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Abstract 

 

Traditional in vivo optical imaging methods rely on a single contrast mechanism, 

thereby limiting one’s ability to characterize more than one biological variable. 

However, most biological systems are complex and are comprised of multiple 

variables. Therefore, optical methods that employ multiple contrast mechanisms 

and are capable of visualizing multiple biological variables would permit a more 

comprehensive understanding of biological systems. Multi-contrast optical 

imaging, therefore, has great potential for both fundamental and applied 

biomedical research.  

The goal of this dissertation is to develop optical methods to enable multi-

contrast imaging in vivo over a wide field of view while retaining a microvascular 

scale spatial resolution. We present the integration of three types of optical 

imaging contrast mechanisms: fluorescence (FL), intrinsic optical signals (IOS) 

and laser speckle contrast (LSC). Fluorescence enables tracking pre-labelled 

molecules and cells, IOS allow quantification of blood volume and/or 

intravascular oxygen saturation, and LSC permits assessment of tissue 

perfusion. Together, these contrast mechanisms can be harnessed to provide a 

more complete picture of the underlying physiology at the microvascular spatial 

scale. 

We developed two such microvascular resolution optical multi-contrast imaging 

methods, and demonstrated their utility in multiple biomedical applications.  
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First, we developed a multi-contrast imaging system that can interrogate in vivo 

both neural activity and its corresponding microvascular scale hemodynamics in 

the brain of a freely moving rodent. To do this, we miniaturized an entire 

benchtop optical imaging system that would typically occupy 5 x 5 x 5 feet, into 

just 5 cm3. Our miniaturized microscope weighs only 9 g.   The miniature size 

and light weight permitted us to mount our microscope on a rodent’s head and 

image brain activity in vivo with multiple contrast mechanisms.  We used our 

microscope to study the functional activation of the mouse auditory cortex, and to 

investigate the alteration of brain function during arousal from deep anesthesia. 

Our miniaturized microscope is the world’s first rodent head-mountable imaging 

system capable of interrogating both neural and hemodynamic brain activity. We 

envision our microscope to usher an exciting new era in neuroscience research.   

Second, we developed an optical imaging system to extensively characterize 

microvascular scale hemodynamics in vivo in an orthotopic breast tumor model. 

We specifically designed it as a benchtop based system to allow ample space for 

surgical preparation and small animal manipulation. Using it, we continuously 

monitored in vivo microvascular scale changes in tissue perfusion, blood volume 

and intravascular oxygen saturation of an orthotopic breast tumor 

microenvironment for multiple hours over a field of view encompassing the entire 

tumor extent. This unique dataset enabled us for the first time to characterize the 

temporal relationship between different tumor hemodynamic variables at the 

scale of individual microvessels. We envision our work to inspire a whole new 

avenue of experimental cancer research where the role of a tumor’s 
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hemodynamic microenvironment is extensively characterized at its native (i.e. 

microvascular) spatial scale. 

In summary, this dissertation describes the design, implementation and 

demonstration of two microvascular resolution, wide-field, multi-contrast optical 

imaging systems. We believe these methods to be a new tool for broadening our 

understanding of biology. 
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Chapter 1 Introduction 

The purpose of this dissertation is to develop multi-contrast optical imaging 

methods that enable new in vivo observations previously not possible. 

Specifically, we have designed and fabricated two imaging systems (with 

complimentary processing pipelines), that answer unmet needs in today’s 

scientific community.  

1.1 Specific aims 

Aim 1: To design, construct and demonstrate the utility of a miniature, rodent 

head-mountable, multi-contrast optical microscope that can image in vivo both 

neural and hemodynamic activity in awake animals. 

Rationale: Today’s miniature head-mounted microscopes that permit 

interrogation of brain function in freely moving animals can image either the 

neural activity1, 2 or the hemodynamics3, 4, but not both. Imaging systems that can 

image neural and hemodynamic activity are usually bulky and benchtop based5, 6 

and therefore typically require the animal to be anesthetized.  

Approach: We overcame this barrier by: (i) implementing a novel miniaturized 

design that incorporated optical imaging of multiple contrast mechanisms within a 

compact rodent head-mountable housing, and (ii) by using computer aided 3D 

printing technologies and state of the art miniature optoelectronic components. 
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Results: We demonstrated the utility of our miniaturized microscope by (i) 

imaging neuronal and hemodynamic responses to auditory stimulation, (ii) 

performing wide-area functional mapping analogous to classic fMRI paradigms, 

and (iii) characterizing hemodynamic and electrophysiological changes that 

accompany arousal from anesthesia.  

Aim 2: To build a customized optical imaging system capable of simultaneous in 

vivo interrogation of multiple microvascular scale hemodynamic variables in an 

orthotopic breast tumor model. 

Rationale: The hemodynamic microenvironment plays a crucial role in tumor 

growth7 and metastasis8. Therefore, the ability to characterize tumor 

hemodynamics at the scale in which they occur: i.e. at the microvascular scale, is 

crucial. However, the state of the art is to interrogate only a single tumor 

hemodynamic variable: e.g. either tumor oxygenation9 or tumor perfusion10, but 

not both. This precludes achieving a comprehensive understanding of the 

complex role hemodynamics play in tumor progression.   

Approach: Therefore, we custom built a multi-contrast optical imaging system 

that enables us to simultaneously interrogate dynamic changes in (i) perfusion, 

(ii) blood volume, and (iii) intravascular oxygen saturation in vivo within the tumor 

microenvironment. We incorporated ample space for surgical and experimental 

manipulations necessary for in vivo experimentation with orthotopic tumor 

models by designing this as a benchtop based system.  
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Results: Using our custom built system to image an orthotopic breast tumor 

model, we demonstrated for the first time (i) simultaneous microvascular scale 

instabilities in tumor perfusion, blood volume and oxygenation over a duration of 

two hours, and (ii) heterogeneity in the temporal relationship between perfusion, 

blood volume and intravascular oxygen saturation at the scale of individual 

microvessels in vivo. 

1.2 Contributions 

This dissertation has resulted in the following publications: 

(i) A review of current miniaturized optical microscope technologies. 

“Yu, H., Senarathna, J., Tyler, B. M., Thakor, N. V. & Pathak, A. P. 

Miniaturized optical neuroimaging in unrestrained animals. Neuroimage 

113, 397-406 (2015).” 

 

(ii) A miniature, rodent head-mountable multi-contrast microscope for optical 

neuroimaging in awake animals. 

“Senarathna, J., Yu, H., Gil, S., Zou, A. L., Hadjiabadi, D. H., Wang, Q. , 

Issa, J. B., Tyler, B. M., Thakor, N. V., & Pathak, A. P. A Miniature 

Microscope for Multi-Contrast Optical Neuroimaging in Awake Animals. 

Nat. Methods (Submitted).” 

 

(iii) A custom built multi-contrast optical imaging system for interrogating 

multiple aspects of a tumor’s hemodynamic microenvironment. 
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“Senarathna, J., Gil, S., Deng, C., Fang, V., Thakor, N. V. & Pathak, A. P.  In 

vivo Multi-contrast Optical Imaging Reveals Spatio-temporal heterogeneity in 

Tumor Hemodynamics at the Microvascular Scale. Cancer Res. (In 

preparation).” 

1.3 Dissertation organization 

Chapter Two: Reviews the current status of miniaturized optical microscopes. 

This chapter sets the stage for the development of our miniature microscope. 

(This chapter is an adaptation of 11.) 

Chapter Three: Describes the design, validation and applications of our miniature 

microscope. (This chapter is an adaptation of 12) 

Chapter Four: Introduce conventional optical techniques currently used to image 

tumor hemodynamics. Next, it describes our benchtop based imaging system 

and concludes with its use for interrogating multiple aspects of tumor 

hemodynamics at the microvascular scale in an orthotopic breast cancer model. 

Chapter Five:  Summarizes the overall conclusions and discusses future 

directions.  
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Chapter 2 Miniaturized Optical 

Neuroimaging in Unrestrained Animals 

 
The confluence of technological advances in optics, miniaturized electronic 

components and the availability of ever increasing and affordable computational 

power have ushered in a new era in functional neuroimaging, namely, an era in 

which neuroimaging of cortical function in unrestrained and unanesthetized 

rodents has become a reality. Traditional optical neuroimaging required animals 

to be anesthetized and restrained. This greatly limited the kinds of experiments 

that could be performed in vivo. Now one can assess blood flow and oxygenation 

changes resulting from functional activity and image functional response in 

disease models such as stroke and seizure, and even conduct long-term imaging 

of tumor physiology, all without the confounding effects of anesthetics or animal 

restraints. These advances are shedding new light on mammalian brain 

organization and function, and helping to elucidate loss of this organization or 

‘dysfunction’ in a wide array of central nervous system disease models. 

In this review, we highlight recent advances in the fabrication, characterization 

and application of miniaturized head-mounted optical neuroimaging systems 

pioneered by innovative investigators from a wide array of disciplines. We 

broadly classify these systems into those based on exogenous contrast agents, 

such as single- and two-photon microscopy systems; and those based on 
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endogenous contrast mechanisms, such as multispectral or laser speckle 

contrast imaging systems. Finally, we conclude with a discussion of the strengths 

and weaknesses of these approaches along with a perspective on the future of 

this exciting new frontier in neuroimaging. 

2.1 Introduction 

Imaging the brain has provided unprecedented insights into its functioning as well 

as disruption of this function due to various neuropathologies. Noninvasive 

imaging techniques such as functional Magnetic Resonance Imaging (fMRI)13, 

Positron Emission Tomography (PET)14 and Computed Tomography (CT)15 have 

been widely used for neuroimaging. However, these clinical or ‘human-scale’ 

imaging modalities often lack the resolution to spatially and temporally resolve 

underlying neuronal processes. Therefore, investigators circumvented this 

drawback by utilizing pre-clinical animal models in conjunction with imaging 

methods capable of high spatial and temporal resolution. 

The availability of an ever-increasing spectrum of optical contrast agents16, and 

technical advances in optics17, 18, coupled with optogenetic constructs for 

manipulating neuro-circuitry18, have resulted in optical neuroimaging becoming 

the tool of choice for neuroscientific applications. Moreover, these optical 

neuroimaging techniques permit cellular-scale spatial resolution and millisecond 

temporal resolution17. 

Much of today's optical neuroimaging is performed using sophisticated optics and 

cumbersome electronic hardware19. The bulky nature of such setups requires the 
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animal to be anesthetized and restrained stereotactically, greatly limiting the 

types of experiments that can be performed in vivo and at multiple time points. 

Additionally, the use of anesthetics has been found to alter the baseline 

physiology of the brain during in vivo imaging20. Therefore, miniaturization of the 

imaging hardware in conjunction with the ability to image the brains of awake and 

unanesthetized animals would circumvent these issues. 

Recent advances in miniaturized optics and electronic devices21 paved the way 

for the “next generation” optoelectronic systems capable of unique real-time, 

awake optical imaging. Figure 2.1 shows the evolution of neuroimaging systems 

from benchtop setups to ‘head-mounted’ platforms. It is not always necessary to 

miniaturize the entire system. As shown in Figure 2.1, depending on the type of 

experiment, individual elements of the imaging system can be modified to match 

the required level of animal mobility. This can range from having the animal's 

head affixed while the animal pedals on a moving ball22, to systems that allow 

unrestrained animal mobility2. It is worth noting that similar technical advances 

were also responsible for the development of ‘implantable’ microimagers23, 24. 

These implantable devices are image sensor array chips that have been 

packaged into ‘ready-to-use’ modules. Recent work has elegantly demonstrated 

their utility in applications ranging from neural imaging23, 24  to blood-flow imaging 

in freely moving rats25. However, the focus of the current review is on non-

implantable imagers. An excellent recent review by Kerr and Nimmerjahn 

focused on functional imaging at the cellular level and primarily covered imaging 

approaches that utilized exogenous contrast agents26. In this review, we examine  
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Figure 2.1 Evolution of benchtop to ‘head-mounted’ neuroimaging systems. The degree of 

miniaturization increases from (a) to (d). (a) A dual modality benchtop system for simultaneous 

multispectral imaging and laser speckle contrast imaging in anesthetized animals
27

. (b) 

Schematic of the system setup for imaging in head-restrained, awake mice
22

. The head-mounted 

imaging system was modified from a standard two-photon microscope. The head of each mouse 

was restrained while the animal moved on a treadmill for behavioral testing. (c) Additionally 

miniaturized fiber-optics-based system
29

, in which the photomultiplier tube (PMT) was 

incorporated into the head piece, wherein the excitation light was still derived from a benchtop 

system. The head piece was 7.5 cm long (scale bar = 23.5 mm). (d) An integrated head-mounted 

system
2
, using surface mounted LEDs for exciation and a minaturized CMOS sensor for detection 

(scale bar = 5 mm). This self-contained system enabled experiments involving interactive and 

natural animal behaviors. All images have been adapted with permission of the publishers. 

miniaturized neuroimaging systems that utilize exogenous contrast agents, e.g. 

wide-field fluorescence imaging28, 29, two-photon fluorescence imaging30, 31, as 

well as those that exploit intrinsic optical properties of biological tissues, e.g. 

multispectral imaging and blood flow based laser speckle imaging systems32. 

Finally, we discuss the relative advantages and disadvantages of each approach 

and the exciting prospects of this technology from the micro- (i.e. cellular) to the 

macro-scale (i.e. whole tissue) for neuroimaging. 
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2.2 Miniaturized optical systems based on exogenous 

contrast agents 

Optical contrast agents permit visualization of underlying microvasculature33 as 

well as functional cellular dynamics such as membrane potentials34 and 

intercellular calcium concentrations35. Conjugation of fluorescent dyes with 

genetically encoded biomarkers/target molecules36, as well as their ability to shift 

emission spectra in response to biological perturbations37 has enabled 

fluorescent imaging to be utilized in a wide range of applications38, 39. Although 

variability in contrast agent delivery or unstable gene expression can affect the 

emitted fluorescence, an ever increasing array of fluorescent dyes with different 

excitation spectra, better quantum yields and extinction coefficients has greatly 

enhanced our ability to simultaneously monitor a multitude of targets and 

neurophysiologic processes. 

Miniaturization of fluorescent microscopy was first attempted by using an optic 

fiber bundle to relay the emitted fluorescent light as well as the high intensity 

excitation illumination to and from a standard benchtop system30. However, 

recent technological breakthroughs have enabled additional miniaturization of 

fluorescent microscopy systems as discussed below. A summary of miniaturized 

and mobile brain imaging platforms from the recent literature can be found in 

Table 2.1.  
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2.2.1 Single-photon microscopy systems 

Since single-photon microscopy does not need an expensive near-infrared laser 

or a laser scanning mechanism, it is less complicated and more affordable than 

two-photon microscopy. These advantages also make it well-suited for 

miniaturized optical neuroimaging applications. The absence of a laser scanning 

mechanism endows single-photon microscopy with a high temporal resolution 

that is suitable for imaging dynamic neurobiological phenomena. However, 

 

 

Table 2.1 Summary of miniaturized and mobile brain imaging systems. 
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single-photon systems can only acquire two dimensional images and the use of 

wide-field excitation increases the risk of photo-bleaching the sample. 

Ferezou et al. were one of the first to report in vivo fluorescent imaging in freely 

moving animals28. In their system, a customized multi-fiber array (Figure 2.2a) 

placed in direct contact with the rat whisker barrel cortex relayed emission and 

excitation light to and from a standard benchtop epifluorescence imaging system. 

A voltage sensitive dye (RH1691) was employed for functional imaging of the 

barrel cortex following whisker stimulation. The dye primarily stained layer 2/3 

sensory neurons. The system had a temporal resolution of 2 ms and covered a 3 

mm × 3 mm field of view (FOV). Spatial resolution was limited by the size of 

individual fibers in the fiber optic bundle as well as by the low numerical aperture 

due to the absence of an objective lens at the specimen–optical fiber interface. 

While the exact spatial resolution of the system was not reported, the authors 

could successfully visualize the barrel cortex at sub-columnar resolution. Images 

from the fiber optic microscope were compared with those from a conventional 

fluorescent imaging setup, and no significant differences in peak fluorescence 

amplitude, duration or spatial extent of the sensory response to whisker 

stimulation were observed. Furthermore, the sensory response to whisker 

stimulation in rats anesthetized with isoflurane was compared to that of awake 

rats. The authors showed that awake animals exhibited a response longer in 

duration and larger in spatial extent than their anesthetized counterparts 28. 
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Figure 2.2 Miniaturized single-photon optical systems. (a) Images of the custom 

manufactured fiber optic bundle from
27

, based on wound image bundle technology (Schott Fiber 

Optics, Southbridge MA). The left panel shows a high-maginification image of the fiber bundle 

tips: each group consisted of 6 × 6 fibers; each fiber had 8 μm cores and a resulting numerical 

aperture of 0.6. The middle panel shows an image of the fiber bundle (diameter 5 mm) that was in 

direct contact with the rat cortex. The right panel shows the comparison of cortical responses to 

C2 whisker perturbation imaged by voltage sensitive dye (VSD) between an isoflurane 

anesthetized and an awake mouse. VSD analysis on C2 barrel column revealed that the duration 

of the response was much longer in the awake mouse. (b) Single-fiber system schematic for side-

on imaging of pyramidal cells in layer 5 of the rat neocortex
40

. The fiber bundle was used to 

transmit excitation light and collect fluorescence signals from a standard benchtop system. (c) 

Fiber optic single-photon microscope from Flusberg et al.
28

, showing the head mount comprising 

of focusing optics, the fiber bundle and focusing motor. The head piece weighed 1.1 g, and the 
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system had a frame rate of less than 100 Hz. The two GRIN objective lenses of different focal 

lengths enabled deep (6.2 mm) and superficial tissue (1.4 mm) imaging. The right panel shows 

the image of neocortical vasculature from an awake freely moving mouse (Scale bar = 100 µm). 

(d) A self-contained fluorescence microscope
43

, consisting of a LED light source, CMOS image 

sensor, focusing optics and exciatation/emission filters. The microscope was designed for high 

speed imaging and detecting small changes (< 1% ∆F/F) in fluorescence signals. The middle 

panel shows a baseline %∆F/F image of the mouse barrel cortex labeled with VSD RH1691 

(averaged from 9–12 ms before whisker deflection). The right panel shows an average %∆F/F 

image in the same FOV 9–12 ms after the onset of stimulation (Osman et al., 2012). (e) The self-

contained one-photon
2
, light source (LED) and image sensor (CMOS camera) were mounted on 

the head piece (weight  1.9 g). The electrical signal was transmitted via the wire bundle to a 

FPGA, for both LED control and image acquisition. Microvasculature of freely behaving mouse 

was acquired after injection of fluorescein-dextran. The image is the standard deviation from 10 

second acquisition, to emphasize vasculature. (Scale bar = 50 µm) (f) Photograph of the VCSEL–

CMOS sensor reported by O'Sullivan et al.
45

. The custom PCB with bonded chips, consists of 

multiple VCSEL excitation sources, two GaAs photodiodes and a CMOS read-out integrated 

circuit (ROIC). All images have been adapted with the permission of the publishers. 

Murayama et al.40 reported a single-photon fiber optic system for recording 

dendritic calcium signals (Figure 2.2b). To illuminate and collect light locally from 

the distal dendrites of cortical layer 5 neurons, an optic fiber was directly inserted 

into layer 5 of the rat's brain. To acquire different views of the dendrites, two 

optical setups were employed: the first included a one-fiber system for a side-on 

view; and the second was a two-fiber system for imaging above the cortex. The 

one-fiber system was tested on freely moving rats. After injecting a calcium-

sensitive dye (Oregon Green 488 BAPTA-1), calcium signals were recorded from 

layer 5 neurons in stationary and free moving states, as well as during whisker 
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stimulation. The amplitude of the calcium signals was observed to vary with the 

state of the animals. Furthermore, the authors simulated the effects of motion on 

their image acquisition by using a bench top stirrer assembly to vibrate an 

anesthetized rat while the microscope continuously acquired images. No 

significant changes were observed in the fluorescent signal from calcium 

transients. A later publication using the same system investigated dendritic 

calcium changes in layer 5 pyramidal cells of the somatosensory cortex in rats 

following sensory stimulation (Murayama et al., 2009). Their results showed that 

the strength of sensory stimulation was encoded in the calcium response of local 

layer 5 pyramidal cells in a graded manner. 

Flusberg et al. 29 reported a miniaturized singe-photon microscope for cellular-

level imaging at frame rates up to 100 Hz. The optical components of the 

microscope consisted of a compact coupling assembly, focusing mechanism and 

two separate objective lenses. The head-mounted microscope weighed only 1.4 

g and had a spatial footprint on the scale of a centimeter (Figure 2.2c). This 

ensured that the microscope could be easily supported by an adult mouse. The 

head piece was then connected to a standard benchtop fluorescent imaging 

system. Dual objective lenses ensured that both superficial and deep tissue 

could be imaged. Limitations in packing density and number of individual fibers in 

the optic fiber bundle restricted the lateral resolution and FOV to ~ 2.8–3.9 μm 

and ~ 240–370 μm, respectively. Its 75 Hz data acquisition rate made it possible 

to discern the movement of individual erythrocytes within blood vessels. Tests on 

freely moving mice revealed that motion artifacts were limited to less than 2 μm 
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of lateral displacement. The microscope was used to record surface blood flow in 

the mouse neocortex and in the CA1 region of the hippocampus. Using temporal 

cross-correlation analysis, the authors demonstrated that blood flow velocities 

varied greatly among capillaries, venules and arterioles. The microscope was 

also used to compare Purkinje cell dendritic Ca2+ dynamics during the 

anesthetized and mobile states. Purkinje cells exhibited larger Ca2+ spike rates 

during locomotion than at rest. Additionally, correlation analysis of Ca2+ spiking 

between pairs of Purkinje cells revealed larger correlation coefficients during 

active movements than at rest. 

Cha et al.41 designed a fiber-optic fluorescence microscope that used an 

objective focusing lens consisting of two symmetric aspheric lenses covering a ~ 

4 mm2 FOV. Their fiber optic bundle interfaced with a standard benchtop based 

fluorescence system. In vitro imaging demonstrated that this system was capable 

of resolving astrocytes and pyramidal cells in a mouse brain section, and image 

quality was comparable to that of a conventional fluorescence microscope. In 

vivo experiments with this system were conducted on head-restrained, awake 

mice placed on a treadmill. Using this microscope, the authors were able to 

demonstrate that Bergmann glia in the cerebellum showed larger amplitude of 

Ca2+ signals during locomotion than when the animal was at rest. 

The ‘next-generation’ neuroimaging systems were fully miniaturized by using 

surface mount light emitting diodes (LEDs) for excitation illumination and minute 

(~ 3 mm × 3 mm) CMOS image sensors for image acquisition. These 

miniaturized microscopes enabled a transformation of the experimental paradigm 
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from one in which restrained animals were imaged, to one in which interacting or 

naturally behaving animals could be imaged. 

Osman et al.42, 43 and Park et al.44 designed a neuroimaging system with a 

miniaturized illumination source, focusing optics and image sensor (Figure 2.2d). 

This microscope featured a frame rate of 500 frames per second (fps) and a 

sensitivity of 0.1% of the initial fluorescent signal (0.1% ∆F/F). Weighing 10 g, the 

system had a FOV of ~ 4.8 mm2, lateral resolution of 25 μm and a 1.8 

magnification ratio. Without a physical shutter, the system required very stable 

illumination to precisely control the exposure time. Therefore, the LED output 

was actively controlled by a photodiode and microcontroller to maintain light 

intensity within 0.2% deviation of its mean intensity. Small changes (< 1% ∆F/F) 

in barrel cortical fluorescence signals due to whisker stimulation were detectable 

using a voltage sensitive dye (RH1691). As reported in Osman et al. (2012), the 

resulting signal quality was comparable to that of a benchtop fluorescent 

microscope equipped with a Red-Shirt-Imaging camera (Decatur, GA). However, 

this microscope was not a fully miniaturized prototype. The image acquisition 

controller was a non-miniaturized field-programmable gate array (FPGA) 

assembly with an electric wire bundle connected to the head piece. The 

microscope's use is limited because the tether's rigidity could affect the animal's 

mobility in certain kinds of functional experiments. 

Ghosh et al.2 designed a similarly miniaturized fluorescence microscope (Figure 

2.2e). Weighing only 1.9 g, it could be easily carried by an adult mouse. A 

maximum FOV of 600 × 800 μm was reported while supporting a magnification 
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ratio of 5.0 and a lateral resolution of ~ 2.5 μm. The microscope was capable of 

high-speed cellular level imaging up to a frame rate of 100 Hz while covering a 

FOV of ~ 0.5 mm2. Using this system, synaptic activation via calcium tracking in 

up to 206 Purkinje neurons from nine cerebellar microzones was reported. The 

microscope was first used to study the microcirculation during mobile and rest 

states of mice. The authors reported an increase in erythrocyte flow speeds 

when the animals transitioned from rest to locomotion states. Additional studies 

were focused on differentiating synaptic dynamics of freely moving mice during 

different behavioral states using a fluorescent calcium indicator. The authors 

showed that mean spike rates increased as the animal transitioned from rest to 

groom to locomotion states, respectively2. When compared to the fiber-optic-

based microscope previously reported by the same group29, the new microscope 

showed better performance in terms of optical resolution, fluorescence signal 

quality and system robustness. The FOV of the fiber-bundle-based microscope 

was restricted by the maximum diameter and bending radius of the bundle, while 

the FOV in this new microscope was only limited by sensor size and the focusing 

optics. Additionally, the fiber bundle microscope exhibited drastic attenuation of 

the transmitted fluorescent light due to bending and light absorption of the fiber. 

The fluorescence detected by the sensor increased from ~ 20% to 95% while a ~ 

700% greater FOV was achieved. No realignment of the optics was necessary 

between imaging sessions, and the imaging duration could be extended up to 45 

min. Observed motion artifacts were limited to less than 1 μm even when imaging 

running animals. 
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O'Sullivan et al.45 reported the fabrication of a miniature, integrated 

semiconductor-based fluorescence sensor, designed for detecting fluorophores 

and tumor-targeted molecular probes (Figure 2.2f). The system consisted of 

multiple vertical-cavity surface-emitting laser (VCSEL) dies as the excitation 

source, GaAs photodiodes as two point detectors, and a CMOS (complementary 

metal oxide semiconductor) ROIC (read-out integrated circuit) for reading out the 

data, mounted on a custom printed circuit board (PCB). A standard 18-pin 

connector was employed for data transmission. The system was extremely 

lightweight (~ 0.7 g) with a small footprint (~ 1 cm3). VCSEL excitation 

wavelengths were optimized for the Cy 5.5 dye, and the emission filter was 

directly coated on to the custom-made image sensor. The onboard photocurrent 

ranged from 5 pA to 15 nA and was amplified and digitized using the ROIC for 

subsequent data acquisition. When the system was tested on freely moving 

mice, the authors reported an increase of ~ 500 pA in the photocurrent following 

injection of Cy 5.5 fluorescence dye. This miniaturized system required precise 

positioning and fixation to the targeted object, which made it difficult to use on 

soft tissue or when imaging small targets45. 

2.2.2 Two-photon microscopy systems 

Two-photon microscopy (2 PM) uses ultra-short pulses of a long wavelength 

laser to scan biological tissue in three dimensional space, creating a depth 

resolved image stack. This approach excites only the voxel being imaged, 

thereby minimizing photo-toxicity. Additionally, the use of a longer wavelength 

excitation light reduces scattering in biological tissues, enabling deeper imaging 
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depths. Nonetheless, laser scanning impacts the acquisition frame rate, enabling 

only relatively slow phenomena to be imaged. Also, the laser scanning pattern 

can be distorted by the motion of awake, unrestrained animals. Due to the high 

power and temporal modulation accuracy required of the laser, miniaturized 2 

PM systems utilize a standard benchtop 2 PM system retrofitted with optical fiber 

bundle and focusing optics, to deliver excitation and collect the emitted light from 

the freely moving animal. 

Helmechen et al. reported the first miniaturized head-mounted two photon 

microscope30. The head piece consisted of a single-mode optical fiber for 

excitation, a miniature scanning device, microscope optics and a miniature photo 

multiplier tube (PMT) (Figure 2.3a). Two-dimensional scanning was realized by 

resonant scanning in a Lissajous pattern. A line scanning mode was also 

available for faster imaging. The microscope was 7.5 cm high, 25 g in weight and 

could be supported by an adult rat. In vivo imaging on anesthetized rats injected 

with a dextran dye showed surface blood vessels and the underlying capillary 

network. The maximum imaging depth was 250 μm. Furthermore, imaging on 

anesthetized rats injected with a calcium indicator (calcium green-1) resolved 

dendritic processes in layer 2/3 neurons. Testing this microscope on freely 

moving animals, the authors determined that rapid turning of the head and 

sudden contact with a wall induced noticeable motion artifacts in the acquired 

fluorescence images 
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Figure 2.3 Miniaturized two-photon optical systems. (a) Left panel: The first reported head-

mounted two-photon microscope
29

. Near infrared laser excitation was coupled to a single mode 

fiber, collimated and focused by a water-immersion objective to the neocortex. Fluorescence 

signal collection was achieved by a PMT. Right panel: Sample images from an awake rat labeled 

with fluorescein-dextran (0.5 s frame duration). Motion caused the FOV to shift from frame 17 to 

20 (indicated by white arrows). (b) Schematic (left) and photograph (middle) of the two-photon 

microscope based on a MEMS scanning mirror
47

. The microscope weighed 2.9 g, excitation pulse 

and fluorescence collection were separated by using two different types of optic fibers, which 

enhanced the SNR of the detected fluorescence signals. Right panel: Images of neocortical 

capillaries from an anesthetized adult mouse injected with fluorescein isothiocyanate-dextran dye. 
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Line scanning mode (shown in the enlarged view on the right) allowed the microscope to track 

individual erythrocytes flowing parallel to the line scanning direction. (c) Left panel: Schematic of 

the two-photon microscope, made up of: 1. single-mode excitation fiber; 2 folding mirror; 3, tube 

lens; 4, objective; 5, focusing flange; 6, beam splitter; 7, collimation lens; and 8, multi-mode 

collection fiber. Middle panel: Photograph of a rat with the head-mounted microscope
48

; Right 

panel: Overlay of in vivo images acquired using two fluorescent dyes: SRS 101 that labels 

astrocytes (red channel) and the calcium indicator OGB-1 that labels neurons (green channel), in 

a rat's visual cortex. The colored circles indicate the neurons and the astrocyte from which 

signals were analyzed in response to visual stimulation. 

A two-photon microscope with two objective gradient-index (GRIN) lenses for 

miniaturized focusing was built by Göbel et al.46. Pre-compensation for the 

broadening of excitation light within the optic fiber was achieved by pre-chirping 

the laser pulses. Lateral and axial resolutions of 3.2 μm and 20 μm, respectively, 

were achieved. The pixelated image was smoothed with a Gaussian filter to 

compensate for the 1 μm spacing between individual fibers in the optic fiber 

bundle, which also reduced image contrast. As proof of concept for the device, in 

vivo imaging of fluorescein-injected, anesthetized rats was performed to visualize 

blood vessels. 

Piyawattanametha et al.47 reported a portable 2 PM microscope based on a 

microelectromechanical systems (MEMS) laser scanning mirror (Figure 2.3b). 

The system weighed 2.9 g. Moreover, the implantation of the MEMS scanner 

made the 2 PM system more compact, i.e. 2 cm × 1.9 cm × 1.1 cm in size. 

Separate optical fibers for fluorescence collection and excitation pulse delivery 

were utilized. The system had transverse and axial resolutions of 1.29 ± 0.05 μm 



 

22 
 

and 10.3 ± 0.3 μm, respectively, with a maximum FOV of 295 × 100 μm and was 

used to image neocortical capillaries in mice injected with fluorescein dye. In the 

line scanning mode, individual erythrocytes inside blood vessels could be tracked 

in an anesthetized animal. 

Sawinski et al.48 reported a miniaturized head-mounted 2 PM system for 

recording Ca2 + transients from the somata of layer 2/3 neurons in the visual 

cortex of awake, freely moving rats (Figure 2.3c). As described by the authors, ‘a 

custom designed water-immersion lens and a leveraged non-resonant fiber 

scanner were employed, providing greater control over the scan pattern than 

resonant scanning’48. Their multi-lens setup provided higher excitation and 

detection numerical apertures (NA) compared to using a single GRIN lens. 

Besides neuronal activity resulting from visual stimuli, bending of the optical fiber 

also caused fluctuations in the detected fluorescence signals. To counteract this, 

two fluorescent dyes, a green calcium indicator (Oregon green BAPTA-1, OGB1) 

and sulforhodamine 101 (SR101) were employed. Since SR101 fluorescence 

was not related to neuronal activity, it was used to normalize the signal from the 

green fluorescent calcium indicator. They conducted one of the first in vivo 

experiments on freely moving animals on a semicircular track. They placed three 

monitors with different visual stimuli at the apex and the ends of the track. The 

experiment was conducted in the dark except for light stimulation from the 

monitors. Synchronized infrared videos were recorded during the experiment to 

investigate the relationship between animal movement and calcium indicator 

signals. A significant increase in calcium transients was observed when the 
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animal swept its gaze across the visual stimuli. It should be noted that motion 

artifacts were observed during chewing and head movement of the animals. Of 

these, lateral displacements were corrected by an automated algorithm as 

described in49. 

Barretto et al.50 designed a micro-lens-based 2 PM imager. By combing a GRIN 

lens with a plano-convex lens, their setup was corrected for aberration and had a 

higher numerical aperture than just using the GRIN lens by itself. In vivo images 

of GFP-expressing pyramidal cells in region CA1 of the mouse hippocampus 

showed better resolution than images acquired using the GRIN lens alone. 

Finally, Helmchen et al. provide a detailed protocol for investigators interested in 

designing their own bespoke two-photon microscopy based systems for in vivo 

imaging in freely moving animals in 51. The dissemination of such hardware 

‘recipes’ using commercially available components should make imaging in 

awake animals more widespread. 

The feasibility of other approaches, such as diffuse optical tomography52, light-

sheet-based microscopy53 and two-photon microendoscopes29, 54 has also been 

demonstrated in freely moving animals. Besides the abovementioned 

applications, head-mounted microscopes have also been used for studying 

cortical calcium waves in newborn mice55, and for imaging hippocampal cells 

during virtual navigation tasks22, 56. 
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2.3 Miniaturized optical systems based on endogenous 

contrast 

The earliest form of intrinsic contrast based optical imaging was performed using 

multispectral imaging, which exploits the spectral properties of oxygenated and 

deoxygenated hemoglobin to visualize the relative oxygen saturation in biological 

tissue57. Recently, laser speckle contrast imaging (LSCI), that relies on flowing 

blood for image contrast58, has also been miniaturized for freely moving animal 

experiments (Table 2.1). 

2.3.1  Multispectral imaging system 

Multispectral imaging has a long and established history in neuroscience59. 

However, it lacks complementary contrast from other tissue structures because it 

does not rely on any exogenous contrast agents, but rather on the spectrally 

dependent absorption properties of hemoglobin moieties60. Nonetheless, 

miniaturized multispectral imaging provides a convenient way to observe tissue 

oxygenation changes in the brain. 

Murari et al.61, 62 designed a microscope with the potential for multi-modality 

neuroimaging. This system occupied ~ 4 cm3 and weighed 5.4 g, while 

incorporating a highly sensitive custom-made CMOS camera. Cortical blood 

vessels 15–20 μm diameter could be visualized using this system. In vivo 

experiments on rats using a green LED light source demonstrated a reflectance 

change between the active state and rest state. Tests on fluorescence, LSCI and 
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multispectral imaging, demonstrated the feasibility of developing a multi-modality 

miniaturized microscope for neuroimaging applications. 

2.3.2 Laser speckle contrast imaging systems 

Laser speckle contrast imaging (LSCI) relies on the statistical properties of 

coherent light scattered by red blood cells (RBCs) moving inside perfused blood 

vessels. A higher blood flow velocity generates a greater speckle blur and a 

lower speckle contrast and vice versa. This mechanism enables LSCI to assess 

relative blood flow changes as well as delineate microvascular structure from 

background tissue with a high contrast-to-noise ratio12. However, LSCI typically 

requires an image stack to compute relative blood flow maps, thereby limiting its 

intrinsic temporal resolution. 

Miao et al.63 designed a head-mounted microscope for laser speckle contrast 

imaging (Figure 2.4a). The microscope was ~ 20 g in weight and 3.1 cm in 

height. This head-mounted system consisted of a miniature macrolens system, 

image sensor, optical fiber bundle and circuits. The spatial resolution achievable 

was 16 lp/mm with less than 2% distortion. To eliminate motion artifacts, 

registered laser speckle contrast analysis (rLASCA) was applied to the raw 

speckle data, wherein each image from the image stack was aligned with the first 

image. While the rat was free moving, blood vessels approximately 4 pixels or ~ 

50 μm in diameter could be identified (Figure 2.4a). This spatial resolution was 

comparable to that of standard benchtop laser speckle imaging systems and 

suitable for studying the cerebral blood flow (CBF) of major vessels under 
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different physiological conditions63. Liu et al.32 designed a dual-modality 

LSCI/multispectral microscope, also extendable for fluorescence imaging (Figure 

2.4b). The multi-modal microscope weighed 1.5 g, and the internal optical 

components were adjustable, providing different magnification ratios and FOVs. 

They conducted an extensive study on cortical spreading depression (CSD) in 

freely moving and anesthetized animals. Hemodynamic parameters were 

calculated from simultaneously acquired LSCI and dual-wavelength multispectral 

imaging data. The authors demonstrated that there was a significant difference in 

CSD propagation latencies between anesthetized and awake animals (Fig. 4b). 

CSD in isoflurane-anesthetized rats was significantly longer in duration, and 

agreed with previous studies demonstrating that anesthetics extend CSD 

duration and reduce CSD frequency64. Senarathna et al.65, 66 reported the 

development of a miniaturized LSCI microscope weighing 7 g and occupying less 

than 5 cm3 (Figure 2.4c). The system consisted of a laser diode (tri-wavelength), 

focusing optics, CMOS sensor, with control circuits housed in a backpack. The 

tetherless setup made the microscope suitable for behavioral tests in freely 

moving rodents. LSCI images could be computed following acquisition of 240 raw 

speckle images. By converting speckle contrast to the correlation time of blood 

flow67, relative CBF maps were generated (Figure 2.4c). As reported in 

Senarathna et al.66, image quality degraded an hour after implantation. The 

authors concluded that this might be attributable to the refractive index matching 

material (i.e. mineral oil) gradually evaporating and the thinned skull optical 

window preparation eventually drying out. Also the use of a rolling shutter  
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Figure 2.4  Miniaturized optical systems that utilize endogenous contrast agents. (a) Left 

panel: Schematic of a fiber-optics-based laser speckle imaging microscope. The illumination 

was fiber-coupled from a benchtop laser source and the camera chip was incorporated within 

the head piece. Middle panel: A rat with the head-mounted microscope that was ~ 20 g in 

weight and 3.1 cm in height. Right panel: In vivo laser speckle contrast image from a freely 

moving rat after co-registration
63

. The image shows the vascular network in the rat cortex over 

a 7 mm × 7 mm FOV. (b) Left panel: Schematic of dual-modal fiber-optic-based microscope 

designed by Liu et al. (2013). The system consisted of three parts: a fiber-coupled dual 

illumination source, a head-mounted microscope and two CCD cameras system for dual 

modality acquisition. Right panel: Spatio-temporal evolution of hemodynamic changes from a 

cortical spreading depression (CSD) model illustrating the difference between anesthetized 
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technique for exposure time control together with a relatively low frame rate of ~ 

6 fps, resulted in long exposure times that averaged out some of the speckle 

contrast. The spatial resolution of the system was 20 μm, which was the pixel 

size of the image sensor. Higher spatial resolution could be achieved by 

replacing it with a smaller pixel size CMOS sensor. 

2.4 Discussion 

Miniaturized brain imaging systems, while having the advantages of portability, 

size, and multimodality neuroimaging in awake/unrestrained animals are prone to 

several shortcomings. Therefore, the decision to utilize such an imaging system 

instead of a benchtop setup should be based on a balance of its strengths and 

weaknesses. 

A major concern with miniaturized neuroimaging systems is the additional weight 

it imposes on the animal. While a benchtop system tethered to an animal via an 

optical fiber bundle imposes minimal additional weight, a fully miniaturized 

system requires the entire weight of the imaging system be borne by the animal. 

and awake states
31

. (c) Schematic (left panel) and photograph (middle panel) of a self-

contained laser speckle imaging microscope in which light from a VCSEL is reflected by a side 

mirror to accommodate different focal planes. The speckle signals were focused onto a custom 

made CMOS sensor by a single lens
66

. Right panel: Relative blood flow map derived from 

speckle contrast images acquired using the microscope (laser wavelength λ = 795 nm) from 

the rat cortex over a ~ 1.85 mm × 2 mm FOV. The higher blood flow velocity of R1 indicates 

that R2 and R3 are downstream of R1 and that blood flow from R1 is branching off into R2 and 

R3. 
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Hence, it is vital that such imaging systems are designed with critical weight 

limits for the applications under consideration. A similar argument applies to the 

spatial footprint of the device attached to the animal's head, including the total 

height and size of the instrumentation. Use of a larger species of animals, e.g. 

rats versus mice, might partially obviate this concern. Nonetheless, it is crucial 

that experimental protocols involving miniaturized, head-mounted microscopes 

clearly establish that the animal behavior under study is not significantly affected 

by the implanted or mounted neuroimaging system31. 

Increased motion artifacts are another concern with studies in freely moving, 

unanesthetized animals. Beyond respiration and cardiac motion artifacts that are 

seen in benchtop imaging, miniaturized imaging platforms are susceptible to 

motion caused by whole-body movement as well as relative motion between the 

head-mounted microscope and the animal's body. Some imaging modalities are 

more sensitive to motion than others, e.g. 2 PM suffers more from motion 

artifacts than wide-field fluorescence microscopy. Different image registration 

and motion removal algorithms can be employed to enhance image quality68. 

A frequently overlooked aspect of miniaturized imaging systems is the challenge 

of building them from high-performance optical and electronic components in 

view of their size, weight and power constraints. Therefore, due to limitations in 

current hardware and optical component fabrication, compact imaging systems 

usually offer ‘bare-bones’ imaging capabilities that are customized to a given 

experimental paradigm. In doing so, such systems lack the imaging precision, 

accuracy and flexibility of conventional benchtop systems. For example, in 
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miniaturized LSCI systems, the VCSEL laser source may emit laser light that is 

not very coherent, thereby degrading speckle contrast. While a benchtop setup 

can be easily focused, the magnification changed and multiple wavelengths 

imaged conveniently, a miniaturized neuroimaging system has limited focusing 

ability and a fixed magnification level and imaging different wavelengths is often 

challenging. Therefore, flexibility and precision need to be considered before 

choosing a miniaturized neuroimaging system over a conventional benchtop 

imaging system. 

An important aspect of imaging in awake, freely moving animals is correlating 

their behavior with their neural responses. Different types of monitoring tools 

have been employed to monitor animal activity for various applications. Typically, 

synchronized videos are recorded during experiments measuring neural 

response to document the animal's behavior. In Sawinski et al.31, the positions of 

four infrared LEDs attached to the microscope were used to determine animal's 

movements and orientation of its head. By correlating the animal's behavior with 

visual stimuli presented on monitors in its field of view, the authors were able to 

study the relationship between visual perturbations and concurrently recorded 

calcium signals. In Dombeck et al.22, running speeds were measured by the 

rotation of a spherical treadmill on which the animal was placed and infrared 

videos were recorded to catalog grooming and whisking behavior. The changes 

in the fluorescence trace of neurons labeled with calcium sensitive dye during 

running behavior were analyzed, with a significant fraction of neurons exhibiting a 
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strong running correlation. As reported by the authors, transients of some 

neurons mimicked the time course of running speed. 

While in their simplest form many head mounted optical microscopes have 

utilized a single imaging modality, integrated systems with two imaging 

modalities have begun to emerge. Most commonly, multispectral imaging, given 

its relative simplicity in implementation, is combined with another modality such 

as fluorescent or speckle imaging32, 62, 69. Such systems provide scientists access 

to a multitude of biological variables enabling them to obtain a more holistic view 

of the neurobiology of awake and freely moving animals. Moving forward, given 

the need for acquiring multi-parametric data, the development of miniaturized 

systems with more than two imaging modalities may become commonplace. 

Combining optical imaging with other neurobiological data such as 

electrophysiology70, biochemical recordings etc., could lead to a multimodality 

system for studying the brains of freely moving animals. For example, visualizing 

cellular calcium dynamics with fluorescent imaging while simultaneously 

monitoring electrophysiology with a transparent electrocorticographic (ECoG) 

sensor array71, could herald a new era of neurobiological investigation. Or one 

could envision experiments involving functional neuromodulation via electrical or 

optogenetic stimulation to assess interactions between stimulation and 

neuroimaging. 
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2.5 Conclusions and future directions 

In the past decade, traditional benchtop based microscopy of anesthetized and 

constrained animals has slowly made way to neuroimaging in freely moving 

animals. Technological innovations in electronic hardware, miniaturized optics 

and computing power have converged to make this tremendous advance 

possible. This has brought about a paradigm shift in neuroscience, enabling 

scientific investigations geared towards uncovering natural brain function and 

dysfunction due to disease. Since optical imaging is relatively simple to operate 

in contrast to other imaging modalities such as ultrasound, MRI etc., the 

construction of miniaturized neuroimaging platforms has experienced an 

exponential growth (Table 2.1). 

Early instrumentation for brain imaging in freely moving animals involved a 

standard benchtop microscope coupled to an optical fiber bundle that attached to 

an optical window over the animal's intact brain. The next generation of 

neuroimaging systems utilized optics inserted into the animal's head-mount, 

while keeping the rest of the microscope assembly unchanged. However, in the 

latest generation of neuroimaging systems, the development of miniaturized light 

sources and sensitive CMOS image sensors within the head-mounted 

microscope is making the need for optical fiber bundles less critical. Nonetheless, 

such imaging systems still require wires to connect the head-mounted 

instrumentation with advanced control circuitry on the benchtop, thus tethering 

the animal. Fully compact microscope systems that utilize miniature control and 
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storage electronics encased in a backpack worn by the animal have begun to 

emerge, enabling truly tetherless animal brain imaging. With impending 

improvements in electronic and optical design, supported by the availability of 

sophisticated computer aided design (CAD) and rapid prototyping tools, fully 

mobile and ultra-compact head mounted systems can be envisioned. These will 

increase user convenience and make possible a range of experiments that were 

previously unfeasible due to the presence of tethers. Examples include 

behavioral experiments involving complex maze structures as well as group 

studies wherein brain function of multiple freely interacting animals can be 

simultaneously tracked as an ensemble. 

Future applications of miniaturized microscopes need not be limited to 

conventional neuroscience applications, but could include imaging in a wide 

array of preclinical disease models. For example, one could envisage the use of 

head mounted optical microscopes for ‘life-time’ imaging of brain tumor 

progression, or sudden onset/termination of seizures; imaging of neurovascular 

coupling, imaging neural plasticity or continuous imaging of the etiology of stroke. 

In summary, miniaturized optical head-mounted imaging systems have 

progressed considerably from their benchtop antecedents. We envision a future 

in which the use of such portable, user-friendly systems will become 

commonplace in neuroscience laboratories alongside advances in optogenetics 

and high-throughput electrophysiology. It is our belief that miniaturized optical 

neuroimaging in unrestrained animals will be a critical ingredient of the next-wave 
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of breakthroughs in the neurosciences and investigations of brain-related 

pathologies. 
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Chapter 3 A Miniature Microscope for 

Multi-Contrast Optical Neuroimaging in 

Awake Animals 

Multi-contrast neuroimaging permits the simultaneous interrogation of multiple 

neurophysiologic variables, enabling a more complete understanding of brain 

function. Traditionally, this has required benchtop-based, custom-built imaging 

systems that often preclude in vivo neuroimaging of awake animals. To 

circumvent this issue, we designed and built a ‘plug and play’ miniaturized 

microscope that fits on a rodent’s head and combines three optical contrast 

mechanisms: fluorescence (FL), hemoglobin intrinsic optical signals (IOS) and 

laser speckle contrast (LSC) and. This multi-contrast microscope weighs 9 g, 

occupies 5 cm3 and can image in vivo neural activity and cortical hemodynamics 

in an awake rodent over 3×3 mm2 at 5 μm resolution. We demonstrate its utility 

by: (i) imaging neuronal and hemodynamic responses to auditory stimulation, (ii) 

performing wide-area functional mapping analogous to classic fMRI, and (iii) 

characterizing hemodynamic and electrophysiological changes that accompany 

arousal from anesthesia. These broad range of applications demonstrate that this 

microscope provides a portable, miniature platform for multi-contrast 

neuroimaging in awake animals. Its affordability, customizability and 

expandability open up new vistas for in vivo brain experimentation.  
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3.1 Introduction 
 

Multi-contrast optical neuroimaging6, 72, 73 enables one to simultaneously 

interrogate multiple neurophysiologic variables, a feat that was not possible with 

traditional single-contrast optical imaging techniques74-76. Consequently, 

neuroscientists can now visualize in real-time the multi-faceted nature of brain 

function77-80 and dysfunction81 at optical spatial resolutions. However, their need 

to interrogate multiple neurophysiological variables necessitates the development 

of imaging systems that combine multiple optical contrast mechanisms. Such 

systems tend to be expensive and bulky as their components have a substantial 

benchtop ‘footprint’. Moreover, multi-contrast imaging systems often need to be 

custom fabricated as they are not widely available. This has created a formidable 

entry barrier for multi-variable or multi-contrast neuroimaging systems. In 

addition, their bulkiness often requires the animal to be anesthetized, and 

restricts the use of complementary recording equipment, such as wired EEG 

recording arrays and amplifiers. Although miniaturized microscope designs82 

have emerged that lower this barrier, current systems are limited to performing 

either neural28, 83, 84 or hemodynamic imaging85-89, but not both. This in turn has 

limited in vivo experiments in awake animals to those that interrogate either 

neuronal or vascular function, but not both.  

To fulfil this unmet need, we created a miniaturized microscope that combines 

three optical contrast mechanisms: fluorescence90 (FL), hemoglobin intrinsic 

optical signals91 (IOS) and laser speckle contrast58 (LSC). The FL channel 

enables imaging of neural activity with voltage sensitive dyes92 or via genetically 
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encoded calcium indicators such as GCaMP93. IOS and LSC enable imaging 

hemoglobin absorption and cerebral blood flow, respectively. This microscope 

costs significantly less than traditional benchtop systems due to our use of 

commercially available components such as LEDs, a micro-lens, a CMOS image 

sensor etc., as well as an entirely 3D printed housing. We also included a 

‘synchronization’ (sync) channel as part of the microscope. This feature allows 

image acquisition to be ‘time-locked’ with complementary recording systems (e.g. 

a physiological monitoring system), or a system that provides a stimulus to the 

animal (e.g. a whisker deflector). Our microscope weighs 9 g and occupies 5 

cm3, and is well suited for in vivo neuroimaging in awake mice and rats. The 

microscope has a 5 μm spatial resolution which enables resolving individual 

microvessels. It covers a 3×3 mm2 wide-field or mesoscopic field of view (FoV) 

permitting one to simultaneously interrogate an entire cortical region (e.g. the 

auditory cortex or motor cortex). Furthermore, the microscope acquires images at 

15 frames per second (fps), allowing dynamic neurovascular changes to be 

captured with temporal fidelity.  

We first present the design details of the microscope and compare its 

performance to a benchtop based multi-contrast imaging system. Next, we 

demonstrate its utility by performing multiple in vivo experiments that exploit its 

multi-contrast capabilities to interrogate both neural activity and concomitant 

hemodynamic changes in awake animals.  
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3.2 Results  
 

3.2.1 A miniaturized design that incorporates three distinct 

optical contrast mechanisms  

In contrast to previously reported miniature microscope designs83, 84, 94
, we 

marginally traded magnification in favor of a wider field of view (FoV). The 

resultant larger object distance enabled us to insert multiple illumination sources 

for multi-contrast imaging while retaining a 5 μm spatial resolution over a 3×3 

mm2 (i.e. ‘wide-field’ or mesoscopic) FoV. 

The microscope comprises a 3D printed base and upper assembly (Figure 3.1a-

b and Detailed methods). The base houses three illumination sources (Figure 

3.1a): a blue (452 nm) LED provides excitation for fluorescence imaging; green 

(570 nm) LEDs and a red (680 nm) laser diode provide illumination for IOS 

imaging of total hemoglobin (HbT, at 570 nm) and deoxyhemoglobin absorption 

(dHb, at 680 nm), respectively. Additionally, acquiring speckle contrast images 

under red laser illumination enables us to map cerebral blood flow (CBF). Finally, 

a pair of orange LEDs acts as an optical sync signal for synchronizing image 

acquisition with external instruments or recording hardware.  

The 3D printed upper assembly contains the elements necessary for light 

filtering, image formation and focusing (Figure 3.1b). A 510 nm long-pass filter 

rejects blue excitation light (< 510 nm) while permitting light from the other 

illumination sources to reach the image sensor. A single (f = 4.6 mm) aspheric 

lens was used for image formation. Images are captured by a 640×640 pixel, 10- 
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Figure 3.1 A miniaturized design that incorporates three distinct optical contrast 

mechanisms. (a) The microscope base unit. Excitation for green fluorescent imaging is provided 

by a blue LED, while HbT imaging is carried out with a pair of green LEDs. A red VCSEL, 

assisted by a beam expander and hinging screws, facilitates dHb and LSC imaging. A separate 

pair of orange LEDs (sync LEDs) is used for synchronizing with an external EEG system. The 

FoV lies directly below the aperture. (b) The upper unit of the microscope (shown together with 

the base) consists of a 4.6 mm focal length lens, a 510 nm long-pass filter to eliminate blue 

fluorescence excitation, a focusing tube and an image sensor. (c) The complete microscope 

assembly is shown with a U.S. quarter coin next to it for scale. (d, e) The bottom and side views 

of the head mount, respectively. The head mount is surgically implanted on the rodent’s skull and 
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enables firm attachment of the microscope via a pair of locking screws. The pronged structure at 

the base of the head mount facilitates centering on the FoV. (f) Head mount attached to a mouse 

skull with the inset showing the cranial window preparation for optical access to the brain. (g) An 

awake and freely moving mouse with the microscope. (h) A grayscale CBF map acquired with the 

microscope using LSC from an awake mouse. All parts were rapid prototyped and 3D printed 

permitting a high degree of customization. Scale bars indicate length where applicable. 

 

bit CMOS image sensor with a pitch of 3.6 µm. The final miniature microscope 

(Figure 3.1c) weighs 9 g, occupies 5 cm3, is directly powered and controlled by a 

laptop computer, and can acquire images at 15 fps. 

 

3.2.2 Disposable head mount enables microscope reusability  

We designed a customized, disposable head mount (Figure 3.1d, e and 

Methods) for the microscope to interface with the rodent brain. Each head mount 

was 3D printed and attached permanently atop a surgically prepared cranial 

window Figure 3.1f and Detailed methods). Set screws within the head mount 

minimize microscope motion and enable robust attachment (Figure 3.1g) for 

high-resolution in vivo imaging (Figure 3.1h). Loosening the set screws allows 

the microscope to be conveniently detached and reattached whenever the 

experimental protocol demands it. 
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3.2.3 Supplementary control modules and GUI enhance ‘plug 

and play’ portability 

We supplemented the microscope system with two compact control modules: an 

illumination controller (Detailed methods and Supplementary Figure 3.1) and 

a commercially available image acquisition controller (Detailed methods). 

Collectively, they miniaturize the hardware needed for illumination current 

generation and high speed image acquisition. A flexible wire bundle links the 

head-mounted microscope to the two control modules, which in turn are powered 

by USB connections to a standard laptop computer (Detailed Methods and 

Supplementary Figure 3.2a, b). This configuration results in a completely 

portable imaging system that can be conveniently transported to any site for 

imaging in awake, behaving animals (Supplementary Figure 3.2c). A custom 

designed ‘all-in-one’ graphical user interface (GUI, Supplementary Figure 3.2d) 

facilitates control of all the imaging parameters while providing real-time image 

visualization. These features enhance the ‘plug and play’ utility of the system.  

 

3.2.4 Performance of the miniature multi-contrast microscope 

was comparable to that of a similarly equipped benchtop 

imaging system 

We performed high-resolution, wide-field micro-angiography of an anesthetized 

mouse brain with the microscope. To validate its performance for each optical 

contrast mechanism, we also imaged the same FoV with a comparable multi-

contrast benchtop system (Detailed methods). Images of cortical  
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Figure 3.2 Performance of the miniature multi-contrast microscope was comparable to that 

of a similarly equipped benchtop imaging system.  Multi-contrast images of a mouse brain 

acquired using our microscope (Mic) and a similarly equipped benchtop (BT) imaging system 

were compared. (a, b) A network of cerebral microvessels visualized with fluorescence imaging 

(FL) following a tail vein injection of dextran-FITC. (d, e) The same FoV imaged using green IOS 

(GR) illustrating HbT (or relative CBV) distribution. (g, h) Pseudo-colored maps of relative CBF 

velocities obtained by performing speckle contrast imaging under laser illumination (LSC). (j) 
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Time courses of the dHb-dependent red light reflectance from a central 2020 pixel FoV showing 

the temporal response to an oxygen challenge (i.e. inhalation of 100% O2 for 30s starting at 2 

mins, followed by room air for the rest of the experiment). (c, f, i, k) Scatter plots of the in vivo BT 

vs. Mic measurements shown in (a-h). Spatial correlations were computed for a 2020 pixel grid 

superimposed over a central 400400 region. The scale bar indicates length assuming a 

magnification factor of ~0.75. 

 

microvasculature obtained from the two systems with fluorescence (Figs. 3.2a, 

b), green light (Figure 3.2d, e) and laser speckle contrast (Figure 3.2g, h) were 

compared for similarity using a central 400400 pixel region overlaid with a 

2020 pixel sampling grid. For each contrast mechanism, correlation coefficients 

(R2) of 0.60, 0.75 and 0.69 were observed, respectively (Figure 3.2c, f, i). As 

additional validation, red light absorption was used to track temporal changes in 

dHb levels in response to an oxygen challenge. Time traces from each imaging 

system for a central 2020 pixel region showed an increase in the red reflectance 

signal (Figure 3.2j), i.e. a decrease in dHb, as well as a an R2 of 0.94 (Figure 

3.2k). Collectively, these data validate the ability of our microscope to conduct in 

vivo imaging using each of the three optical contrast mechanisms. 

 

3.2.5 Multi-contrast imaging reveals the spatio-temporal 

mismatch between focal neural activation and wide-area 

hemodynamic response to auditory stimulation 

We performed multi-contrast imaging of the mouse auditory cortex in response to 

sound stimuli in an awake mouse (Figure 3.3a and Detailed methods). Here,  
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Figure 3.3 Multi-contrast imaging reveals the spatio-temporal mismatch between focal 

neural activation and wide-area hemodynamic response to an auditory stimulus. (a) 

Schematic of the experimental setup for the auditory stimulation and image acquisition. (b) A 

composite (i.e. RGB) map showing the maximum calcium response (green channel) and the 

corresponding maximum vasodilatory response (red channel) to a 4 kHz stimulus. Anatomical 

directions dorsal (D) – ventral (V), caudal (C) – rostral (R) are marked for reference. The black 

background image is a ‘vessel mask’ (i.e. binarized blood vessel image) underlay. (c) Time traces 

of the calcium and hemodynamic responses to a 4kHz stimulus in the 2020 pixel region of 

interest (ROI) shown in (b). The ordinates for each plot are in fractions ‘f’ of the peak response 

amplitude. The black line indicates the baseline for each trace. A sliding 1s window was used to 

smooth the time traces. (d) Snapshots illustrating the spatiotemporal evolution of the 

neurovascular response to 4 kHz stimulation. Each image sequence has been smoothed using a 
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33 median filter and normalized to 0.1% of its range. For visual clarity, the CBF and dHb images 

were additionally smoothed with a 1010 mean filter before normalization. A vessel mask 

underlay is used in the first row of images to provide a visual reference. The image intensity in 

each row is normalized to 0.1% of the range. Scale bars are shown assuming a magnification of 

~0.75. 

 

we present results for a 4 kHz auditory stimulus. We successfully captured the 

time evolution of neural activation (via GCaMP bound calcium fluorescence95) 

and the concomitant hemodynamic response in terms of vasodilation (i.e. change 

in blood volume as indicated by the change in total hemoglobin concentration or 

HbT), cerebral blood flow (CBF) and oxygenation (dHb) changes (Figure 3.3b). 

Time-course analysis revealed the classic hyperemic lag between neural firing 

and the onset of the hemodynamic response96 (Figure 3.3c and Detailed 

methods). The sharp rise in calcium accumulation due to neural firing was 

followed by a rise in total hemoglobin (HbT), an increase in local CBF and a dip 

in deoxyhemoglobin (dHb) with a delay of ~1 s. The calcium activity showed 

strong spatial specificity to distinct regions of the auditory cortex (Figure 3.3d, 

∆Ca%). Vasodilation, as indicated by the rise in HbT, showed the preferential 

recruitment of a specific microvascular ‘irrigation territory’ to cater to this 

increased metabolic demand (Figure 3.3d, ∆HbT%). In contrast, elevated CBF 

levels were observed globally and did not show any spatial specificity (Figure 

3.3d, ∆CBF%). Moreover, most of the auditory cortex exhibited an increase in 

HbT along with a dip in dHb (Figure 3.3d, ∆dHb%), suggesting that much of the 

post-stimulus perfusion to the region was hyper-oxygenated. Finally, by  
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Figure 3.4 Microscope enables wide-area functional mapping analogous to classic task-

based fMRI. (a) Generation of the ‘activation’ CBF time-course by subtracting the background 

CBF time-course from the hotspot (i.e. corresponding to the calcium activation pattern) CBF time-

course. (b) Schematic of the image processing pipeline. The ‘activation’ and ‘background’ time-

courses were used as regressors to compute the activation and background coefficients from the 

measured signal using a multiple linear regression model. (c) AFNI screenshot showing pixel-

wise CBF time courses and their corresponding model fits (black: measured CBF response, red: 

model fit) over a 99 pixel area corresponding to the black square in (a). (d) Maps of the 

activation and background coefficients for a 4 kHz stimulation computed from the regression 

model. Negative coefficients are not displayed. Maps are overlaid on a vessel mask for visual 

reference. (e) Ca, HbT and CBF activation coefficient maps for 4 and 24 kHz stimuli. Ca maps 

were normalized to 0.1%.HbT and CBF fit coefficients are shown over 0–1.5. Two calcium 

hotspots are marked on each calcium activation map: HS1 and HS2. One can see that the HbT 

and CBF coefficient maps exhibit more tonotopic specificity to the Ca signal than the raw HbT 

and CBF maps. 
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comparing the pre-stimulus patterns in both Figure 3.3c and d, we note that the 

stimulus-evoked CBF response rides on top of a large non-stimulus (or resting-

state) related fluctuation that is spatially non-specific.   

 

3.2.6 Microscope enables wide-area functional mapping 

analogous to classic task-based fMRI 

Task or stimulus based functional magnetic resonance imaging (fMRI) 

techniques97 have been extensively used over the last two decades to interrogate 

the functionality of different brain regions98. Typically, the observed stimulus-

evoked blood-oxygen-level-dependent (BOLD) response is input into a pixel-wise 

regression model to identify activated pixels by removing the effect of time 

constants (i.e. by deconvolving with an ‘activation’ hemodynamic response 

function), as well as eliminating the effects of background fluctuations and 

system noise (Figure 3.4b). Here, we processed our multi-contrast imaging data 

with a standard fMRI signal processing software (Analysis of Functional Neuro 

Images: AFNI99) and implemented an fMRI-type functional mapping of the 

auditory cortex. This approach is in contrast to conventional functional optical 

imaging approaches wherein one usually calculates an average signal over the 

desired FoV without displaying or computing the pixel-wise response.   

We treated the calcium response map as the ‘gold standard’ for identifying 

activated areas, and created an ideal hemodynamic response (i.e. an ‘activation’ 

time-course) by subtracting the average background hemodynamic signal from 
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the hemodynamic response corresponding to the calcium hotspot pixels 

(Detailed methods). Figure 3.4a illustrates this using CBF time-courses. We 

then input this activation time-course and the background time-course into a 

linear regression model that generated pixel-wise ‘fit coefficients’ for each time-

course (Figure 3.4b and Detailed methods). These ‘fit coefficients’ enabled us 

to assess activation differences on a ‘pixel-wise’ basis for the entire auditory 

cortex analogous to classic fMRI paradigms, instead of on a single time course 

spatially-averaged over the auditory cortex (Figure 3.4c). This approach also 

enabled us to isolate localized CBF changes from background CBF fluctuations 

(Figure 3.4d). We then applied the same image-processing pipeline to determine 

if we could map the tonotopy of the auditory cortex by comparing the HbT and 

CBF responses to a 4 and 24 kHz stimulus, respectively. We did not use the dHb 

responses because of their low signal-to-noise ratios (SNRs). In accordance with 

previous tonotopic studies of the murine auditory cortex100, the 4 and 24 kHz 

calcium activation maps exhibited distinct spatial patterns (Figure 3.4e, Ca). 

Following the regression analysis, both the HbT and CBF activation coefficients 

demonstrated distinct spatial localization corresponding to the 4 and 24 kHz 

stimulus (Figure 3.4e, HbT, CBF). This was in contrast to the unprocessed HbT 

and CBF response observed in Figure 3.4d. 
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3.2.7 Multi-contrast imaging during arousal from anesthesia 

reveals that CBF changes correlate with average EEG power and 

neurovasculature exhibits differential compliance  

Most in vivo neuroimaging experiments in rodents are conducted under general 

anesthesia101-103. In many cases, a one-time injection (e.g. a ketamine/xylazine 

cocktail) is used to provide anesthesia for the entire duration of the 

experiment104-107. Once the depth of anesthesia is confirmed (e.g. by toe-

pinching), it is usually assumed that baseline brain physiology remains stable 

and that any observed variations are attributable to the experimental paradigm. 

We used the multi-contrast capability of our microscope to assess the validity of 

this assumption. We interrogated CBF changes (with LSC) over a 3×3 mm2 FoV 

in the right hemisphere of the mouse brain (Figure 3.5a and Detailed methods).  

An EEG screw electrode was surgically implanted on the contralateral 

hemisphere, allowing concurrent global electrophysiology monitoring via an 

external EEG recording instrument (Figure 3.5b and Methods). Both CBF and 

EEG power continually decreased during deep anesthesia (Figure 3.5b, ~20%). 

At the end of an hour, anesthesia was re-confirmed by the lack of response to a 

hind-paw pinch. Signs of wakefulness (e.g. first twitching of whiskers, then body 

movement etc.) emerged at around two hours. Both CBF and EEG power had 

reached their minimum by this time, and increased with improving signs of 

wakefulness (Figure 3.5b). Total EEG power changes were correlated to CBF 

changes (R2 = 0.70). Power in each of the standard EEG sub-bands showed  
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Figure 3.5 Multi-contrast imaging reveals that CBF changes correlate with average EEG 

power and the neurovasculature exhibits differential compliance during arousal from 

anesthesia. (a) Map of the average CBF over the duration of the experiment. (b) Fluctuations in 

global EEG power and CBF are correlated. The anesthetized phase and awake phases are 

indicated by a colored blocks. (c) Plots of the power in EEG sub-bands showing how each varied 

during arousal from anesthesia. The post-script ‘f’ depicts the power of each sub-band as a 

fraction of the total EEG power. (d) Pseudocolored map illustrating the differences in arrival time 

of an intravenously injected fluorescent tracer (dextran-FITC). Arrival times are indicated relative 

to the earliest appearance of the fluorescent tracer within the FoV. (e) IOS map acquired under 

green light illumination showing HbT absorption for the same FoV. An arteriole (A) and venule (V) 

are identified in the FoV. (f, g) Fluctuations in HbT (i.e. CBV) and CBF within the arteriole and 

venule, respectively. 

 

typical fluctuations from a sleep to awake state108, and did not reveal a similar 

correlation with CBF (Figure 3.5c). 
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During the same experiment, we also used the fluorescence channel to 

differentiate the microvascular bed into its arterial and venous components by 

exploiting the arrival times of an intravenously injected fluorescent tracer 

(fluorescein-dextran, 70 kDa). (Figure 3.5d and Detailed methods). We then 

identified an arteriole and a venule (Figure 3.5e), and interrogated their blood 

flow (with LSC) and blood volume changes (with 570 nm IOS). The arteriole 

exhibited tight coupling between blood volume and blood flow (Figure 3.5f); 

namely an initial vasoconstriction phase with a decrease in flow and eventual 

vasodilation concomitant with recovery in blood flow, suggesting flow modulation 

based on vessel diameter. However, this relationship was different for the venule 

that exhibited blood flow alterations uncorrelated with its changes in blood 

volume (Figure 3.5g). Collectively, these observations suggest that global 

variations in brain physiology during the transition from anesthetized to awake 

states persist at the local or microvascular scale. 

3.3 Discussion 

In this work we shrank the dimensions of a conventional multi-contrast 

neuroimaging system6, 72, 73 down from several feet (e.g. 5×5×5 feet) to the size of 

a fingertip (5 cm3) (Figure 3.1 and Figure 3.2). Miniaturization enables 

neuroscientists to head-mount our microscope on an awake and freely moving 

rodent to interrogate in vivo neural activity and concomitant hemodynamic 

changes. In addition, one only requires a standard laptop to power up and control 

the microscope, ensuring complete system portability. Our miniaturized 
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microscope offers ‘plug and play’ functionality, permits real-time imaging and 

control of all the imaging parameters via the user friendly GUI. 

We exploited the microscope’s high spatial (5 μm) and temporal (15 fps) 

resolution, and its 3×3 mm2 FoV to simultaneously interrogate the entire auditory 

cortex at microvascular spatial resolution in an awake mouse (Figure 3.3a, b). 

We observed for the first time, how neural calcium dynamics, the vasodilation of 

individual microvessels and the elevation of local CBF levels were orchestrated 

by a functional auditory stimulus (Figure 3.5c, d). We then used an fMRI-type 

analysis pipeline (Figure 3.4a, b), to remove background fluctuations from each 

hemodynamic response variable, thereby permitting the visualization of more 

specific functional activation (Figure 3.4c, d). We were able to demonstrate the 

tonotopic specificity of the hemodynamic responses to 4 and 24 kHz auditory 

stimuli (Figure 3.4e HbT, CBF) by using the distinct spatial calcium dynamics 

(Figure 3.4e, Ca) as the tonotopic gold standard of activation.  

We then used the microscope’s sync channel to time-lock image acquisition with 

EEG recording. This permitted us to compare changes in global CBF to 

concomitant EEG recordings during anesthetized and awake states (Figure 3.5a, 

b). We found that the CBF and average EEG power were highly correlated (R2 = 

0.70) and varied significantly (~40%), reaching a minimum during the sleep-wake 

transition (Figure 3.5b). In contrast, the power of standard EEG sub-bands did 

not reveal similar correlations with CBF (Figure 3.5c). We exploited the 

microscope’s fluorescence channel to perform arterial-venous discrimination by 

measuring arrival times of an intravenously injected fluorescent dye (Figure 
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3.5d). We then used this information to demonstrate that arterioles and venules 

show unique variations in their respective flow-volume relationships (Figure 

3.5e-g). These global and local variations imply that one must exercise caution 

when comparing results from in vivo functional imaging experiments in 

anesthetized and awake animals. 

Our microscope represents a critical advancement in engineering design and 

miniaturized fabrication. In contrast to previous fluorescence microscope 

designs2, 28, 83, we marginally relaxed our magnification requirements to achieve a 

wider FoV (e.g. 18 described by Ghosh et al2). This wide-field capability permits 

us to interrogate an entire cortical region (e.g. the entire murine motor cortex) or 

to analyze the ‘functional overlap’ between adjacent cortical regions (e.g. 

auditory-somatosensory cortices in mice). Moreover, this design modification 

made it possible to combine three optical contrast mechanisms within one 

miniature housing by creating space for additional illumination sources (Figure 

3.1a-c).  

The multi-contrast capability of our microscope enables us to interrogate aspects 

of neurophysiology that are critical to neuroscience and neuropathology. In 

addition to visualizing calcium dynamics in neurons109, 110 and astrocytes111, 112, 

the inclusion of a fluorescence channel facilitates imaging of fluorescently tagged 

cells113, 114 as well as the uptake of fluorescently labeled pharmacological 

agents115, 116. The availability of separate green light IOS91 and laser speckle 

contrast12 imaging channels enables the independent observation of 

microvascular morphology and blood flow. This is especially useful in 



 

54 
 

applications in which the regulation of blood flow and vessel architecture is 

dysregulated (e.g. during tumor angiogenesis117, 118), or when the microvascular 

network is poorly perfused (e.g. during stroke119, 120). Concurrent measurement of 

dHb absorption under red light illumination supplements the other contrast 

mechanisms with vital information on oxygenation status and helps identify 

hypoxic regions (e.g. ischemia121, tumor necrosis122) and hyperoxic regions (e.g. 

functional activation123, 124). The capability to map dHb can also be exploited to 

directly validate BOLD fMRI data with optical imaging data125. Correlating multi-

contrast images from our microscope with behavioral observations in awake 

animals would add another dimension of insight to current neurophysiological 

studies. For example, with our head-mounted microscope we could conduct in 

vivo imaging of cognitive activity while the mouse is exploring a maze. 

We also showcased the use of a non-standard image processing pipeline (i.e. 

fMRI-type analysis) on high-resolution multi-contrast optical imaging data (Figure 

3.4). In contrast to the convention of showing a single time-course from the 

activated region (Figure 3.3c), we demonstrated the ability of our microscope to 

conduct wide-area mapping of neural activity and the accompanying 

hemodynamic responses (Figure 3.4c, e). Moreover, this multi-contrast 

approach to functional imaging wherein both, the neural and hemodynamic 

responses can be characterized simultaneously and independently has the 

potential to improve and inform image processing strategies for other imaging 

modalities. Our demonstration can serve as a model for microscopy, image 

processing and provide a data analysis framework for other researchers. 
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Our microscope offers all these benefits at a fraction of the cost of a benchtop 

multi-contrast benchtop imaging system. This is due to our extensive use of 3D 

printing techniques that are more economical than conventional 

machining/fabrication, as well as our use of off-the-shelf opto-electronic 

components. The disposable head mounts and flexible microscope attachments 

(Figure 3.1c, d) allow the microscope to be removed from the animal when 

imaging is not being conducted. This feature enables our microscope to be used 

concomitantly on multi-animal cohorts wherein longitudinal (e.g. daily) in vivo 

imaging is necessary. We believe this microscope’s affordability and flexibility will 

play a major role in making it a ubiquitous laboratory tool in the near future. We 

envision several exciting additions to the microscope that could enhance its 

extant capabilities. For example, the use of a tri-modal (multi-wavelength) laser 

diode126 instead of a single mode laser would enhance the estimation of oxygen 

saturation. The addition of an LED for optogenetic stimulation127 could equip our 

microscope with the capacity to excite or inhibit neural activity while performing 

concurrent multi-contrast imaging. In addition, the cranial window preparation 

through which imaging is carried out could be modified to incorporate a 

transparent electrocorticographic (ECoG) grid128 to allow direct recording of 

neural activity. Simultaneously recording ECoG along with blood flow or oxygen 

saturation estimation would be very useful in imaging stroke and its penumbra 

region119, 129, 130, or imaging areas of spreading depression131, 132, or areas 

spawning epileptogenic response to focal drug injection133, 134. 
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With its current capabilities and potential for expandability, we believe our 

microscope will herald an exciting new era in neuroscience research. 

3.4 Detailed methods 

3.4.1 Microscope base 

The base contains all the light sources necessary for multi-contrast imaging 

(Figure 3.1a). Excitation for green fluorescence imaging is provided by a blue 

surface mount light emitting diode (SMT LED) with a center wavelength of 452 

nm, and a full width half maximum (FWHM) of 13 nm (Osram Opto 

Semiconductors, LD CN5M-1R1S-35-1-Z). Imaging of total hemoglobin (HbT) 

levels is accomplished by using a pair of green SMT LEDs with 57020 nm 

illumination (Broadcom, HSMF-C157). A miniature 680 nm vertical cavity surface 

emitting laser (VCSEL) diode (Vixar, IO-680S-0000-B093) , assisted by a 6 mm 

focal length concave lens (Anchor optics, 27753) for beam expansion and a pair 

of hinge screws (McMaster-Carr, 96710A050) for fine-tuning the laser spot 

location, facilitates imaging deoxyhemoglobin (dHb) absorption.  Performing LSC 

calculation under laser light illumination enables imaging of CBF. A separate pair 

of orange colored LEDs (as part of Broadcom, HSMF-C157 package) serve as a 

sync signal for synchronizing external systems with our microscope. The 33 mm 

FoV lies directly underneath the 2 mm aperture of the microscope.   

3.4.2 Microscope upper assembly 

The upper assembly contains the rest of the elements of the microscope (Figure 

3.1b). A 6 mm diameter, 4.6 mm focal length aspheric lens (Thorlabs, A-390) is 
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used to focus light with a magnification of 0.75. A 510 nm, 1 mm thick optical 

long-pass filter (Omega Optical, 510ALP) selectively excludes blue excitation 

light. A 640640 pixel grayscale image sensor (CMOSIS, NanEyeGS) is used to 

acquire images. The 3.6 μm pitch pixels with 10-bit digital resolution facilitate 

high quality image acquisition at ~15 fps. The image sensor is mounted on a 

focusing tube (Thorlabs, AD8T) attached to a custom built coupling fixture, 

allowing its position to be varied vertically to achieve focus. A pair of set screws 

(McMaster-Carr, 96710A050) locks the image sensor position once focusing has 

been achieved.  

Both the microscope base and upper assembly were rapid prototyped with 

ABSplus material using a 3D printer (Stratasys, Dimension bst1200es).  

3.4.3 Head mount design 

Figure 3.1c, d show the bottom and the side views of the head mount. The head 

mount is implanted on a surgically exposed rodent skull, and enables our 

microscope to firmly attach via a pair of locking screws (McMaster-Carr, 

96710A050).  The prong structure at the bottom face of the head mount allows it 

to be centered on the surgically prepared FoV at the time of implantation. Friction 

caused by the tight fit between the microscope base and the head mount assists 

the locking screws in holding the microscope in place.  

A different head mount design was used for the auditory stimulus experiment as 

it required attachment of the microscope to a head-immobilized mouse 

(Supplementary Figure 3.3). 
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Supplementary Figure 3.1 Schematic of the illumination control module. Commands from 

the master program residing in the PC are sent to the microcontroller core via serial 

communication. Accordingly, the microcontroller activates the PWM modules or the D/A 

converter. If LED illumination is desired, a combination of three separate PWM modules is 

activated: one each for the blue LED, and the left and right green LEDs. In the case of laser 

illumination, the D/A creates an analog voltage which is converted into a steady current level by 

the current source, which then delivers the current through the laser diode. Digital transmission is 

indicated by hollow arrows while analog connections are indicated by solid arrows. 

3.4.4 Illumination control module 

We designed a compact illumination control module to deliver user-

programmable levels of illumination (Supplementary Figure 3.1). A 

microcontroller (Arduino Uno) receives commands from the master program 

(residing on the PC) regarding the ON/OFF status of each illumination source as 

well as the amount of current to be delivered across each illumination source. If  



 

59 
 

 

Supplementary Figure 3.2 The system architecture for microscope control. (a) A master 

program running on a PC plays the role of a central hub to all control and data flow. It sends 

digital commands via a USB interface to the illumination control module to switch ON/OFF 

individual illumination sources at different light levels. In turn, the illumination control module 

creates the required current levels and drives the light sources in the microscope base unit. In 

addition, the master program sends commands to the image acquisition module which interacts 

with the image sensor inside the microscope. Images acquired by the image sensor are relayed 

back through the image acquisition module to the master program which deposits the images into 

a storage medium. External instruments can be synchronized with microscope image acquisition 

via the synchronization (sync) channel. Digital communication is indicated in hollow arrows while 

analog current supply is shown by a solid arrow. Light illumination of and the collection from the 

cranial window by the microscope is represented by a pair of green arrows. The path of acquired 

images from the microscope through the image acquisition module, the master program until the 

storage medium is shown in dashed arrows. (b) The entire imaging system is controlled and 
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powered by a standard laptop computer. (c) A ‘briefcase’ version of the microscope: all 

microscope parts can be easily stowed away for easy transportation. (d) A screen shot of the 

GUI. 

 

LED illumination is desired, the Arduino will activate one of its pulse width 

modulation (PWM) modules. The  

appropriate duty cycle to be used is calculated by the program running in the 

Arduino. Each of the blue, left and right green LEDs have their own dedicated 

PWM module allowing flexibility in illumination control. The laser diode requires a 

continuous current. Therefore, an analog-to-digital (A/D) module (Microchip, 

MCP4821) is used to create an analog voltage level that is converted into a 

corresponding current level by a voltage-to-current converter circuit. Current 

levels of up to 5 mA are used to drive the blue LED, while the green LEDs each 

require ~20 mA. The laser is driven at 2~2.5 mA.    

3.4.5 System architecture 

The overall system architecture is shown in Supplementary Figure 3.2a. A 

custom written master program residing on a personal computer (PC) controls all 

data and command flow. The commands received by the illumination controller 

result in switching ON/OFF of different illumination sources at desired current 

levels. Additionally, the master program communicates with the image acquisition 

module (CMOSIS, Idule module) to set the exposure time of the image sensor, 

as well as initiate image capture. Images acquired by the sensor are sent via the 
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image acquisition module to the master program that then stores the data on 

external storage. Image processing was carried out off-line. 

3.4.6 Cranial window preparations 

For microscope validation and arousal from anesthesia experiments: Anesthesia 

was induced with an intraperitoneal injection of ketamine (90 mg/kg) and xylazine 

(5 mg/kg).  After checking the depth of anesthesia with manual forepaw or tail 

stimulation (pinching), eye ointment (Purelube, NDC 17033-211-38) was spread 

over the mouse’s eyes to prevent dehydration. The fur over the scalp was 

trimmed and the exposed area sterilized with 70% ethanol. An incision was made 

over the right parietal bone and the overlying skin and fascia removed. After 

thoroughly drying the exposed area, the boundary of the cranial window to be  

drilled was marked with a pen. Next, the skull was thinned with a microdrill 

(Aseptica, AEU-10SS) until the underlying vasculature became visible. The entire 

area was flushed with saline and thoroughly dried. The head mount was centered 

on the cranial window and attached using a thin layer of cyanoacrylate glue 

(Loctite, 43903). A self-curing dental cement (Parkell S380) was used to further 

secure the head mount to the skull and cover any exposed areas 

(Supplementary Figure 3.1e). 

For the auditory stimulus experiment: Anesthesia was induced with 4% isoflurane 

at an O2 flow rate of 0.5 L/min. The mouse head was secured to a stereotaxic 

frame with a bite bar while anesthesia was maintained at 1-2% isoflurane with 

0.5 L/min through a tube attached to the bite bar. Petroleum jelly (Vaseline) was 
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spread over the mouse’s eyes to prevent dehydration. The hair over the scalp 

was trimmed and the exposed area sterilized with 70% ethanol. Injections of 

dexamethasone (2 mg/kg) and carpofren (5 mg/kg) were administered. After 

lidocaine (2% with 1:100,000 epinephrine) was injected locally, an incision was 

made on the midline of the head. The skin and fascia were removed over the 

area of the cranial window. The area was thoroughly dried and a primer 

(Optibond, 33533) applied to the surface. A custom-built steel head post was 

secured with an UV-cured dental cement (Heraeus, 0197) to the exposed area of 

the skull. Using vasculature and local landmarks, the area of the cranial window 

(above the left auditory cortex) was identified with a pen. A craniotomy was 

performed with a microdrill (Fordom, MH-170) and the bone detached from the 

skull leaving the dura intact. After clearing the area of debris, a cover-slip was 

placed on top of the craniotomy and secured with self-curing dental cement 

(Parkell, S380). During the procedure, 0.9% saline was injected to prevent 

dehydration. After the procedure was finished, buprenorphine (.5 mg/kg) was 

injected (analgesic) and Bacitracin (Fougera) administered topically 

(Supplementary Figure 3.3d). 

3.4.7 Brain imaging procedures 

Microscope validation: A thinned-skull cranial window was prepared on a male 

Fisher (25g) mouse as described before. After recovery, the mouse was 

anesthetized briefly with isoflurane in a chamber. Subsequently, anesthesia was 

maintained through a nose cone by providing 2% isoflurane mixed with room air 

at 1 L/min flow rate. An oxygen challenge was performed under red laser 
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illumination: 30 s of oxygen was provided after a 2 min baseline of room air. 

Imaging was continued for a total of 4 mins. Next, a stack of images was 

acquired under green light illumination. For fluorescence imaging, 0.2 mL of 10 

mg/kg fluorescein-dextran (70 kDa) was injected through the tail vein. Images 

under blue illumination were captured before and after the injection. The mouse 

was then moved to the benchtop imaging system, and the same imaging 

protocols performed. Note: a second injection of FITC was not performed on the 

benchtop as the mouse already had a high dose of FITC in its blood stream. 

Optical functional imaging experiment: An open skull cranial window was 

prepared over the left auditory cortex of a female tetO-GCaMPsCaMKII-tTA 

mouse95. Next, a head post was surgically attached on the mouse skull. After 

complete recovery from surgery and habituation to the imaging setup (~ 2 

months), the mouse was briefly anesthetized by isoflurane inhalation in a  

chamber, and subsequently its head immobilized in the imaging apparatus. The 

mouse remained awake for the entire duration of the experiment. Imaging runs 

were split into sixty epochs of 10 s each (i.e. total imaging duration = 10 min) and 

images acquired under blue light illumination at an exposure time of 50 ms at 15 

fps. Within each epoch, a 300 ms auditory stimulus was presented at the 3s time 

point. The auditory stimulus was randomized to be either 4 kHz or 24 kHz. A total 

of 30 stimulus presentations for each 4 kHz and 24 kHz were conducted. This 

procedure was then repeated under green light and red laser illumination. The 

green light and laser imaging were done at 50 ms and 10 ms exposure times, 

respectively. The frame rate remained ~15 fps. The auditory stimulus generated  
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Supplementary Figure 3.3 Setup for the functional imaging experiment. (a-b) Top and side 

views of the head mount used in the auditory stimulus experiment. The head mount has a 

threaded hole which can be used to attach it firmly on an optical bread board. (c) The head mount 

shown attached to an optical breadboard. (d) A mouse bearing the steel head-post necessary for 

fixing its head during the experiment.     

 

a pulse that flashed the sync channel LED at the beginning of each 10 min trial. 

This enabled the microscope data and the stimuli to be time-synced. Each image 

acquired by the microscope was time-stamped with ms temporal resolution. 

Arousal from anesthesia experiment: A thinned-skull cranial window was 

prepared on a female Fisher (22g) mouse. The animal was anesthetized with 

0.45 mL of ketamine/xylazine within the scope of 2 hours needed for the surgery, 
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microscope fixation and the administration of the dextran conjugated FITC dye 

(0.2 mL, 10 mg/kg, 70 kDa). Images were continuously acquired under blue light 

illumination (50 ms, 15 fps) while the dye was being injected. Imaging was 

continuously carried out for the next 200 mins until the mouse showed signs of 

being fully awake. During this period, a stack of 100 red laser images (5 ms 

exposure time) and 10 green light images (100 ms exposure time) were acquired 

every minute.   

3.4.8 Image processing 

Laser speckle contrast: LSC was calculated by processing a stack of red laser 

images. The speckle contrast (k) at each pixel (x, y) is calculated as12: 

𝑘(𝑥, 𝑦) =  
𝜎(𝑥,𝑦)

µ(𝑥,𝑦)
                                                                                                     (1)  

Here, µ and σ are the mean and standard deviation of light intensity at each pixel 

in the chosen image stack. The image stack size depends on the frame rate and 

temporal resolution desired for the LSC image. I.e. with 15 fps, a 4s time 

resolution will allow a stack of 60 images.  

The speckle contrast (k) is related to blood flow speed by12:  

𝑘2 =  
𝜏

2𝑇
{2 −  

𝜏

𝑇
[1 − 𝑒𝑥𝑝 (−

2𝑇

𝜏
)]}                               (2)                                                           

Here exposure time is denoted by T and  denotes the decorrelation coefficient, a 

quantity inversely proportional to blood flow speed. For small 𝜏 values 
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(associated with typical microcirculation imaged by our microscope), eq. 2 can be 

simplified to: 

 
1

𝜏
  ∝  

1

𝑘2
                  (3) 

Eq. 3 was used to compute CBF speed.   

Microscope validation: Benchtop images were registered to microscope images 

by performing a landmark-based image registration (ImageJ, TurboReg). 

Correlation coefficients for the blue, green, and laser speckle contrasted images 

were calculated after 55 pixel median filtering, and background subtraction with 

a radius of 50 pixels (ImageJ). A 2020 pixel grid over the central 400400 pixel 

FoV was used to calculate the correlation coefficients. The same procedures 

were performed on a 2020 pixel region of the FoV for calculations of the 

correlation coefficients for red light absorption images. However, no background 

subtraction step was used as the emphasis was on correlating temporal 

variations.  

Optical functional imaging experiment: Images from the last 25 trials (out of 30) 

for each stimulus presentation was used to calculate the neuronal activation 

maps. Since the image sensor frame rate can vary slightly, each image was time-

stamped at ms temporal resolution. This permitted the acquired images to be 

resampled to a temporal resolution of 10 ms (Matlab) using linear interpolation. 

Then, both calcium and hemodynamic responses were calculated as (ImageJ): 
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𝑟(𝑡) =  
𝑥(𝑡)− �̅�𝐵

�̅�𝐵
                 (4) 

Here, 𝑟(𝑡) is the calculated response, 𝑥(𝑡) the measured variable, and �̅�𝐵 is the 

baseline (0 – 3 s) mean of the measured variable. In the case of calcium 

fluorescence imaging, the light reflectance levels were taken as the measured 

variable. For HbT and dHb imaging, inverted green light and red laser light 

images were used respectively, while the relative blood flow levels  calculated by 

LSC were used for CBF. 

Wide area functional mapping analogous to classic task-based fMRI processing: 

The overall signal processing model is schematically shown in Figure 3.4a, b. 

Here, the effect of a stimulus specific hemodynamic response function (the 

‘activation’ time-course), and the presence of a cortex wide hemodynamic 

fluctuation (the ‘background’ time-course) were factored in to derive the spatial 

distribution of fit coefficients for both, the stimulus-specific activation and the 

background fluctuation in hemodynamics. An error term was also included.  

The hemodynamic data was first spatially median filtered (33 pixel window), and 

then temporally filtered (2  Hz low-pass filter) to remove noise. Then, a 

preliminary version of the ‘activation’ time-course was created by taking the 

average hemodynamic time-course for a region exhibiting peak neural activity 

(identified as a ‘hotspot’ from the maximum intensity projection of calcium 

signals, Figure 3.4a). The ‘background’ time-course was computed by taking the 

cortex-wide average. This ‘background’ time-course was then subtracted from 

the ‘hotspot’ time-course to produce the ‘activation’ time-course (Figure 3.4a). 
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The filtered hemodynamic data, together with these two time-courses was input 

to a least-squares regression model135 as shown below (Figure 3.4b): 

𝑟(𝑡) = 𝑐0 +  𝑐1𝑎(𝑡) + 𝑐2𝑔(𝑡) + 𝑒(𝑡)             (5) 

Here, 𝑎(𝑡) and 𝑔(𝑡) are the ‘activation’ and ‘background’ time-courses, 

respectively. 𝑐1 and 𝑐2 are their corresponding ‘fit coefficients’ computed by the 

model. 𝑟(𝑡) is the measured hemodynamic response, 𝑒(𝑡) is the error term and 

𝑐0 is an offset adjusting constant. 

This pipeline was performed separately for HbT and CBF hemodynamics. The 

CBF hemodynamics underwent further 2020 pixel mean filtering to remove 

additional noise before being input to the model. The entire procedure was first 

performed for 4 kHz stimulus data and then repeated for the 24 kHz stimulus 

data.   

Arousal from anesthesia experiment: Hemodynamics of individual vessel 

segments were analyzed by removing the effects of two factors: a) the 

background signal, and b) the fluctuations in incident illumination intensity. The 

estimated background signal was removed by applying a background subtraction  

 

Supplementary Table 3.1 Filter settings for electrophysiology. 
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filter (ImageJ, 50 pixel radius). For green and red light absorption images, the 

images were inverted before subtracting the background. For LSC Flow images, 

background was directly subtracted. Fluctuations in illumination intensity affected 

only the absorption images. LSC flow images are immune to incident intensity 

variations. Therefore, the background subtracted inverted green/red images were 

divided by an indicator of the incident illumination level. We chose a heavily 

smoothed version of the non-inverted green/red light image (200200 pixels) to 

approximate the incident light levels. Finally, an artery and a vein region (30x30 

pixels each) were chosen for displaying hemodynamic trends.     

3.4.9 EEG signal processing 

EEG was recorded at 12207 Hz (Tucker Davis Technologies, FL). We down-

sampled the EEG data by a factor of 40 for subsequent processing (Matlab). 

Bandpass filters were implemented for the standard EEG frequency bands: delta, 

theta, alpha, beta and gamma (Supplementary Table 3.1). Additionally, to filter 

power-line noise, a 50 Hz notch-filter was implemented before passing the EEG 

data through the gamma filter. Signal power in each band was calculated by 

computing the filtered signal variance in 1 min blocks. A 3 sample median filter 

was added to reduce noise. The total EEG power was taken as the summation of 

powers across the five bands.  
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Chapter 4 A Novel Optical Imaging 

Platform for Characterizing Tumor 

Hemodynamics at Microvascular Spatial 

Resolution 

Optical imaging enables one to characterize tumor hemodynamics in vivo at 

microvascular spatial scales. However, most optical imaging systems are 

capable of acquiring images with a single contrast mechanism, and therefore can 

only interrogate a single hemodynamic variable. This precludes understanding 

the complex role of hemodynamics in the tumor microenvironment. To overcome 

this barrier, we developed a novel multi-contrast optical imaging system that can 

simultaneously interrogate in vivo microvascular scale changes in (i) tumor 

perfusion, (ii) blood volume, and (iii) intravascular oxygen saturation over the 

entire spatial extent of the tumor. Herein we present the development of the 

imaging system, a multi-contrast image processing pipeline and initial results 

from in vivo imaging of an orthotopic breast tumor model. 

4.1 Introduction 

A tumor’s microvasculature (and hemodynamic microenvironment) is crucial to its 

survival136-138. Therefore, tumor vasculature represents a potent target for 

arresting tumor progression. This new class of vascular targeted agents is known 



 

72 
 

as antiangiogenics117, 139, 140. In addition, traditional treatment regimens such as 

chemotherapy and radiation therapy are profoundly impeded by aberrant tumor 

hemodynamics. For example, leaky tumor microvessels often cause 

chemotherapeutic agents to leak into the interstitial space before reaching their 

intended targets. Hypoxia due to inadequate perfusion permits tumor cells to 

survive DNA damage caused by radiation therapy141-143. Therefore, in vivo 

characterization of tumor hemodynamics is a crucial step in understanding tumor 

biology and therapeutic strategies.  

Many tumor studies, such as those performed with magnetic resonance imaging 

(MRI)144-146 and positron emission tomography (PET)147-149, do not have the 

spatial resolution to characterize hemodynamic events at their native: i.e. 

microvascular, spatial scale. Optical imaging methods, such as intrinsic optical 

signals (IOS) imaging91 and laser speckle contrast (LSC) imaging12, are capable 

of overcoming this barrier by resolving tumor hemodynamics at the level of 

individual microvessels. However, these optical methods are often performed 

one at a time: i.e. only IOS imaging to reveal oxygenation9, 150 or only LSC 

imaging to reveal tumor perfusion10, but not both at the same time. Hence, these 

studies are incapable of assessing the multi-faceted and complex nature of tumor 

hemodynamics.  

To address this unmet need, we developed a novel multi-contrast optical imaging 

platform that enables concurrent interrogation of tumor (i) perfusion (blood flow), 

(ii) blood volume, and (iii) intravascular oxygen saturation. Our system acquires a  
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Figure 4.1 Schematic of the imaging assembly. Fluorescent illumination sources are switched 

on/off manually as they are used only once during each imaging session. The rest of the 

illumination sources: white light and laser, are controlled via two shutters by an automated 

program running in the personal computer (PC). The rodent is mounted on a focusing stage 

within a custom built contraption. Images acquired through the highly sensitive camera are 

directly fed to the personal computer which dynamically stores them. Both the control of 

illumination sources and the image acquisition are synchronized by the same master program 

running on the personal computer. 

field of view (FoV) as wide as 5 x 5 mm at a microvascular resolution of 5 µm and 

can acquire images continuously for extended durations (hours).   
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4.2 Results 

4.2.1 A benchtop based multi-contrast optical imaging 

system 

We built a benchtop based optical imaging system that combines three optical 

contrast mechanisms: green fluorescence (FL), laser speckle contrast (LSC) and 

intrinsic optical signals (IOS). Figure 4.1 shows a schematic of our system. 

Green FL was used to visualize the spatial extent of green fluorescent protein 

(GFP) tagged tumor cell growth (Detailed Methods). LSC was used to create 

maps of relative tumor perfusion (Detailed Methods). Finally, IOS signals 

acquired under 560, 570 and 600 nm illumination were used to create maps of 

total hemoglobin (equivalent to blood volume) and intravascular oxygen 

saturation (Detailed Methods). The surgically prepared mouse was mounted on 

a custom holder for in vivo imaging (Detailed Methods). 

Our system operates with a 5 µm spatial resolution and covers a FoV of 5 x 5 

mm. Each multi-contrast cycle of imaging (i.e. perfusion, blood volume and 

intravascular oxygen saturation) takes 30 seconds to complete. This frame rate 

enabled us to acquire images over extended durations (~hours) without 

unnecessarily using up memory capacity. The benchtop based design provided 

ample space to conveniently perform surgical and experimental manipulations 

required for imaging the orthotopic breast tumor model. 
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Figure 4.2 Co-localized tumor microenvironment variables. A 570 nm green light reflectance image is shown on the left as a 

reference. Four tumor microenvironment variables are shown on the right: tumor extent with fluorescence imaging of GFP tagged 

tumor cells,   tumor blood flow from LSC, and tumor blood volume and intravascular oxygenation with IOS imaging. The oxygen 

saturation map is shown in pseudo-color for visualization purposes.  
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4.2.2. Colocalized visualization of tumor physiology 

We used our system to image both tumor extent and tumor hemodynamic 

variables in an orthotropic breast tumor model (Detailed Methods). Briefly, 

female athymic nude mice were inoculated with GFP tagged MDA-MB-231 

human breast tumor cells in the 4th mammary fat pad. The tumor was allowed to 

grow for 1 – 2 weeks after which the animal was anesthetized, surgically 

prepared and imaged for several hours.   

Figure 4.2 shows a representative example. A 570 nm green light absorption 

image is shown on the left hand side to indicate the level of information obtained 

by visual inspection. The panel on the right shows four tumor variables. The 

tumor extent is visualized by imaging the GFP tagged tumor cells with green 

fluorescence (FL). Tumor blood flow is visualized via laser speckle contrast 

(LSC) imaging. Tumor blood volume and oxygen saturation is computed using 

multi-wavelength IOS signals (Detailed Methods).   

A traditional single contrast imaging approach would have revealed only one of 

these four variables. However, multi-contrast imaging enables us to observe how 

the entire tumor extent (Figure 4.2, FL) is overlaid with a highly angiogenic 

microvascular architecture (Figure 4.2, blood volume) that is inadequately 

perfused (Figure 4.2, depression in blood flow) with low oxygen content blood 

(Figure 4.2, depression in intravascular oxygen saturation).
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Figure 4.3  Monitoring variations in tumor hemodynamics (example one). Tumor extent is 

shown on left (green color coded image of tumor GFP fluorescence).  The panel on the right 

shows how perfusion (blood flow), bold volume (HbT) and intravascular SO2 fluctuate within an 

hour. Each image set was normalized to its 99
th
 percentile to clearly show spatial dynamics. The 

scale bar of 1 mm applies for all images. A white box is overlaid on each image to indicate a 

region of interest (ROI) where vascular reperfusion occurs. 

4.2.3. Monitoring instabilities in tumor hemodynamics 

We then used our imaging system to monitor in vivo microvascular scale spatio-

temporal instabilities in tumor hemodynamics over the entire tumor extent. We 

performed this task continuously for two hours. To the best of our knowledge, this 

is a first of its kind tumor image acquisition. Figure 4.3 shows a representative 

example of tumor hemodynamic instabilities over the first hour of recording. A 

green color coded GFP fluorescence image is shown on the left as a reference 

for the tumor extent.  The panel on the right shows how three hemodynamic 

variables: perfusion, blood volume and intravascular oxygen saturation, evolve 

over time. A white box indicates a region of interest (ROI) wherein vascular 

reperfusion occurred (Figure 4.3, blood flow). Concomitantly, entire segments of 

microvessels ‘appeared’ in the blood volume map (Figure 4.3, blood volume). A 

similar pattern was observed in intravascular oxygen saturation (Figure 4.3, 

intravascular oxygen saturation), reflecting the higher levels of blood oxygen 

saturation in the newly perfused area.    
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Figure 4.4  Monitoring instabilities in tumor hemodynamics (example two). Tumor extent is 

shown on left (green color coded image of tumor GFP fluorescence).  The panel on the right 

shows how perfusion (blood flow), bold volume (HbT) and intravascular SO2 fluctuate within an 

hour. Each image set was normalized to its 99
th

 percentile to clearly show spatial dynamics. The 

scale bar of 1 mm applies for all images. A white box is overlaid on each image to indicate a 

region of interest (ROI) where a significant reduction in vascular perfusion occurs. 

 

Figure 4.4 shows another such example. However, in this case the 

hemodynamic instability is the opposite: i.e. perfusion and blood volume in a 

section of the tumor (Figure 4.4, white box) diminished over time while the 

intravascular oxygen saturation remained low.  

 

4.2.4. Microvascular correlation analysis 

We then developed a processing pipeline to quantify these diverse changes in 

tumor hemodynamics at the scale of individual microvessels. Here we have 

shown our processing pipeline applied on the dataset used in Figure 4.2. 30 

minutes of continuously acquired hemodynamic data were used. 

First, we manually annotated and segmented all the microvessel segments in the 

tumor region (Figure 4.5a). This enabled us to select each microvessel segment 

and interrogate hemodynamic quantities on a microvascular basis (Figure 4.5b). 

Figure 4.5c-e shows mean blood volume, blood flow and intravascular oxygen 

saturation for each microvessel segment. 
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Figure 4.5 Microvessel segmentation. (a) Annotated microvessel segments. (b) Each vessel 

segment color coded by the segment number.(c-e) shows the average blood volume, blood flow 

and vascular oxygen saturation for each microvessel segment, respectively. An area of 400 x 500 

pixels: 2 mm x 2.5 mm is shown. 

 

 

c d e 
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Figure 4.6 Correlation between hemodynamic quantities at microvascular scale. All 

quantities are calculated over 30 minutes of continuous recording (at a sample rate of 2 samples 

per minute) 

We then correlated the three hemodynamic variables with each other for each 

microvessel segment (Figure 4.6). For this specific tumor example, a moderate 

correlation was observed between perfusion (blood flow) and intravascular 

oxygen saturation.  Blood volume was not correlated with blood flow, or with the 

level of intravascular oxygen saturation. This lack of correlation suggests that 

microvascular blood flow was not dictated by local vasodilation or constriction in 

this specific instance. 

We plan to apply this processing pipeline to a larger cohort of tumors and 

extensively characterize the spatio-temporal relationships among microvascular 

scale tumor hemodynamics.  



 

83 
 

4.3 Discussion 

Here we reported a novel microvascular resolution, multi-contrast optical imaging 

platform and demonstrated its utility by colocalizing and concurrently 

interrogating relationships between tumor perfusion, blood volume and 

intravascular oxygen saturation.  

Historically, attempts to interrogate multiple tumor hemodynamic variables relied 

on high frame rate video microscopy141, 151, 152 (to visualize and count 

erythrocytes in motion) or point based flow measurements153 (e.g. laser doppler 

flowmetry), and microelectrode based perivascular oxygen partial pressure 

measurements141, 151-153. Owing to the high magnification needed to visualize 

individual erythrocytes, the video microscopy approach only yielded a limited field 

of view (FoV), and was unable to cover the entire tumor. Furthermore, counting 

of individual erythrocytes to establish blood flow speeds was extremely tedious. 

Therefore, counting was performed only on selected microvessels. Point based 

blood flow measurements needed a measuring probe for each new spatial 

location to be interrogated. Therefore, both the video microscopy and point 

based techniques were not sufficient to observe tumor–wide hemodynamics at its 

native spatial resolution. The microelectrode approach for oxygenation also 

suffered from the same limitation as point based flow measures. Therefore the 

number of measurement sites was restricted. Our multi-contrast optical imaging 

platform overcomes all the above limitations, and enables truly wide field (5 x 5 

mm) interrogation of blood flow, blood volume and intravascular oxygen 

saturation at microvascular (5 µm) spatial resolution over the entire tumor extent. 
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First, we colocalized blood flow, blood volume and intravascular oxygen 

saturation with tumor extent (Figure 4.2). These maps showed a clear 

depression in blood flow and intravascular oxygen saturation and the 

development of angiogenic microvessels within the tumor. As expected, this 

trend was common to all tumors. We then used our imaging system to 

continuously monitor dynamic changes in these quantities over hours. This 

enabled us to observe multi-variable hemodynamic instabilities previously not 

reported (Figure 4.3 and Figure 4.4). We also demonstrated a processing 

pipeline to correlate such hemodynamic variables at the microvascular scale.  

We envision several exciting additions to our experimental and imaging 

capabilities. A chronical window preparation154 would permit us to perform 

longitudinal studies. This would also allow us to assess complex microvascular 

scale alterations induced by various cancer treatment paradigms and link them to 

survival outcome. Supplementing our hemodynamic imaging platform with 

methods of tumor metabolism imaging (such as glucose uptake and 

mitochondrial membrane potential)155 would enable us to map alterations in 

tumor metabolism to corresponding multi-variable hemodynamic variations. 

Our processing pipeline can be extended to support more advanced forms of 

analysis. For example, comparison of microvascular scale hemodynamic 

correlations (such as those in Figure 4.6) among healthy and tumor bearing 

subjects may reveal how the presence of a tumor affects subtle changes in 

microvascular level hemodynamic correlations. A Sholl analysis with the 

distribution of correlation statistics mapped as a function of their proximity to 
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tumor epicenter may be used as a marker for early tumor detection. We can also 

investigate the correlation among different microvessel segments for each 

hemodynamic quantity. This may reveal how different sub-sets of tumor 

microvessels coordinate local perfusion.  

We intend to apply our novel imaging system and processing pipeline to 

extensively characterize spatio-temporal relationships in tumor hemodynamics at 

its native microvascular scale.  With its current capabilities and capacity for 

improvements, we believe this work will inspire a new branch of tumor research 

that seeks to illuminate the complex role of hemodynamics within the tumor 

microenvironment.  

 

4.4 Detailed Methods 

4.4.1 The multi-contrast optical imaging system 

We used three types of illumination sources, one each for each image contrast 

mechanism. For fluorescence (FL) imaging, either a UV curing gun (400 – 480 

nm) or a green laser (532 nm) was used. The UV curing gun was used to excite 

green fluorescence protein (GFP) where tumor cells were tagged with GFP. A 

496 nm longpass filter was used as an emission filter. No excitation filter was 

used. The green laser coupled with a 555 nm ± 25 nm Bandpass emission filter 

was kept as a standby for exciting varieties of red fluorescence dyes if needed. 

Typically, a quick succession of fluorescent images is taken at the beginning of 
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each experiment to establish tumor extent. The excitation light source is then 

switch off to allow other imaging modalities for the rest of the imaging session. 

A 632 nm laser light source coupled with a beam expander was used to perform 

laser speckle contrast (LSC) imaging. For intrinsic optical signal (IOS) imaging, a 

broadband white light source was used in conjunction with a programmable filter 

wheel. The filter wheel contains four filters (560, 570, 600 and 610 ± 5 nm), an 

empty slot to pass white light when needed, and a dark slot to block the white 

light.  

Both the laser light and the white light were kept switched on for the entire 

imaging session. A custom built shutter system was used to selectively exclude 

each illumination source when needed.  

The rodent to be imaged was mounted on an X-Y-Z focusing stage.   Image 

acquisition was performed through a high quality Nikon lens set coupled to a 16 

bit CCD camera. The image acquisition, shutter selection as well as the filter 

wheel position where controlled electronically via a central program (written in 

Matlab) operating in the PC.  

This imaging system achieved 10 frames per second temporal resolution while 

imaging a 5 x 5 mm field of view with 5 µm resolution. Conversely, the spatial 

resolution can be shrunk (10 - 20 µm) to observe a wider (10 x 10 – 20 x 20 mm) 

field of view.  
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Supplementary Figure 4.1 Schematic of the animal model 

4.4.2 The orthotopic breast tumor model 

Almost all widefield optical imaging studies that resolve individual tumor 

microvessels have been performed on heterotopic tumor models. That is, the 

tumors are implanted in an environment not native to them. The most common 

example is the rodent dorsal skinfold chamber for tumor innoculation150, 156. Such 

heterotopic models sandwich the tumor within a small (few mm) thickness, and 

minimize the scattering experienced by light, thereby allowing high resolution 

imaging. On the other hand, most orthotopic environments allow unrestricted 

growth space for the tumor, and are embedded deep inside layers of tissue, 

thereby causing extensive light scattering, and thus poor image quality.  

We sought to achieve a middle ground between these two extremes by 

inoculating human breast tumor cells superficially on a rodent’s mammary fat 

pad, and imaging them early in their growth stage. The superficial inoculation 
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allows for clear optical access with a careful surgical preparation, and imaging 

during the early stages of the tumor (i.e. when the tumor is only 1 – 2 mm) allows 

capturing images representative of the whole tumor. Supplementary Figure 4.1 

shows the overall process. 

4.4.3 Tumor inoculation procedure 

All animal related procedures were approved by the Johns Hopkins University 

Animal Care and Use Committee (JHUACUC). Female athymic nude mice (~ 25 

g, 3 months old) were anesthetized via intraperitoneal (IP) injection of a mixture 

of ketamine (90 mg/kg), xylazine (5 mg/kg), and saline. After checking the depth 

of the anesthetic with forepaw or tail stimulation via a pinch, the mouse was 

placed on a cotton surgical pad. 0.5 Million tumor cells (MDA-MB-231, GFP 

tagged) suspended in 0.5 mL of Hank’s Balanced Salt Solution (HBSS) was 

injected from a U-100 insulin syringe to the 4/5th mammary fat pad through one of 

its nipples. The mouse is allowed to regain consciousness and is monitored daily 

for tumor size.  The tumor was surgically exposed and imaged between 2-3 

weeks post inoculation. 

4.4.4 Surgical preparation for imaging 

The mice were anesthetized via an intraperitoneal (IP) injection of a mixture of 

ketamine (90 mg/kg), xylazine (5 mg/kg), and saline. After checking the depth of 

the anesthetic with forepaw or tail stimulation via a pinch, the mouse was placed 

on a cotton surgical pad. Eye ointment was spread over the mouse’s eyes to 

prevent dehydration. The mouse was laid on its back such that the tumor on the  
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Supplementary Figure 4.2 3D printed mouse holder and mammary fat pad window. (a-b) 

The mouse holder. (c) A practice mouse placed on the mouse holder with the window implanted 

atop the 4
th
 mammary fat pad 

4th nipple/mammary fat pad was visible. A subcutaneous incision was made 1 to 

1.5 cm away from the tumor. The skin was separated from the underlying tissue 

by spreading the tips of the surgical scissor towards the direction of the tumor. 

When the tumor is located, it was exposed as much as possible without 

damaging the surrounding vessels. If there was any connective tissue that is 

independent of the tumor and the surrounding vessels, it was removed carefully 

with fine scissors. A 3D-printed mount was fitted on the body with cyanoacrylate 

so that the tumor was at the center of circular mount (Supplementary Figure 

4.2). Then, the mount was fit onto a custom holder attached to the frame of the 

imaging stage. After the cyanoacrylate was completely dry, it was filled with 

saline and a glass coverslip was placed on top of the mount. When the mouse 

began to gain consciousness, anesthesia was induced and maintained thereafter 

by inhalation of minimal levels of isoflurane (0.2 ~ 0.5%) mixed with room air  
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Supplementary Figure 4.3 Wavelength dependent absorption characteristics of 

deoxyhemoglobin (Hb) and oxyhemoglobin (HbO2). 

 

 (1L/min). Throughout the experiment, the depth of anesthesia was frequently 

checked with isoflurane levels being adjusted accordingly (maximum of 1%).  

 

4.4.5 Intrinsic optical signal processing 

Biological tissue contains two species of hemoglobin: deoxy- and oxy- 

hemoglobin, that dominate absorption at visible light wavelengths (400 – 700 nm) 

157.  Therefore, the amount of visible light absorbed by a particular mass of 

biological tissue indicates the amount of hemoglobin species within that mass. As 

indicated in Supplementary Figure 4.3, each of the hemoglobin species has 

distinct wavelength dependent absorption characteristics158. Therefore, by 
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combining absorption levels at multiple optical wavelengths, it is possible to 

estimate the level of each hemoglobin species, and, estimate the amount of total 

hemoglobin (equivalent to blood volume) and the level of blood oxygen 

saturation.  

This can be showing with the following mathematical formulation that uses the 

modified Beer-Lambert Law159. 

𝐼𝑟(𝜆) =  𝐼𝑖𝑛(𝜆) × 𝑒−𝑎 ×  𝑓𝑏                       (2.1)  

Where, 

𝜆  = wavelength of light. 

𝐼𝑖𝑛 = Amount of light illuminating the biological tissue. 

𝐼𝑟 = Amount of light returning from the biological tissue. I.e. the reflectance level 

recorded in the captured image. 

 𝑓𝑏 = The fraction of back scattered light. 

𝑎 = Amount of light absorption by both species of hemoglobin. 

Therefore, by taking 𝜀𝐻𝑏(𝜆) and 𝜀𝐻𝑏𝑂(𝜆)as the absorption of deoxy- and oxy-

hemoglobin at wavelength𝜆, we can write 

𝑎 =  𝜀𝐻𝑏(𝜆) × [𝐻𝑏] + 𝜀𝐻𝑏𝑂(𝜆) ×  [𝐻𝑏𝑂]         (2.2) 

Here, [𝐻𝑏] and [𝐻𝑏𝑂] are deoxy- and oxy-hemoglobin amounts, respectively.  
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Supplementary Figure 4.4 Calculation of hemoglobin quantities and oxygen saturation 

from IOS wavelengths. 

 

Now, by taking the natural logarithm on both sides of Eq. 2.1, and inserting 

values from Eq. 2.2, we have: 

𝑙𝑛[𝐼𝑟(𝜆)] =  𝑙𝑛[𝐼𝑖𝑛(𝜆)  ×  𝑓𝑏] −  𝜀𝐻𝑏(𝜆) × [𝐻𝑏] −  + 𝜀𝐻𝑏𝑂(𝜆) × [𝐻𝑏𝑂]       (2.3) 

The above linear equation has four unknowns. One unknown 𝑙𝑛[𝐼𝑖𝑛(𝜆)  × 𝑓𝑏] can 

be reasonably assumed to be constant in the narrow wavelength range (i.e. 

between 560 nm – 610 nm) we perform imaging.  Therefore, by imaging in three 

separate wavelengths 560 nm, 570 nm and 600 nm, we can write the following 

formulation of Eq. 2.3: 
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[

𝑙𝑛[𝐼𝑟(560 𝑛𝑚)]

𝑙𝑛[𝐼𝑟(570 𝑛𝑚)]

𝑙𝑛[𝐼𝑟(600 𝑛𝑚)]
] =  [

1 𝜀𝐻𝑏(560 𝑛𝑚) 𝜀𝐻𝑏𝑂(560 𝑛𝑚)

1 𝜀𝐻𝑏(570 𝑛𝑚) 𝜀𝐻𝑏𝑂(570 𝑛𝑚)

1 𝜀𝐻𝑏(600 𝑛𝑚) 𝜀𝐻𝑏𝑂(600 𝑛𝑚)
] ×  [

 𝑙𝑛[𝐼𝑖𝑛  ×  𝑓𝑏]

[𝐻𝑏]
[𝐻𝑏𝑂]

]        (2.4)        

Thus, by solving the set of linear equations in (2.4), we can arrive at: 

[𝐻𝑏𝑇] =  [𝐻𝑏] +  [𝐻𝑏𝑂]           (2.5) 

And, 

𝑆𝑂2
=  

[𝐻𝑏𝑂]

[𝐻𝑏𝑇]
 × 100%                                                                                          (2.6) 

Supplementary Figure 4.4  shows a pictorial representation of this process. 

Note1: According to the modified Beer Lambert Law159, what we calculated as 

‘hemoglobin amounts’ is actually the multiplication between the hemoglobin 

concentration and optical path length. We assume optical path length to remain 

constant, hence consider the above calculated quantities as equivalent to the 

actual hemoglobin concentrations.  

Note 2: The above formulation assumed that 𝐼𝑖𝑛(𝜆) is constant among the closely 

spaced optical wavelengths used. However, this is not true. Measurements on a 

test sample revealed that the 570 nm illumination is 16% less than the other two 

wavelengths. We added this as a correction factor before arriving at the final 

values.  

Note 3:  The wavelength dependence of the image sensor’s sensitivity to 

received light is another factor that needs to be considered. However, the 

measurements indicated in Note 2 above were performed with the same image  
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Supplementary Figure 4.5 : Results of laser speckle contrast imaging. 

sensor. Hence, the modification above automatically addressed this 

consideration. 

Note 4: Wavelength dependence of scattering was not factored in, as it would 

complicate the above model.  

4.4.6 Laser speckle contrast processing 

Laser Speckle Contrast (LSC) imaging160, 161 is a label free technique that 

enables visualization of relative blood flow values. In simple terms, blood flowing 

within vessels behaves as a ‘virtual contrast agent’162 to highlight flow 

characteristics.  One can calculate a quantity termed laser speckle contrast 

(LSC), by taking the ratio between the standard deviation (𝜎) and mean (µ) of 

light intensity in a stack of images: 

𝐿𝑆𝐶(𝑥, 𝑦) =  
𝜎(𝑥,𝑦)

µ(𝑥,𝑦)
              (2.7) 

Here, (𝑥, 𝑦) are pixel co-ordinates. In practice, this quantity can then be 

approximated to reveal a relative blood flow level by the relationship163: 
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𝐵𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 ∝  
1

𝐿𝑆𝐶2             (2.8) 

Supplementary Figure 4.5 shows a sample set of LSC and blood flow images 

(of the same field of view as the IOS images) obtained through laser speckle 

contrast calculations. 
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Chapter 5 Conclusions and Future 

Directions 

The goal of this research was to develop multi-contrast optical methods to enable 

new biological observations in vivo that were not possible with extant imaging 

system. We developed two such new imaging systems and accompanying 

processing pipelines for: (i) a miniature rodent head-mountable microscope for 

imaging both neural and hemodynamic activity in awake animals and (ii) a 

custom built benchtop based imaging system to interrogate blood flow, volume 

and oxygenation at microvascular resolution within an orthotopic tumor 

microenvironment.  

Our miniaturized imaging system has the capability to interrogate both neural and 

hemodynamic activity in a freely moving rodent.  We introduced a novel mode of 

analysis analogous to fMRI processing using multi-contrast optical data to 

provide functional mapping at microvascular resolution. We envision the addition 

of several supplementary capabilities. These can be either in the form of 

additional modalities of recording that supplement imaging (e.g. direct 

electrophysiology measurements through a transparent ECoG grid71, 

neurochemical recording with an integrated chemical sensor164 etc.), as well as 

means of interfering with the biology observed (e.g. electrical165 or optogenetic166 

stimulation etc.). Another promising avenue would be to completely remove the 

microscope tethers: i.e. go wireless (by mounting an ultra-miniaturized control 
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and storage module on the back of the animal), thereby enabling chronic and 

even multi-animal imaging.  With its current capabilities, and its adaptability to 

include optogenetic stimulations as well as electrophysiology recordings, we 

believe our microscope could herald a new era in neuroscientific research. 

Our benchtop imaging system enabled us to co-localize tumor extent with three 

tumor hemodynamic variables: blood flow, blood volume and intravascular 

oxygen saturation. This allowed us to visualize concomitant multi-faceted tumor 

hemodynamics at the microvascular scale over the course of hours. The 

exquisite level of microvascular detail enabled us to explore correlations among 

these hemodynamic variables at the scale of individual microvessels. The 

variability and heterogeneity of the observed results suggest the need for a 

rigorous analytical framework for assessing microvascular resolution tumor 

hemodynamic data that may permit characterizing tumor microenvironments from 

a completely new standpoint.  

In summary, this dissertation endeavors to introduce multi-contrast optical 

imaging as an enabling tool to explore biology in vivo at the microvascular scale 

in a more complete manner than previously possible. We believe our work will 

inspire future generations to push the imaging envelope further with these 

technologies. 
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