches the conjugate position of the spatial 

coherence filter's blocking part (see Fig. 5.2), so that most of the specular reflected 

excitation light can be rejected. The fluorescence emissions are collected by the 

microscope objective, and pass through the PBS with -50% transmission throughput (s 

component is rejected). An intermediate image is formed at the microscope side port, 

where we place the image entrance port of the IMS. The full-spectrum datacubes are 

captured and processed by the IMS. 

Spatial coherence filter 

Objective 

Supercontinuum^ 
Laser 

N.l>, Hot ... _ 
filter filler """•-' hompson 

Polarizer 

• - - expander. I m 
'vt? CD 

s Adjustable 
folding mirror 

A: Microscope back 
illumination port 

B: Microscope stage 
C: Microscope side 

image port 

Image Mapping 
Spectrometer (IMS) 

Tube lens 

Fig. 5.2. Optical setup for the full-spectrum HFM 

5.2.3 Image contrast improvement algorithm by datacube filtering 
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Although spatial coherence filtering and polarization filtering can block most specular 

reflected excitation light, neither of them works effectively when elastic scattering from 

the sample or cover glass becomes a source of background signal [45]. To further 

improve the image contrast, we developed a datacube filtering algorithm to isolate the 

elastic scattering from the fluorescent emission based on their spectral differences [46]. 

Assuming there are n fluorophores in the sample, each has a reference emission 

spectrum and concentration distribution in the form of R'(A)and A\x,y) (i = 1, 2, 3, ..., 

n) respectively. At the same time, elastically-scattered light will also produce a 

"background" spectral signature RJ
sea(x,y,A) given by 

Rie.(x,y,Q = SWEJ(x,y,X) (5.1) 

where 5(A) is the illumination source spectrum, and Hy(x,y,A)is the scattering efficiency 

of the jth component within the sample at spatial position (x, y). For a sample whose 

reduced scattering coefficient can be assumed homogeneous throughout the sample, we 

can write 

ZJ(x,y,A) = W)Asca(x,y) (5.2) 

so that the total elastically scattered light is 

m 

R^,y,X)=Ax.{x,y)Y^{X) (5.3) 

for m different spectral scattering components. In this case, the system's spectral 

component matrix H can be expressed as 

H=[R1R2...R"R„] (5.4) 
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Since the object's datacube f(x,y,A) can be expenmentally measured by the IMS, and 

theoretically equals the multiplication of the system's spectral component matnx H with 

the components' concentration distribution A\x,y) , the true concentration can be 

estimated as 

A-(x,y) = H+f(x,y) = f^[H+lf-(x,y) (5 5) 

in which H+ is the Moore-Penrose pseudo-inverse of H , and k is the index over the 

number of wavelength channels K in the datacube As long as H is well-conditioned, then 

A'(x,y) provides a reliable estimate for the concentration of the ith chromophore within 

the image Based on this solution, we can remove the scattenng from the original 

datacube by 

f\x,y,X) = f(x,y,A)-Rxa(A)A"+\x,y) (5 6) 

and obtain a filtered datacube/* 

5.3 Imaging results and discussions 

To demonstrate the imaging performance of the proposed full-spectrum HFM technique, 

two experiments were designed and implemented - imaging of multi-color fluorescent 

beads (see Section 5 3 1) and imaging of bovine pulmonary artery endothelial cells (see 

Section 5 3 2) 

5 3 1 Full-spectrum hyperspectral imaging oj multi-color fluorescent beads 

A prepared mixture of different color fluorescent beads (6 um diameter, Invitrogen 

FocalCheck fluorescence microscope test slide #2) is placed on the microscope stage and 
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is imaged by a Zeiss Epiplan-Neofluar 40x/NA=0 75 objective The fluorescent beads' 

excitation and emission maxima are shown in Table 1 

Table 1 The excitation and emission maxima 
of fluorescent beads 

Bead label 

1 

2 

3 

4 

5 

6 

Excitation 
maxima 

503 nm 

511 nm 

541 nm 

545 nm 

578 nm 

589 nm 

Emission 
maxima 

511 nm 

524 nm 

555 nm 

565 nm 

605 nm 

613 nm 

A FOV that contains all six color beads is imaged by the IMS under full-spectrum 

illumination with 0 2 seconds exposure time A total of 46 spectral channel images are 

acquired simultaneously After datacube filtenng, the measured datacube is displayed as 

in Fig 5 3 (a) (panchromatic display mode) Linear spectral unmixing [35] is used to 

discnminate spectrally overlapped fluorescent beads and acquire a spectral feature map 

The false-colored spectral feature map is shown in Fig 5 3(b) Note that the bead pans 1 

and 2, 3 and 4, 5 and 6 which are hardly discnminated in the Fig 5 3(a) are now visually 

distinguishable in the Fig 5 3(b) 
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(a) IMS acquired datacube (b) Spectral feature map (The 
(colorized panchromatic display beads are classified by spectral 

mode) unmixing and given coloring as 
labels for display) 

Fig. 5.3. Full-spectrum hyperspectral imaging of multi-color fluorescent beads. By 

spectral unmixing, the spectrally overlapped bead pairs 1 and 2,3 and 4,5 and 6 are 

visually distinguishable in the acquired spectral feature map. 

For quantitative comparison, the same FOV is also imaged by the IMS under filter-

based illumination with the same exposure time (0.2 seconds). Chroma long-pass filter 

set (11012v2, 515 nm LP) is chosen to separate the excitation from the emission light. 

Although the red fluorescent beads are not effectively excited by this filter set, most 

fluorescent beads' emissions fall in the emission filter's transmission range; so that the 

amount of light can be collected by the IMS can be maximized. The polarizer in the 

illumination optical path is removed to transmit the "full" laser power to the sample as it 

is not needed in a filter-based setup. In addition, since the fluorescent beads were proven 

to be photo-stable, no photobleaching-induced intensity decrease is assumed to be 

observed in this controlled experiment. 
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We first measure the excitation spectral intensity at the sample by placing the entrance 

port of an integratmg sphere at the plane of the sample, and use a fiber-coupled 

spectrometer (Ocean Optics USB 4000) to sample the light inside the sphere The result 

is shown in Fig 5 4 The curve for the filter-based measurement thus gives the spectrum 

of the source multiplied by the transmission of the optics and the excitation filter-dichroic 

beamsplitter pair 

S>(A) = S„{X)T^X)[T„Vyr*W] (5 7) 

whereas the curve for the full-spectrum measurement replaces the filter-beamsplitter pair 

with a polanzing beamsplitter 

SjaW = SMT^XfTnsW (5 8) 

Up until the cutoff wavelength, the filter-based illumination is thus brighter than the full-

spectrum setup but beyond the cutoff none of the light can be used for fluorescence 

excitation 

Next we measure the system collection efficiency (or throughput) for fluorescent 

emitted light under the two setups Here we replace the sample with a broadband light 

source and measure the resultmg spectrum at the microscope's side port Dividing this 

by the spectrum measured directly at the source gives the throughput value rj, i e 

Vfi"{X) = KM)= KM) (59) 

and 
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„ ((A)rw_uws«w 
s„W s„W 

(5.10) 

Here Tmi(X) is the emission filter transmission, and primed quantities indicate that the 

geometric path is different, even though the same optical component is being used, so 

that the transmission spectrum will be changed. The resulting throughput spectra 

Tjjgt(A) and 77^ (A) are shown in Fig. 5.5. Here we see that the full spectrum setup 

throughput is primarily limited by the polarizing beamsplitter. The filter-based setup thus 

has higher throughput for wavelengths above the emission filter's cut-on wavelengths, 

but that the system cannot collect light below Xaa_on. 

3.5 

? 3 

x10 
-Filter-based excitation 
-Full-spectrum excitation 

450 500 550 600 650 
Wavelength (nm) 

700 

Fig. 5.4. Excitation spectra under filter-based and full-spectrum illumination 
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-Filter-based emission 
-Full-spectrum emission 

500 550 600 650 
Wavelength (nm) 

Fig. 5.5. System throughput for emission in filter-based and full-spectrum imaging 

Next, the dynamic range of the IMS's spectral channel images are compared under the 

two illumination schemes. The channel wavelengths 515 and 525 nm are chosen as 

representative because they are close to the emission peak of beads 1 and 2 - the beads 

that are effectively excited by both illumination methods. The filter-based imaging 

result is shown in Fig. 5.6 (b), (e) and the full-spectrum imaging result is shown in Fig. 

5.6 (a), (d). In spectral channel 515 nm (Fig. 5.6 (a) and Fig. 5.6 (b)), bead l's measured 

signal under full-spectrum illumination is 3.53 times higher than that under filter-based 

illumination. Bead 2's measured signal under full-spectrum illumination is 11.2 times 

higher than that under filter-based illumination. In the spectral channel 525 nm (Fig. 5.6 

(d) and Fig. 5.6 (e)), beads 1 and 2 have 1.65 and 3.14 times as much signals under full-

spectrum illumination as that under filter-based illumination. 

To extend the comparison to the whole spectral range, bead 1 and bead 2's emission 

spectra are also measured (see Fig. 5.6(c) and 5.6(f)) by summing over the pixels 

indicated by the circles in the spectral channel image. The total photons that are collected 

from bead 1 under full-spectrum illumination (area under the red curve in Fig. 5.6 (c)) are 
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2.39 times that under filter-based illumination (area under the blue curve m Fig. 5.6 (c)). 

And the total photons that are collected from bead 2 under full-spectrum illumination 

(area under the red curve in Fig. 5.6 (f)) are 3.07 times that under filter-based 

illumination (area under the blue curve in Fig. 5.6 (f)). Thus, even for this simple 

experiment, performed with a setup in which the filters are nearly optimal for the dyes 

and spectral range chosen, the full-spectrum illumination method provides considerable 

improvement in signal. 

Fig. 5.6. Spectral channel images and beads' emission spectra comparison in full-

spectrum imaging and filter-based imaging 

5.3.2 Full-spectrum hyperspectral imaging of bovine pulmonary artery endothelial 

(BPAE) cells 
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To further test the performance of full-spectrum hyperspectral imaging for cellular 

samples, bovine pulmonary artery endothelial (BPAE) cells (Invitrogen FluoCells 

prepared slide #1, Cat # F36924) were imaged under both types of illuminations A Zeiss 

Plan-Apochromat 63x/NA=l 40 objective was used to image the sample on the 

microscope In this expenment, two fluorophores were effectively excited usmg the 

available illumination wavelengths (410 nm - 2100 nm) Alexa Fluor 488 phalloidin 

(labeling cellular F-actin, Ex Peak 505 nm, Em Peak 512 nm), and the MitoTracker 

Red CMXRos (labeling cellular mitochondna, Ex Peak 579 nm, Em Peak 599nm) The 

datacube was captured by the IMS with 0 5 seconds exposure time This datacube, after 

datacube filtenng, is shown in Fig 5 7 (a) For companson, the same FOV was also 

imaged under the filter-based illummation with the same exposure time A Chroma 

multi-band filter set 61001 was used to separate fluorescent emission from the excitation 

light The captured datacube is displayed in Fig 5 7 (b) Companng Fig 5 7 (a) with 

Fig 5 7 (b), fluorescent signals are collected in all spectral channels in the full-spectrum 

imaging mode, while m the filter-based imaging mode, several spectral channels (e g 

501 nm - 508 nm and 554 nm - 585 nm) are dark because they are spectrally located at 

the excitation bands of the filter 



64 

Fig. 5.7. Datacube's spectral channel images in (a) full-spectrum imaging and (b) filter-

based imaging. The dark spectral channels in filter-based imaging are caused by the 

blocking effect of filter's excitation bands in the emission collection range. Each spectral 

channel image displays an 80 urn x80 um region of the sample. 

To further assess the effect of filters on the fluorophore emission spectra, the 

normalized fluorophore emission spectra from full-spectrum imaging and filter-based 

imaging at corresponding positions are also compared (see Fig. 5.8 (a) and Fig. 5.8 (b)). 

Two major spectral changes in the filter-based spectra have been identified - termed 

"spectral gap" and "peak shift". The "spectral gap" is caused by the blocking effect of 

the filter's excitation bands in the emission collection range, which changes the shape of 

the fluorophores' original emission spectra (indicated by arrows in Fig. 5.8 (a)). The 

"peak shift" is caused by the wavelength cut-off effect of a filter's emission bands. Due 

to this effect, the measured emission peaks of fluorophore Alexa Fluor 488 and 

MitoTracker Red in filter-based imaging are shifted 4 nm and 15 nm respectively with 
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respect to their corresponding locations under the full-spectrum illumination. The 

"spectral gap" and "peak shift" may cause problems in quantitative fluorescence imaging 

experiments, whose results are sensitive to the emission's profiles or absolute spectral 

peak position, e.g. the measurement of spectral response of fluorophore to changes in pH 

[19] or temperature [20]. 

(a) Alexa Fluor 488 (b) MitoTracker Red 

Fig. 5.8. Measured fluorophore emission spectra in full-spectrum imaging and 

filter-based imaging. The full-spectrum and filter-based spectrum shown here have been 

normalized differently in order to match peak heights. 

5.4 Quantitative simulation for multiplexed imaging applications 

The full-spectrum HFM technique we present here has features which are important for 

researchers imaging multiple fluorescent probes at once. One of the promising 

applications lies in multiplexed imaging of cancer stem cells. Laboratory experiments 

show that targeting the stem cells with multiple contrast agents enables accurate 

characterization of molecular phenotypes and cellular identification [47, 48]. To show 

the advantage of full-spectrum HFM in this potential application, we simulate the results 

for a five-color immunofluorescence imaging experiment which was previously 

experimentally implemented by filter-based imaging [47]. 
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For a fluorophore, under the full-spectrum illummation, the number of effective 

excitation photons is equal to the illumination excitation spectrum^,(A)multiplied by 

fluorophore's absorption spectrum B(A) 

^/„/= 2>/u„(A)B(A) (5 11) 

while under the filter-based illumination, 

^ , = Z^ .WB(A) (5 12) 

The ratio of M = NMINfdtgixes the amplitude scaling factor to compare the collected 

fluorophore's emission spectra under two illumination schemes 

At the collection side, the fluorophore's emission spectra are calculated as 

fluorophore's reference emission spectrum Sen"multiplied by system's throughput T] and 

amplitude scaling factor M In full-spectrum imaging, this gives 

S™{X) = S™Wr1full{X)Nfun (5 13) 

and m filter-based imaging, it is 

S^{X) = Sem'{X)rlfllt{X)Nfin (5 14) 

To validate above theory, we first simulate results for the fluorescent beads 1 and 2 

which have been expenmentally measured in Section 5 4 1 Results show that simulated 

spectra match well with measured results (see Fig 5 9) 
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Wavelength (nm) Wavelength (nm) 

(a) Bead 1 (b) Bead 2 

Fig. 5.9. Theoretical simulated results vs. experimentally measured results in 

fluorescent beads imaging experiment 

Next, a five-color immunofluorescence hyperspectral imaging experiment is simulated 

under two illumination schemes. The human mesenchymal stem cell is assumed to be 

prepared by the same immunofluorescence method as described in [47]: Celluar endoglin 

is labeled with dye TexasRed, FCAM-1 is label with dye FITC, collagen is label with dye 

Alexa 546, fibronectin is labeled with dye Cy2, and f-actin is label with dye Alexa 633. 

The triple-band emission filter (green, red and infrared, ASI) which was previously used 

in the experiment [47] is also used in the simulation. The simulated results are shown in 

the Fig. 5.10 (a) - (e). By summing the areas under the fluorophores' emission spectra, 

the numbers of total emission photons that are collected under the two illumination 

schemes are compared. Results show that a 2 - 6 times improvement in overall signals 

can be achieved by replacing the filter with the proposed full-spectrum HFM technique in 

this multiplexed imaging experiment. And since there is no trade-off problem in the full-

spectrum imaging mode, the number of fluorescent probes that can be used in an 

experiment is increased. 
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Fig. 5.10. Simulated results for fluorophores' emission spectra in full-spectrum 

and filter-based imaging 

5 . 5 Discussions 

In this chapter, a novel full-spectrum HFM technique is presented which provides higher 

signal levels and higher spectral fidelity than can be achieved by filter-based imaging. By 

eliminating the excitation filters on the illumination side, we can achieve a full-spectrum 

excitation without a tradeoff between throughput and the number of fluorescence 
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channels excited By replacing the dichroic mirror and emission filter with a polarizing 

beam splitter, we can achieve a uniform throughput on the collection side, regardless of 

the number of fluorophores being imaged The resulting system provides an improved 

signal level over a comparable filter-set-based system in most multiple-fluorophore 

imagmg expenments In addition, since the full-spectrum HFM technique shows little 

wavelength-dependent throughput on the collection side, fluorophores' emission spectral 

profile can be accurately measured - a crucial feature in quantitative fluorescence 

imaging expenments 

An important feature is that, unlike the filter-based approach, the full-spectrum method 

easily scales up for expenments requiring a large number of chromophores Expenments 

attempting to differentiate rare subpopulahons of cells, for example, have been steadily 

increasmg the number of fluorophores used in order to indentify and charactenze these 

rare subsets [47-50] Exciting this many dyes properly, and detecting their individual 

concentrations, can require several excitation lasers and multiple filters combinations 

[47] The full-spectrum approach, however, can excite all dyes whose absorption spectra 

he within its spectral band, and can collect the complete emission spectra from the entire 

set of fluorophores without modifying the instrument setup described in Sections 4 4 and 

45 

Currently, the major limitations for the proposed full-spectrum HFM technique are its 

need for a spatially coherent source, and requirement that the sample have weak elastic 

scattering, compared to its fluorescent emissions, after polanzation filtenng and spatial 

coherence filtenng Although the scattering components can be further isolated by the 

proposed datacube filtering algonthm, the effectiveness of this technique is limited by the 
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noise in the captured spectra In addition, as more fluorescent, scattenng and absorption 

components are added to the system's spectral component matrix in Eq (4 1), H may 

become ill-conditioned, leading to an unstable solution for Eq (4 2) In this case, the 

captured datacube is no longer suitable for spectral filtenng However, note that recent 

developments m DMD-based illummation technology [51] provide the ability to control 

the illumination mtensities at each wavelength Thus an optimal illummation spectral 

profile that minimizes the condition of the spectral component matnx H might be 

produced for imaging a given sample, which can benefit the proposed full-spectrum HFM 

technique in multiplexed imagmg expenments 
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Chapter 6 

Development of structured illumination for the 4-D IMS 

Previous IMS-based expenments were implemented in wide-field imaging For imagmg 

volumetnc samples such as biological tissues, wide-field measurements suffer from 

spatial-spectral crosstalk due to light contnbuted from out-of-focus layers To address 

the problem of out-of-focus light and add another acquisition dimension to the IMS, in 

this chapter, a 4-D (x, y, z, X) IMS is presented with structured illumination (SI) 

6.1 System setup 

The schematic of 4-D IMS is shown in Fig 6 1(a) The IMS is coupled to a side image 

port of an inverted microscope (Axio Observer, Zeiss) The structured illumination is 

implemented by placing a 10 lp/mm ronchi ruling grid (NT38-258, Edmund Optics) at 

the conjugate plane of microscope's sample plane m the epi-illummation optical path 

(See Fig 6 2) 
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Fig. 6.1. Schematic of 4-D IMS with SI 

Motorized stage Microscope's epi-illumination port 

Fig. 6.2. Structured illumination setup in the epi-illumination optical path of a microscope 
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The IMS is synchronized with the movement of the grid for automatic acquisition. After 

acquiring three images Ii, h, h with 2*73 phase difference illumination sinusoid 

patterns, demodulation is implemented by the algorithm [52, 53] 

I = 4{h-h)2+{h-hf+ih-hf (6-1) 

To calculate the axial resolution, the projected grid pattern period on the microscope's 

stage is measured by imaging a USAF resolution target under structured illumination 

(See Fig. 6.3). The projected grid pattern period is measured around 22 camera pixels, 

while the width of bars in Group 6 Element 1 (7.81 um) is measured around 53 camera 

pixels. So the projected grid pattern period on the microscope stage is 3.24 um in real 

units. 

Fig. 6.3. Projected grid pattern on the USAF resolution target image 

Then the normalized defocus parameter « and grid frequency u are calculated as 

(microscope objective: Zeiss Plan-Apochromat 63 x oil objective, NA=1.4): 
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u-—zsin (or/2)« z = 22 85z 
A 0 55 2 
X 1 055 1 

L> = = = 0 12 
TNA 3 2414 

(6 2) 

So that the axial PSF is 

/ » -
Jx[2uo(\-vl2)\ 

(6 3) 
2WL>(1 -v/2) 

The axial resolution is the FWHM of axial PSF, which is 

Resz = FWHM{Iv («)) = 0 83/WM (6 4) 

In addition, in order to provide a fast image refreshing rate in the real-time imaging, the 

demodulation algorithm always wraps the most recent captured three datacubes (See Fig 

6 1 (b)) for process - so that the datacube display rate is maximized 

6.2 Imaging results 

To demonstrate the 4-D acquisition capabihty of the presented IMS m the fluorescence 

microscopy, we first unage a mouse kidney section (F-24630, Invitrogen) with a combmation of 

fluorescent dyes The glomeruli and convoluted tubules were stained with Alexa Fluor 488 (exc 

493 nm, emi 516 nm), the filamentous acton was stained with Alexa Fluor 568 (exc 578 nm, 

emi 604 nm), the nuclei were stained with DAPI (exc 360 nm, emi 462 nm) The sample is 

placed on the microscope stage and illuminated with a 120W X-cite arc lamp Chroma tnple-

band filter set (61001) is used to separate excitation light from fluorescent emission The total 

IMS exposure tome to acquire a (x, y, A) datacube for a sectioned depth layer is 0 3 s (0 1 s 

integration time for each phase image) Imagmg results show that the crosstalks from out-of-
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focus spatial depth layers are significantly reduced due to proposed illumination technique. For 

comparison, the IMS acquired wide-field datacube and SI datacube are shown in Fig. 6.2. To 

achieve 4-D datacube (x, y, z, A) acquisition, the sample in scanned along z axis with 1 um/step. 

The acquired 4-D datacube of size 350x350x 10*48 (x, y, z, A) is shown in Fig. 6.3. 

(a) (b) 

(c) (d) 

Fig. 6.2 Panchromatic display of IMS acquired wide-field and SI datacubes. (a) and (c) are 

acquired under wide-field iuumiantion; (b) and (d) are acquired under SI illumination. 
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Fig. 6.3 IMS acquired 4-D datacube. Six of 48 spectral channels at different depths are shown in 

the Fig. The scale bar indicates 20 microns in length. 

63 Quantitative comparison with hyperspectral confocal microscope 

In this section, we quantitatively compare the 4-D IMS with a typical hyperspectral confocal 

microscope (HCM) (Zeiss Meta 510) in the context of signal level of acquire image. Since 

photon detectors in two imaging modalities are different (the IMS uses CCD camera while the 

HCM uses PMT array), the photon detectors' gain g (in units of photo-electrons per count) in 

each imaging modality needs to be measured first. 

6.3.1. Photon detector's gain measurement 

From a digitized image, two quantities mat can be directly measured are: Sc (The signal 

measured in count units) and Nc (The total noise measured in count units). To derive the relation 

between detector's gain g and SC,NC, we first define the following quantities: SE, the signal 
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measured by the detector m photo-electrons, NE ,the total noise measured by the detector m 

photo-electrons, RE, the readout noise of the detector m photo-electrons 

The total noise of acquired unage NE is mainly contnbuted by three factors detector's readout 

noise RE, photon noise aE, and detector's dark noises aD E 

N2
E=R2+c72

E+a2
DE (6 5) 

Since the photons noise obeys Poissoman statistics, which is SE = a\, we can make 

following substitution 

N2
E=R2

E+SE+a2
DE (6 6) 

By using the relationsNE =gNc,RE =gRc,SE =gSc,aDE =gcrDC, Equ 6 6 can also be 

wntten as 

g2N>=g2R2
 + gSc+g2<Tlc (6 7) 

So that, 

Nl=-Sc+{B*+alc) (6 8) 
g 

Equ 6 8 mdicates the linear relationship between the signal's vanance N* and the signal's 

mean intensity Sc 

By applying the linear regression to the variables N* and Sc at different illumination 

intensities (See Fig 6 4 and Fig 6 5), the IMS' and HCM's detector's gains are measured 

respectively g/MS =17 6, gHCM = 0 0127 
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6.3.2. Signal level comparison - standard fluorescent bead imaging experiment 

To compare the collected signal level of two imaging modalities, a standard green 

fluorescent bead sample (Bead diameter=2 um, emission peak wavelength: 516 nm) is 

chosen for imaging. Since these fluorescent beads are proven to be photo-stable [54], no 

photobleaching is expected to be observed in the present study. The experimental design 

for the comparison is shown in Fig. 6.6. A spatial depth layer (x, v,Az) of a fluorescent 

bead is first acquired by SI in the 4-D IMS, while by pinhole filtering in the HCM. Then 

this spatial layer is dispersed and imaged by spectral channels with nominal 
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wavelengths/?,, X^ ••• ln. Since the spectral channel image whose nominal wavelength 

(lm =516 nm ) is close to the bead's peak emission has maximal fluorescent intensity, it 

is chosen as the representative in the following comparisons. 

Fig. 6.6. Experimental design for the comparison study 

In the 4-D IMS imaging, the fluorescent beads are excited by an X-cite 120W arc lamp 

(Lumen Dynamics, inc.), and the fluorescence is imaged by a Zeiss Plan-Apochromat 

63x/NA=1.40 objective. Chroma filter set 41015 (485 nm LP) is used to separate 

fluorescence from the excitation light. In the HCM imaging, the sample is excited by the 

Argon laser line 488 nm with maximal output power of 0.32 m W on the microscope stage, 

and the fluorescence is collected by the same Zeiss objective that is used in the 4-D IMS 

imaging. Lambda acquisition mode (8 parallel spectral acquisition channels with spectral 

bin width ~ 10 nm) is chosen on the HCM's operation software. The HCM's pinhole size 

is set to be 1.26 Airy disks so that the sectioning thickness (~ 0.9 um) is close to that of 

the 4-D IMS. The imaging parameters used in the comparison experiment are 

summarized in Table. 6.1. 
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Table 6 1 Imaging parameters for the 4-D IMS and HCM in the companson 

Depth- HCM 
resolved IMS 

T Frame time to acquire 983 ms (327 983 ms 
a sectioned depth layer ms for a phase 

image) 

t Pixel exposure time 

MxM Frame sampling 

AX Spectral bin width 

Az Sectioning thickness 

983 ms 

350x350 

~3 5 nm 

- 0 83 um 

37us 

512x512 

- lOnm 

~09um 

Note that in the 4-D IMS, the pixel exposure time is equal to the frame time due to the 

parallel acquisition of the IMS, in the HCM, the pixel exposure time is equal to the 

division of the frame time to the frame sampling size due to the mechanical scanning 

across the field We maximize the laser power that is available in our particular 

microscope (0 32 mW measured on the microscope stage) for HCM imaging - an 

approach that is usually adopted to compensate for the scanning-caused throughput loss 

In addition, to cancel out the differences m frame sampling, spectral bm width (assuming 

spectral flatness over both bm widths), and sectioning thickness between the two 

modalities, a signal scaling factor is calculated for the 4-D IMS with respect to the HCM 

by 

2 

N = ̂ HoLx^mL/MjML = i45 (69) 
^MS ^ M MMS 
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The fluorescence emitted by the (Az,Al) layer of a fluorescent bead is measured by 

summing all the pixel mtensities (m counts) in the area where the bead locates A total of 

20 fluorescent beads are measured by the 4D-IMS and HCM respectively (See 

representatives m Fig 6 7) The mean fluorescent signals of these beads measured by the 

4-D IMS are SCIMS =487xl03 in counts, while measured by the HCM 

are SCHCM =4 84xl04 in counts By converting the measured signal counts to photo-

electrons and scaling the signal with factor N, the ratio of photo-electrons collected by the 

4-D IMS to the HCM at the same frame rate is obtained 

ScMsgiMs* 4 87xl0 3 xl7 6 x l 4 5 , „ 
r = = = 202 C6 10) 

SCHCMSHCM 4 84xl0 4 x0 0127 l ° W ) 

(a) 4-D IMS acquired image (b) Hyperspectral confocal 
microscope acquired image 

Fig 6 7 Fluorescent beads measured in the spectral channel lm = 516 nm Fig (a) is 

acquired by the 4-D IMS, Fig (b) is acquired by the HCM 

In HCM imaging, the power of the 488 nm excitation laser on the sample plane is 

measured to be 0 32mW To mvestigate whether HCM can compensate the trade-off 

between scanning and collected signal level by usmg a more powerful laser source, we 

measured the emissions of a fluorescent bead at different excitation laser powers (see Fig 
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6.8). The maximal number of photons that the fluorophore can emit before reaching its 

saturation state is calculated by fitting an exponential curve I = a-aehp to the measured 

data (/ is the measured fluorescence signal and P is the excitation laser power). The 

fitting result shows the decay coefficient b is equal to 2.61mW"1. The signal ratio of the 

fluorophore at the laser power P = <x> to P = 0.32 mW is thus obtained: 

I(P = oo) a 
<? = 

/(/>=0.32mW) a(l-e-°32*) 
• = 1.77 (6.11) 

Consequently, if the HCM uses a more powerful laser source in the presented comparison 

study, the measured photons by the 4-D IMS still remains: 

r'>rl4 = \U (6.12) 

times higher than that can be measured by the HCM. 

,5 
,x10 

0 0.1 0.2 0.3 
Excitation laser power (mW) 

Fig. 6.8. Excitation laser power vs. Measured signal in HCM imaging 

6.4 Quantitative comparison with Liquid-Crystal-Tunable-Filter-based 

hyperspectral imager 
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In this section, by following the similar procedures that are discussed in Section 6.3, the IMS is 

compared with a home-built Liquid-Crystal-Tunable-Filter (LCTF)-based hyperspectral imager 

(see Fig. 6.9). The LCTF-based hyperspectral imager is built by connecting a LCTF (Varispec, 

CRI) to a CCD camera (Retiga Exi 1394 Fast, Qlmaging, hie), and mounting them to the side 

port of a microscope. The grid is removed from the illumination optical path, so that both 

imaging modalities are working in the wide-field imaging mode. The fluorescent bead sample is 

illuminated by the same hght source (X-cite 120W), and the fluorescence is collected by the same 

microscope objective (Plan-Neofluar 40 x /N.A. = 0.75) and filter-set (Chroma 41015, 485 nm 

LP). The gain of the LCTF-based hyperspectral imager's camera is measured experimentally (see 

Fig. 6.9), which is gLCTF = 3.96. 

Fig. 6.8. LCTF-based hyperspectral imager 
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Vanance 

Fig. 6.9. Variance vs. signal in LCTF-based hyperspectral imager 

In the LCTF-based hyperspectral imaging, to match with the number of spectral channels in 

the IMS, a total of 48 spectral channel images were acquired by the LCTF-based hyperspectral 

imager from 450 nm to 650 nm with a total exposure time of 4.8 sec (0.1 sec for each channel; 

the channel wavelength switching is ignored). The spectral bin width of each channel is around 7 

nm. In the IMS imaging, the total exposure time to acquire a datacube is 0.1 sec. The signal 

scaling factor for the IMS with respect to the LCTF-based hyperspectral imager is: 

T jy _ ALCTF x ^ZCTF _ 4 2 

-'IMS ***TMS 
(6.11) 

Note that compared to the Equ. 6.9, the signal scaling factor in Equ. 6.11 does not count 

in the effects of sectioning thickness and spatial sampling. This is because in this case 

both imaging modalities are working in the wide-field imaging mode - the collected 

fluorescence is contributed by all spatial depth layers and spatial sampling does not affect 

the total exposure time. 
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The same FOV of fluorescent beads is imaged by the IMS and LCTF-based 

hyperspectral imager After measuring the mean fluorescent signal in the channel image 

(A=516 nm) and converting them to photo-electron units The ratio of photo-electrons 

collected by the IMS to the LCF-based hyperspectral imager at the same frame rate 

conditions is 

SCIMS8IMSN 6 85x103 photo-electrons N 
r = = f = 74 89 (6 12) 

$c LCTF SLCTF 3 84x10 photo-electrons 

The ratio here is smaller than the one presented in Equ 6 10 This is because the 

LCTF-based hyperspectral imager scans in the spectral domain - 48 plane scans are 

needed to match with the IMS' spectral sampling, while the HCM scans in the spatial 

domain - 350x350 point scans are needed to match with IMS' spatial sampling And 

since fluorophores are saturated in the HCM imagmg, the high illumination power in the 

HCM cannot compensate the scanning-caused throughput loss 

6.5 Discussions 

In this chapter, a 4-D IMS is presented with structured illummation Although the IMS' 

throughput is compromised for tradmg-m sectiomng capabihty, high dynamic range (12 bits) 

images were still acquired m a total 03s exposure tune (01s exposure time for each phase frame) 

in a mouse kidney fluorescence imaging experiment We also compare the IMS with a typical 

HCM (Zeiss Meta 510) and a LCFT-based hyperspectral imager (CRI) Experiment results show 

that about 428 1 times improvement is achieved by the IMS compared to the HCM approach, and 

74 9 times unprovement is achieved by the IMS compared to the LCTF-based approach at the 

same frame rate 
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SI is an effective way to make the IMS have the sechonmg capabihty, especially due to its easy 

integration with the IMS on a standard microscope setup, however, it is not the most efficient 

way to achieve 4-D acqmsition because the system throughput is sacnficed The recent 

development m the selective plane illummation technique [55-57] opens a new wmdow for the 4-

D IMS imagmg because the whole sectioned plane can be captured via a smgle snapshot without 

demodulation In addition, this illummation technique also enables the wide-field two-photons 

imaging [57] Combing selective plane illummation with the IMS, snapshot wide-field multi-

photon spectral imaging may be achieved m the future, which would greatly expand the 

application scope of the IMS technology 
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Chapter 7 

Real-time Hyperspectral imaging of p-cell dynamics 

To demonstrate the IMS' capability in imagmg dynamic cellular processes, we assayed 

multiple fluorescent probes m pancreatic P-cells It has been hypothesized that a 

calcium-mediated apoptotic signal plays a role in pancreatic P-cell apoptosis in diabetes 

[58] To examine the spatial and temporal relationship between apoptotic and Ca2+ 

signals m cells, multiple fluorescence biosensors must be assayed simultaneously In 

particular, a fluorescent protein (FP)-based FRET biosensor, SCAT3 111, has been 

developed to assay proteolytic cleavage by caspase-3 activation, which is a prominent 

method for identifying apoptosis [59] SCAT3 1 contains mVenus and mECFP 

connected by a caspase-3 recognition peptide, and is a useful tool for imaging apoptosis 

in real-time However, biosensors like SCAT3 1 based on FP-FRET depend on 

measurements of small changes in FRET and thus require high quality data [60, 61] The 

best Ca2+ indicator dyes, e g Fluo-4, overlap the spectral emission of these FP-FRET 

biosensors, and thus make it difficult for one to use traditional fluorescence microscopy 

to image caspase-3 activation and Ca2+ activity at the same time Using the IMS, we 

successfully achieved simultaneous tracking of intracellular Ca2+ activity ([Ca2^) and 

SCAT3 1 FRET durmg H202-induced apoptosis m live cells The change in [Ca2+ji 

dunng the induction of apoptosis as defined by SCAT3 1 is measured and analyzed, 

elucidating the role of calcium-mediated signaling during this cellular event 

7.1 Fluorescence microscopy and cell preparation 
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711 Fluorescence microscopy 

The hyperspectral fluorescence imagmg experiments were implemented on a Nikon 

inverted microscope TE2000 with 40x/l 0 "CFI Plan Apochromat" oil objective The 

cells were placed in extracellular-like buffer (140 mM NaCl, 5 mM KC1, 1 mM MgC12, 

5 5 mM glucose and 20 mM Hepes, pH 7 4), and were epi-illuminated by a 75W Xenon 

lamp A Chroma filter set (ex BP 436/20, bs DCLP455, em HQ 510/80) was used to 

separate fluorescence emission from excitation light The intermediate image is formed at 

the microscope side image port, which is the image entrance port of the IMS The 

hyperspectral images were captured and analyzed by the IMS 

712 Cellular sample preparation 

P-TC3 cells were transiently transfected with plasmid DNA encoding EGFP-EGFR, 

ECFP-Mito, and SYFP-Nuc Transfection was accomplished usmg Lipofectamine2000 

(Invitrogen) transfection reagent according to the manufacturer's instructions Cells were 

seeded onto No 1 coverglass bottomed dishes (Mat-Tek) and cultured as previously 

descnbed for microscopy studies 11 Twenty-four hours after transfection, samples were 

fixed with 4% paraformaldehyde, washed in DPBS, and mounted on microscope slides 

with gelvasol 

For live cell expenments, PTC3 cells were transiently transfected with plasmid DNA 

encoding SCAT3 1 or a linker protem contaming mVenus and mCerulean separated by 

the lmker sequence SGLRSPPVAT as a positive control Transfection was accomplished 

as descnbed for the fixed cell samples Cells were seeded onto No 1 coverglass bottomed 
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dishes (Mat-Tek) and cultured as previously described for microscopy studies [62] 

Samples for Ca2+ imaging were stained with Fluo-4 as previously descnbed 

7.2 Imaging Results 

72 1 Spectral unmixing of triple-labeled HeLa cells 

The commonly used fluorescent proteins CFP, GFP, and YFP have considerable 

overlap in their emission spectra, requmng post-collection unmixing to separate the 

signals [63] Table 7 1 displays the emission peaks for these three fluorophores To 

demonstrate the efficacy of the IMS system for this purpose, we expressed protems with 

known localizations fused to ECFP, EGFP, or SYFP16 in HeLa cells and fixed them for 

hyperspectral imaging To acquire the FPs' reference spectra for spectral unmixing, the 

single labeled control cells were first imaged by the IMS (Fig 7 1(a)- (c)) and the 

resulting base emission spectra (Fig 7 1(d)) were determined independently for all three 

fluorophores using the IMS The tnple-labeled cells expressing ECFP in the 

mitochondria, EGFP on the on the plasma membrane, and SYFP in the nucleus were 

imaged by the IMS with 0 5 s integration time The spectral component images (Fig 

7 2(b)-(d)) were acquired by implementing a linear spectral unmixing algonthm on the 

measured datacubes To provide a reference image, we used a color camera to capture an 

image of the same field of view (Fig 7 2(a)) In this color unage, all three components 

show up as shades of green and cannot be discnminated In contrast, spectral unmixing 

reveals the three components clearly and identifies their sub-cellular localization (Fig 

7 2(b)-(d)) Since each channel represents the spectral emission profile for each 

fluorophore, crosstalk from the other two fluorophores is minimized 
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Probes 

Fixed Cells 
ECFP - pyruvate 
dehydrogenase 
EGFP-EGFR 
SYFP-3xNLS 

Live Cells 
SCAT3.1 

mECFP 
mVenus 

Fluo-4 

Primary Location 

Mitochondria 

Plasma membrane 
Nucleus 

Cytoplasm 
Cytoplasm 
Cytoplasm 

Excitation 
(nm) 

458 

458 
458 

458 
458 
458 

Emission 
(nm) 

474 

507 
527 

474 
528 
518 

Measurement 

Localization 

Localization 
Localization 

Apoptosis 
FRET donor 
FRET acceptor 

Table 7.1. Fluorescent probes used in the present experiments. 

500 550 600 
Wavelength (nm) 

650 

Fig. 7.1 Spectral imaging of single labeled Hela cells, (a) Hela cells expressing ECFP in 

the mitochondria, (b) Hela cells expressing EGFP on the plasma membrane, (c) Hela 

cells expressing SYFP in the nucleus, a-c were acquired by the IMS with 0.5 s 
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integration time, (d) The FPs' reference spectra were measured by averaging acquired 

pixels' spectra in selected region of interest in panel images a-c. 

Fig. 7.2. Spectral unmixing of ECFP, EGFP and SYFP in triple-labeled HeLa cells, (a) 

The baseline reference image was captured by a color camera (Infinity 2-lC) directly at a 

microscope's side image port, (b-d) The spectral component images were acquired by 

implementing a linear unmixing algorithm on the IMS measured datacube (captured with 

0.5 s integration time), b-d were pseudo-color rendered to indicate FPs' sub-cellular 

localizations, (e) A merged image of b, c and d. 

7.2.2 Real-time hyperspectral imaging ofCa2+ oscillations in BTC-3 cells 

A tissue culture P-cell model, PTC3 cells, exhibits lCa2+Ji pulses with a period of 30-

80 s and a duration of 1-4 s that underlie pulsatile insulin secretion from these cells. 
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Pulses of [Ca2+], anse in p-cells due to Ca2+ flux across the plasma membrane through 

voltage-gated Ca2+ channels (VGCC) (Fig 7 3(a)) The VGCC's open after 

depolarization of the membrane caused by the closing of ATP-sensitive K+ channels 

Opening of Ca2+"dependent K+ channels then repolanzes the membrane and closes the 

VGCCs The observed pulses are a measure of the repeated opening and closing of these 

ion channels 

To demonstrate the ability of the IMS to monitor the temporal dynamics of Ca2+ 

activity m vivo, PTC3 cells were loaded with the organic dye Fluo-4 (ex 495 nm, em 

516 nm) We used MetaMorph (Molecular Devices) as the controller software to 

synchronize the acquisition of the IMS with the illumination shutter The IMS camera 

and illummation shutter were working under "rising edge tnggenng mode", in which the 

frame rate is controlled by tngger pulse frequency while the frame exposure time is 

controlled by tngger pulse duration 

In imaging Ca2+ oscillation m P-cells, the frame exposure time was 0 5 s, and tune 

sampling interval between consecutive frames was 5 s A total of 60 images were 

captured dunng 300 seconds of acquisition time The same region of interest (ROI) was 

chosen in acquired datacubes at the spectral page whose nominal wavelength (516 nm) is 

close to the Fluo-4's peak emission The Fluo-4 intensity at each temporal sampling 

point was calculated by averaging all the pixels in the selected ROI at corresponding 

frame, and then drawn versus time to show Ca2+ oscillations (Fig 7 3(b)) 

Changes m Fluo-4 fluorescence showed pulses in [Ca2+], at the expected frequency of 

1-2 per min in 5 5 mM glucose (Fig 7 3(b)) The high throughput of the IMS system 
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allows complete spectral data to be acquired at the sub-second resolution needed to 

quantify these pulses. 

a b 
Voltage dependent 2400, 

Fig.7.3 Ca2+ oscillations in PTC3 cells, (a) Pulses of [Ca2+]i arise in p-cells due to 

Ca2+ flux across the plasma membrane through voltage-gated Ca2+ channels (VGCC). 

(b) Ca2+ oscillations were measured by the IMS. Expected frequency of 1-2 per min in 

5.5 mM glucose is observed. 

7.2.3 Real-time hyperspectral imaging of a FP-FRET biosensor in fiTC3 cells 

To test the ability of the IMS to measure an FP-FRET biosensor in live cells, PTC3 

cells were transfected with the FRET-based apoptosis sensor SCAT3.1, a fusion protein 

containing mECFP [62] and mVenus [64] connected by a caspase-3 cleavable linker 

peptide. In healthy cells, donor mECFP and acceptor mVenus remained linked and a 

strong FRET signal is observed (Fig. 7.4(a)). Upon initiation of the apoptotic pathway, 

the protease caspase-3 is activated and cleaves mECFP from mVenus resulting in a loss 

of FRET (Fig. 7.4(a)). As cleavage occurs and FRET is eliminated, there is an increase in 

mECFP fluorescence and decrease in mVenus intensity. 
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In the imaging of apoptotic dynamics m p-cells, the frame exposure time was 0.5 s, and 

the tune sampling interval was set to be 2 mm. A total of 150 images were captured 

during 300 min of acquisition time. The acquired datacubes were processed by a linear 

spectral unmixing algonthm, which unmixed mECFP, mVenus and Fluo-4 based on their 

spectral differences and generated time-lapsed intensity changes for all three biosensors 

(Fig. 7.5(a)). 

Cells were exposed to 1 mM H2O2 24 hours after transfection to induce apoptosis and 

were subsequently monitored for changes m FRET (frame integration time: 0.5 s, frame 

interval time: 2 min) By 90 min post-H202-treatment, a reduction in FRET was 

observed, and this reduction continues until the cell dies (-300 min post-H202-

treatment) An advantage of real-time spectral unmixing in this experunent is the ability 

to monitor the FRET and intensities of both mECFP and mVenus Further, the high-

throughput of the IMS system allows for extended time-lapse imaging (150 frames were 

acquired) with the low excitation mtensities needed to minimize photobleaching and 

photodamage. The IMS system also allows us to observe morphological changes in the 

cells as apoptosis occurs. In this case, the cells shrink and bleb over time reflecting the 

gradual loss of membrane architecture [65] Snapshots of the cells in one field before 

(Fig. 7 4(b)) and 300 mm after (Fig. 7.4(c)) oxidative challenge with ImM H2O2 show 

the increase in mECFP intensity and apoptotic cell shnnking. 

A major goal in cell biology is to conelate multiple live cell dynamic processes in real

time, thus we labeled the PTC3 cells expressing SCAT3.1 with the Ca2+ indicator dye 

Fluo-4 Using multiple biosensors allows us to measure changes in [Ca2+], and caspase-3 

activation as a result of oxidative challenge to PTC3 cells induced by H2O2 Upon 
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oxidative stress, our data indicate a cessation of Ca2+ pulses (the red line in Fig. 7.5(a)), 

which suggests that oxidative stress plays a role in oscillatory Ca2+ dysregulation. In 

addition, 150 min after the addition of H2O2, we observed a ~ 3.6 % increase of Fluo-4 

fluorescence in the first 50 min followed by a ~ 5.4 % decrease in the next 100 min, 

consistent with previous reports that show a calcium-mediated apoptosis signal in vivo 

[55]. Simultaneously, we observed an increase in the normalized intensity of mECFP 

(the blue line in Fig. 7.5(a)) a decrease in mVenus intensity (the green line in Fig. 7.5(a)), 

and a positive change in the ratio of mECFP to mVenus (Fig. 7.5(b)), indicating the 

expected decrease in the SCAT3.1 FRET signal. 

Cttpm-3 

500 550 600 
Wavelength (nm) 

500 550 W0 
Wavelength (nm) 

Fig. 7.4 Caspase-3 FRET in PTC3 cells, (a) Schematic representation of the function of 

SCAT3.1. (b) The emission spectrum of the SCAT3.1 caspase-3 sensor before oxidative 

challenge with a snapshot of one field of view to show basic cellular morphology, (c) The 
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emission spectrum of SCAT3.1 after 300 min with ImM H202 and changes in 

membrane morphology. 

J I - —i • . — 1 1 0 2> • ' ' ' ' * -—• ' 
0 50 100 150 200 250 300 7) 50 100 150 200 250 300 

Time (mins) Time (mins) 

Fig. 7.5. Apoptotic dynamics in PTC3 cells, (a) The intensity changes of biosensor 

mCerulean, mVenus and Fluo-4. (b) The increased ratio of mCerulean to mVenus during 

cellular apoptosis. 

13 Discussions 

We utilized a microscopic IMS system for real-time hyperspectral imaging of 

pancreatic P-cell dynamics, and successfully monitored the Ca2+ and caspase-3 activities 

during cellular apoptosis. The role of Ca2+ in signaling for apoptosis has been difficult to 

assess in living cells, in part because of a lack of distinct fluorescent probes for the 

various pathways. The overlapping emission spectra of many biosensors prevent the 

real-time study of signaling dynamics from multiple pathways. The results presented 

here demonstrate the ability of the IMS approach to address these types of important 

biological problems. 
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Many questions remain about stimulus-secretion coupling in pancreatic P-cells, 

especially regardmg the role of intracellular second messengers in maintaining proper 

cell health and function Significant progress in elucidating these roles in P-cell function 

will be possible with the simultaneous monitoring provided by the IMS system Since 

the x, y, A datacube is captured in a single snapshot, there is no compromise between 

system throughput and image acquisition rate Thus, high dynamic range images are 

captured in the real-tune imaging expenments, and provide reliable measurements of 

spectrally overlapped biosensors There is a wide range of available fluorescent protein-

based biosensors that overlap significantly with Fluo-4 and other Ca2+ indicator dyes [57] 

The IMS approach allows simultaneous measurement in real cells of these multiple 

dynamic processes, and thus can assist in identifying relationships between multiple 

processes as well as individual molecular events 
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Chapter 8 

Conclusions and future work 

In this thesis, a snapshot hyperspectral imaging device - Image Mapping Spectrometer 

(IMS) is developed for dynamic cellular imaging applications The IMS replaces the 

camera in a digital imagmg system, allowing one to add high speed snapshot spectrum 

acquisition capability to a vanety of imaging modalities, e g microscopy, endoscopy, 

macroscopic imaging, to maximize the collection speed 

The motivation of developing a snapshot hyperspectral imaging technique comes from 

the high temporal resolution requirement in time-resolved multiplexed fluorescence 

imaging Conventional instruments acquire a hyperspectral datacubes (x, y, X) through 

scanning, either in the spatial domain or in the spectral domain Because scanning 

instruments cannot collect light from all elements of the dataset in parallel, there is a loss 

of light throughput by a factor of A7 when measunng N spectral channels To some extent 

one could compensate for this by increasing the intensity of illummation, such as with the 

high-power lasers used in confocal microscopes, but this produces photobleaching and 

photodamage to the sample Once all of the fluorophores have been boosted to their 

excited state - a situation commonly reached by existing confocal systems - even this 

method falters For demanding applications that require imagmg of fast dynamic scenes, 

scanning hyperspectral fluorescence microscopes thus provide poor performance 

The IMS is a parallel acquisition instrument that captures a hyperspectral datacube 

without scanning It also allows "full" light throughput across the whole spectral 
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collection range due to its snapshot operating format In this thesis, the developments of 

three generation IMSs - low sampling IMS prototype (Chapter 2), high-sampling IMS 

(Chapter 3) and ruggedized IMS (Chapter 4) are presented The imagmg performance of 

the IMS is demonstrated in a real-time biological hyperspectral imaging expenment 

(Chapter 7) In addition, two illumination schemes - full-spectrum (Chapter 5) and 

structured illumination (Chapter 6) - are also successfully integrated with the IMS By 

usmg full-spectrum illumination, multiple fluorophores can be excited simultaneously, 

and a fine spectral sampling over the same spectral range is achieved by the IMS without 

unused spectral channels The implementation of structure illumination with the IMS 

then enables 4-D (x, y, z, A) acquisition - High-contrast spectral channel images were 

captured due to significantly reduced spatial and spectral crosstalks 

Besides the IMS, Coded Aperture Snapshot Spectral Imaging (CASSI) is another 

cutting-edge solution for the snapshot spectral imaging applications, particularly due to 

its high throughput and compact size In the work [66], the CASSI has been used in the 

multiplexed microscopy and achieved 10 color fluorescence simultaneous imagmg By 

applying local processmg to the data, recently CASSI's computational cost has been 

reduced [66] Snapshot architecture makes CASSI a potential candidate for 3D data cube 

estimation of dynamic fluorescent scenes Companng the IMS with CASSI and other 

snapshot hyperspectral imaging devices in the dynamic fluorescence imagmg is an 

important expenment we plan to do in the near future 

There are two directions for IMS' future applications On the one hand, we intend on 

usmg high-speed sCMOS detector anays inside the IMS, allowing for time-resolved 

imagmg of action potentials and full-field Raman Spectroscopy - two demanding 
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applications which he at the limit of what cunent instruments can measure. For example, 

recently full-field Raman spectroscopy imagmg has been used m the stand-off detection 

of explosive particles [67]. To resolve the unique spectral fingerprints of these explosive 

particles, image sequences must be measured at "full range" Raman shift. In [67], an 

acousto-optic tunable filter (AOTF) based hyperspectral imager is used to acquire x, y, X 

datacubes. The wavelength scanning mechanism significantly increases the acquisition 

time and decreases the detection efficiency. The proposed IMS-based system can 

overcome this scanning caused problem and make the real-time detection of explosive 

particle possible, a fact that would be greatly valued in the field of defense and homeland 

security On the other hand, we intent on integrating the IMS with Fourier-domam OCT 

to achieve snapshot 3D microscopy. The proposed method will enable high - resolution 

3D optical imaging of tissue morphology, with simultaneous fluorescence imaging of 

molecular targeted contrast agents This hybrid modality will be the first demonstration 

of OCT capable of acquinng volumetnc datasets with no scanning of beam position or 

source wavelength. 

In summary, the IMS is a snapshot imaging modality that is developed for real-time 

hyperspectral imaging. The IMS will open up new areas of investigation in the dynamic 

bio-imaging applications. 
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