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Abstract
Optical imaging of neural activity is a widely accepted technique for imaging brain
function in the field of neuroscience research, and has been used to study the cerebral
cortex in vivo for over two decades. Maps of brain activity are obtained by monitoring
intensity changes in back-scattered light, called Intrinsic Optical Signals (IOS), that
correspond to fluctuations in blood oxygenation and volume associated with neural
activity. Current imaging systems typically employ bench-top equipment including
lamps and CCD cameras to study animals using visible light. Such systems require
the use of anesthetized or immobilized subjects with craniotomies, which imposes
limitations on the behavioral range and duration of studies.
The ultimate goal of this work is to overcome these limitations by developing
a single-chip semiconductor sensor using arrays of sources and detectors operating
at near-infrared (NIR) wavelengths. A single-chip implementation, combined with
wireless telemetry, will eliminate the need for immobilization or anesthesia of subjects
and allow in vivo studies of free behavior. NIR light offers additional advantages
because it experiences less absorption in animal tissue than visible light, which allows
for imaging through superficial tissues. This, in turn, reduces or eliminates the need
for traumatic surgery and enables long-term brain-mapping studies in freely-behaving
animals.
This dissertation concentrates on key engineering challenges of implementing the
sensor. This work shows the feasibility of using a GaAs-based array of vertical-cavity
v

surface emitting lasers (VCSELs) and PIN photodiodes for IOS imaging. I begin
with in vivo studies of IOS imaging through the skull in mice, and use these results
along with computer simulations to establish minimum performance requirements for
light sources and detectors. I also evaluate the performance of a current commercial
VCSEL for IOS imaging, and conclude with a proposed prototype sensor.
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Chapter 1
Introduction
The brain is, arguably, the least understood of all the major organs in the human body.
While the basic physical structure of the brain and the functioning of individual brain
regions and brain cells have been understood for some time, our understanding of the
function of the brain as a system is still largely taking shape. In addition, an aging
US population has drawn attention to age-related neurological conditions such as
Parkinson’s and Alzheimer’s diseases, as well as the effects of stroke. Monitoring the
activity of neuronal populations is key to understanding the functional architecture
of the brain and deepening our knowledge of neurological disease processes. Recent
years have seen tremendous acceleration of progress in this area, driven largely by the
availability of new technology allowing researchers to image the brain as it functions.
Techniques such as Intrinsic Optical Signal (IOS) Imaging, Functional Magnetic
Resonance Imaging (fMRI), Positron Emission Tomography (PET), and Diffuse Optical Imaging (DOI), , as well as spectroscopic techniques related to these modalities,
have given the neuroscience community the ability to quickly make maps of brain
activity in both human and animal subjects, such as the one shown in Figure 1.1.
These maps give similar information to those obtained through multiple electrodebased recordings done in the past, such as the classic visual cortex maps made by
1
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Hubel and Wiesel in the mid-20th century. [1] The new mapping techniques are a
tremendous advance, particularly in speed. Modern techniques take only minutes or
hours to complete a map, compared to the months and years Hubel and Weisel spent
on their work.

Figure 1.1: Functional map of mouse primary visual cortex taken using IOS imaging. [2]

This dissertation focuses on one technique, Intrinsic Optical Signal Imaging, also
known as Optical Intrinsic Signal (OIS) Imaging or Intrinsic Signal Imaging (ISI).
Use of this technique has grown rapidly in the past 20 years, in part due to the
straightforward and relatively inexpensive equipment required, as well as its good
spatial and temporal resolution. Currently, the vast majority of IOS imaging systems
are made from benchtop-scale optics, such as lamps and cameras, and requires the
use of anesthetized and restrained or behavior-limited subjects. This work proposes
the development of an IOS imaging system-on-a-chip, made from semiconductor light
sources and detectors, which are much smaller and require less power than current
systems. This new system would enable long-term studies of freely behaving animal subjects, and help shed light on brain function in unanesthetized subjects, on
development of the brain, and on the progression of brain-related diseases.

1.1. INTRINSIC OPTICAL SIGNAL IMAGING

1.1

3

Intrinsic Optical Signal Imaging

IOS imaging, called “intrinsic” because it does not use any fluorescent dyes or other
extrinsic markers, was first performed by Grinvald, et. al. in the mid-1980’s [3].
This technique uses light to trace cerebral blood flow (CBF), a known correlate of
brain activity. Increased activity in a particular area of the brain causes demand for
resources such as oxygen and glucose, which triggers an increase in blood flow to the
active area. The increased metabolism and blood flow causes localized changes in
the absorption and scattering properties of the brain tissue, which can be detected
as changes in the reflectivity of incident light.
The physical basis for the in change absorption lies in differences between the absorption spectra of oxyhemoglobin (HbO2 ) and deoxyhemoglobin (HbR), shown in
Figure 1.2. Most traditional IOS imaging is performed in the 550–700 nm range (visible light), where the differences are strong and optical components such as sources,
filters, and detectors are readily available. Changes in scattering properties are due
to increased blood volume, which brings additional fluid, cells, and other blood components into the active area.
While much information can be derived from imaging at a single wavelength, the
use of spectroscopy adds a powerful dimension: the ability to monitor metabolism.
Because the absorption spectra of HbR and HbO2 intersect at several points, it is
possible to derive the level of oxygenation in the blood, which is an indicator of
metabolic activity. Indeed, it has been shown that the time course of IOS signals
varies with wavelength, depending on whether HbR or HbO2 is the dominant blood
chromaphore. [4–6] The use of three wavelengths, one where HbR is dominant, one
where HbO2 is dominant, and one at the isosbestic point where the two spectra
intersect is sufficient to determine the ratio of Hb to HbO2 , and account for changes
in reflectivity due to blood volume.

4
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Figure 1.2: Absorption spectra of key blood chromaphores. [7, 8]

1.2. PHYSIOLOGY OF INTRINSIC OPTICAL SIGNALS
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Most imaging is performed at visible wavelengths because the relatively high absorption leads to large changes in reflectivity between active and inactive areas. The
large differences between HbR and HbO2 absorption also mean sharp contrast when
making spectroscopic measurements. However, the high absorption in these areas
also means that superficial tissues such as skull, cerebralspinal fluid (CSF) and dura
mater absorb much of the illuminating light and can interfere with imaging. On the
other hand, the relatively low absorption at near infrared (NIR) wavelengths (600–
900 nm) means that light can pass through these outer layers more easily, allowing
for the possibility of minimally-invasive imaging. Jobsis first used NIR light to [9]
monitor cerebral oxygenation from outside the heads of cats, and several groups have
used NIR light to perform non-invasive functional diffuse optical imaging in animals
and humans. [10–16]

1.2

Physiology of Intrinsic Optical Signals

Because they arise as a result of blood flow and metabolism, IOS develop slowly, over
several seconds, when compared with electrical signals, which operate on millisecond
time scales. When an area of cortex becomes active, there is a rapid increase in the
concentration of HbR, indicating an increase in oxygen use. This is known in fMRI
circles as the “initial dip”. After a few seconds, the HbR concentration decreases,
accompanied by an increase in HbO2 concentration and total hemoglobin, indicating
the arrival of new, oxygenated blood to the area. The total time and intensity varies
depending on stimulus intensity and duration, as well as subject species and functional brain area. In general, the time course of most IOS lasts approximately 6–12
seconds. [5, 6, 17]
Spatially, IOS changes are initially localized to the capillary bed of the active
region, as resources close to active neurons are used first. As time passes, changes

6
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spread to incoming arterioles, which bring new blood and resources, and finally to
draining veins, which carry blood away from the active region. Thus, IOS imaging
(as well as other hemodynamic-based imaging modalities) can often indicate activity
over a region slightly larger than the actual active area, especially if images are taken
by integrating over long periods of time. [6]
The details of the physiological mechanisms behind the activity-dependent blood
flow that enables IOS imaging and fMRI are still open questions among the neuroscience community. Localized control of cerebral blood flow was seen as early as
1890, when Roy and Sherrington observed that the cerebral vasculature of dogs could
change independent of systemic blood pressure, and hypothesized that such changes
could be due to a buildup of metabolic byproducts. [18] Increases in metabolism during heightened neural activity have been observed, and have been attributed to the
restoration of the K+ /Na+ balance after an action potential, as well as the conversion
of the neurotransmitter glutamate into glutamine by astrocytes. [19, 20] Recent work
also indicates a more active vascular response whereby neurons and astrocytes, triggered by glutamate (or other neurotransmitters such as acetylcholine), release nitric
oxide and epoxyeicosatrienoic acids, which are potent vasodilators, into the smooth
muscle cells lining the walls of blood vessels. [19, 21–24].

1.3

Other Brain Imaging Modalities

In addition to IOS, there are several powerful brain imaging techniques that have
become popular. There exist several excellent reviews of these techniques, including
[25–27]. An overview of some of these methods is included here.
Functional Magnetic Resonance Imaging (fMRI) traces cerebral blood
flow by tracking HbR, which exhibits paramagnetism, in contrast to HbO2
which exhibits diamagnetic properties. During metabolism, the increase in

1.3. OTHER BRAIN IMAGING MODALITIES
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HbR relative to HbO2 results in a change in the detected magnetic resonance. The locations of these changes can be mapped and superimposed
on an image of the physical structure of the brain. Because they are both
based on cerebral hemodynamics, fMRI and IOS (as well as DOI) have
similar temporal resolution. The major advantages of fMRI are a wide
field of view and the ability to noninvasively image activity deep within the
brain. However, the large, high-quality magnets required for MRI result in
extremely high cost (in the millions of US dollars), especially when compared to the cost of IOS or DOI, which is on the order of $1,000–$10,000
US dollars.
Positron Emission Tomography (PET) uses radiolabeled fluorodehydroxyglucose (FDG) to track neuronal metabolism. As neuronal activity
increases, the flow of glucose to the active area will cause a flow of FDG to
the active area. The decay of the radioactive fluorine atoms (usually

18

F)

releases a positron, which can be detected and reconstructed into a map of
FDG distribution and brain activity. This allows PET imaging to have a
much tighter correlation to neural activity than blood flow. However, PET
scanners have cost issues similar to those of MRI.
Diffuse Optical Imaging (DOI) is very similar to IOS, but occurs on a
much larger spatial scale. Both techniques use light to track brain metabolism
through blood flow and oxygenation, and thus have similar temporal resolution, these techniques differ widely in spatial resolution. DOI and its
cousin, functional Near Infrared Spectroscopy (fNIRS), are generally used
for non-invasive brian imaging in subjects with thick skulls, such as higher
primates and humans. This technique uses point illumination and detection
with sources and detectors separated by distances of millimeters to centimeters [11–16]. This wide spacing gives DOI a large field of view and the ability

8
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to probe deep subsurface tissues, but it also limits spatial resolution due to
increased scattering. On the other hand, IOS uses flood-illumination and
camera-based detection to achieve resolution on the order of 10’s to 100’s of
micrometers. However, it generally has a smaller field of view (e.g. a single
functional area) and probes tissues close to the cortical surface. [3, 6, 28, 29]

Voltage-sensitive fluorescent dyes change their fluorescence characteristics based on local electric fields, and thus offer a means of using optics
to observe electrical activity more directly. For examples of such work,
see [30, 31]. The principal advantage of this technique is superior time
resolution and spatial specificity when compared with modalities based on
hemodynamics. However, because it requires an extrinsic dye, an invasive
procedure is required to inject the dye, and the dye itself can have toxic
effects on the animal subject. As with all fluorescent dyes, voltage-sensitive
dyes are also subject to photobleaching under prolonged light exposure, so
long-term imaging is impractical.
Flavoprotein Autofluorescence Imaging (Flavoprotein AFI) has recently gained popularity as an in vivo brain imaging technique, having been
used in rats [32, 33], mice [34–36] and cats [37]. It has also been used to
image brain function through mouse skull [35]. This modality works by
exciting two flavoproteins associated with the electron transport chain in
mitochondria, flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN), with light having wavelengths between 420–490 nm, which then
fluoresce at wavelengths between 520–560 nm when oxidized. The electron transport chain plays a significant role in the production of adenosine
triphosphate (ATP), the principal energy molecule of cells, so an increased
fluorescence signal is seen during episodes of elevated metabolism. FAD and
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FMN are confined within mitochondria, which allows Flavoprotein AFI to
image a direct correlate of metabolism, and thus brain activity.

Chapter 2
Proposed System and Potential
Applications
Current IOS imaging systems typically employ benchtop equipment including lamps
and CCD cameras to study animals using visible light. Such systems generally require
the use of anesthetized or immobilized subjects with craniotomies, which imposes
limitations on the behavioral range and duration of studies. The proposed system
discussed in this dissertation is an integrated, implantable sensor for high-resolution
IOS imaging, operating at near-infrared (NIR) wavelengths. Such a system will enable long-term, minimally-invasive studies of freely-behaving animal (and perhaps
human) subjects, which could potentially be useful in areas such as basic neuroscience research, learning and memory, studies of neurological disease progression,
drug evaluation, and neural prosthetics.

2.1

Imaging System

A conceptual illustration of the implantable IOS sensor is shown in Figure 2.1. An
array of NIR semiconductor light emitters and detectors is placed in or on the skull.
10
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Light is coupled in to or out of the brain by an array of micro-optics that are either
attached to the sensor die or included as part of the sensor packaging. Additional
electronics, such as diode drivers, amplifiers, and signal processing could also be included, either as an additional layer of the sensor, or on a separate die in the same
pacakge. Finally, a wireless telemetry system, possibly employing existing protocols
such as Bluetooth R , relays data to a computer for storage and additional processing. The entire sensor could be carried by an animal subject as small as a mouse.
(Figure 2.2)

Figure 2.1: Illustration of sensor embedded in skull.

Figure 2.2: Illustration of mouse carrying IOS imaging system.
The use of NIR light has two principal advantages. First, it takes advantage
of the so-called “theraputic window” between approximately 650 nm and 900 nm
where tissue chromaphore absorption is low compared to other nearby wavelengths.
(See Figure 1.2.) The low absorption allows more light to pass through superficial

12

CHAPTER 2. PROPOSED SYSTEM AND POTENTIAL APPLICATIONS

tissues such as skull and meninges, thereby enabling minimally-invasive imaging. Second, NIR sources and detectors are ideally suited for implementation using gallium
arsenide (GaAs) semiconductor devices. GaAs is a low-cost optoelectronic semiconductor material, often used in telecommunications applications. The optical and
electronic properties of GaAs are well-studied, and device fabrication techniques are
well-established.
An illustration of the envisioned sensor is shown in Figure 2.3. It is an interleaved
array of GaAs light emitters (lasers or LEDs) and PIN photodiode detectors. Each
of the emitters and detectors is individually addressable, enabling the use of structured illumination, i.e. changing the pattern of illumination by selectively activating
individual light sources. The ability to use structured illumination has several advantages. First, point sources can increase the resolution and penetration depth of
imaging systems. [38] Additionally, structured illumination provides a means to vary
the depth of tissue being probed, allowing for the possibility of additional insight
into cortical function. [39–42] Finally, an array of multiple sources and detectors allows for temporally phased illumination and the use of sophisticated signal processing
techniques to improve performance.
Integration of semiconductor light sources and detectors has generated significant
interest in recent years. In 2004, Thrush developed a monolithic integrated fluorescence sensor, shown in Figure 2.4, incorporating a vertical cavity surface emitting
laser (VCSEL) and a PIN photodiode detector. [43] The sensor operated at 773
nm, with output power from 0.6–4 mW and detector quantum efficiencies of 85%
with dark currents of 500 fA per millimeter of detector diameter. In 2007, Kasten
reported a 37-element individually-addressable VCSEL/PIN photodiode array. [44]
This work demonstrates that semiconductor light sources and PIN photodiodes can
be fabricated in close proximity with good performance.
The use of wireless telemetry is quite feasible in principle and can rely on low-cost,
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Figure 2.3: Conceptual illustration of the proposed sensor array

Figure 2.4: Integrated fluorescence VCSEL/PIN diode sensor. By courtesy of Evan
Thrush.
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commercially available components. Wireless optical computer mice, which contain
VCSEL light sources, detectors, processing circuity and wireless data transmission,
are widely available to consumers, and can be used for many hours on size AA or AAA
batteries. For the proposed system, an engineering analysis suggests that a buttonstyle Zinc-air battery, which could be carried under the skin of a mouse’s back could
provide for up to three hours of continuous acquisition, pre-processing and standard,
Bluetooth R -based telemetry of imagery from one IOS sensor. Episodic activation of
this system could extend battery life over much longer time periods. Furthermore, it
is not difficult to envision battery re-charging schemes that could extend IOS sensor
service to the entire lifespan of a mouse.

2.2

Potential Applications

The ability to continuously observe freely behaving subjects over long periods of
time is significant for the field of neuroscience because much of our current knowledge of brain function is derived from intermittent observations of anesthetized or
immobilized subjects. The ability to make continuous observations of freely behaving subjects will allow the neuroscience community to answer questions that cannot
be addressed using conventional techniques. Such questions include those involving plasticity, learning, brain development and the progression of disease over time.
Continuous observation will also bring new insights into the effect of drugs on brain
function and the interaction between sensory and motor function in the brain. It may
also have clinical uses as part of a neural prosthetic system.

2.2.1

Basic Neuroscience Research

Most of what is known about brain function is based on experimentation with anesthetized animal subjects. Such subjects are not free to behave naturally, and it is
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reasonable to expect significant differences between the central nervous system function of awake versus anesthetized animals. Few currently available neurophysiological
methods are capable of recording from awake animals, and fewer still for awake, freely
behaving animals. One major advantage of the integrated IOS sensor would be the
ability to monitor long-term neural activity of un-anesthetized, normally-behaving
animals. The envisioned IOS sensor chips can be designed to have a field of view
large enough to image whole functional regions of cortex on a mouse, such as visual,
auditory, somatosensory, olfactory, etc.
An example of how a chronically-implantable IOS sensor can shed new light on
brain function can be seen in work by Polley, et. al.. [45, 46] This work showed that
opportunities to express natural behaviors changed the brain maps of the barrel cortex
in caged rats. The barrel cortex is the portion of the rodent cortex responsible for
inputs from the whiskers. In [46], the investigators compared IOS maps of the barrel
cortices of rats taken before and after 4–6 weeks of exposure to either a standard
cage or a naturalistic habitat (a large vat of dirt). In the naturalistic habitat, rats
could engage in natural behaviors such as burrowing, foraging, and three-dimensional
navigation. In the rats exposed to the naturalistic environment, the cortical areas
responsible for individual whiskers shrank by 46% and showed substantial changes
in amount of overlap, while the maps for rats kept in standard cages showed no
significant change in either size or overlap.
Figure 2.5, reproduced from [46], shows a comparison of the functional areas of
individual whiskers in the two groups of rats. The scale bar in (c) represents 1 mm,
and also applies to d, g, and h. Panels a,b,e,f show IOS signal strength from the
cortical representation of a single whisker before and after exposure to a standard
cage (a,b) or naturalistic habitat (e,f). Panels c,d,g,h show representations from
three different whiskers superimposed onto images of the cortical surface taken before
(c,g) and after (g,h) exposure.

16

CHAPTER 2. PROPOSED SYSTEM AND POTENTIAL APPLICATIONS

Figure 2.5: Plasticity seen by optical imaging of functional whisker representations.
Adapted by permission from Macmillan Publishers Ltd: Nature 429(6987):67-71,
c 2004.
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This finding presents an opportunity to use continuous imaging to gain new insight
into a neurophysiological process. In [46], imaging was performed before and after
the standard cage or naturalistic habitat experience, revealing the end result of the
plasticity, but giving little insight into the process of cortical plasticity. A continuous
imaging system such as that proposed here will allow investigators to watch plasticity
as it occurs. At the very least, it would allow for multiple episodic imaging sessions
over the course of the study. Multiple imaging sessions are impractical using current
techniques because of the surgery required to remove the scalp and open a window
through which images can be obtained. The recovery process from such a surgery
would require several days before subjects could be reintroduced into the habitat
or cage, potentially altering results. An implantable system would require only one
recovery period, which could be completed before the beginning of the study.

The study of plasticity can also extend to studies of learning and memory. Imaging
studies based on blood flow (PET, fMRI) have been used to observe brain activity in
humans during motor learning. Examples of these include [47], where fMRI was used
to identify the role of the anterior medial prefrontal cortex (AMPC) in the learning
of cognitive tasks by humans, and [48] where PET was used to observe brain activity
patterns during motor learning in patients with schizophrenia. It is reasonable to
envision a study where an implanted imaging sensor could continuously monitor the
learning process. For example, by being placed on the head of a mouse while it
learned to navigate a maze. It could also be used to study brain activity during times
where imaging can be inconvenient, such as during sleep, which has been found to
have significant impact on learning and memory. [49–51]
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2.2.2

Disease Progression and Recovery

Disease progression is another area that can benefit from continuous imaging. Neurodegenerative diseases such as Parkinson’s Disease and Alzheimer’s Disease develop slowly over time. Using an implantable imaging system in an animal model
would enable researchers to observe the entire progression of the disease. Conditions
such as epilepsy and migraine headaches occur unpredictably, and having a chronic
recording mechanism would allow for observation of naturally-developing seizures and
headaches, rather than having to induce such conditions artificially. Observing how
the brain recovers from a single event such as a stroke or concussion is also a potential
application for the proposed integrated sensor.
Imaging is already being employed in many of these areas. For example, Abookasis, et. al. are using patterned illumination techniques to image IOS during Cortical Spreading Depression (CSD), a condition associated with epilepsy and migraine
headaches, as well as concussion and Traumatic Brain Injury (TBI). [39,40,52] O’Shea,
et. al. used fMRI to observe how the brain reorganizes motor processing and action
selection after interruption of neural function. [53] In [39, 40, 52], the authors used
benchtop equipment and craniotomy to enable imaging, while [53] required a large
and expensive MRI scanner. An integrated device would dramatically reduce the cost
of imaging, while also providing a way to observe brain activity in a long-term study.

2.2.3

Drug Evaluation

Current procedures for evaluating the neurological effectiveness (or toxicity) of candidate pharmaceutical compounds often involve the administration of the candidate
compound to a group of animal subjects, which are then monitored for changes in
behavior or other outward indications neurological effect. The use of brain imaging
as part of a neurological evaluation protocol could help reveal subtle changes in brain
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maps that may appear long before changes in behavior.
An integrated IOS sensor, due to the low per-unit cost of semiconductor chips,
could be affordably mass-produced and mounted on multiple subjects in parallel, as
illustrated in Figure 2.6. It could also be used as a chronic monitoring device to
detect changes that develop over long time scales. The ability to detect these subtle,
long-term changes could lead to early elimination of poor candidates, resulting in
tremendous cost savings to pharmaceutical manufacturers.

Figure 2.6: Illustration of multiple IOS sensors with wireless telemetry, deployed in
parallel for drug screening.
Clinical examples of how imaging can be used to observe neurological effects of
drugs in humans can be seen in work by Zyss, et. al. [54] and Lázaro, et. al. [55].
In [54], fMRI and PET were used to image brain activity in a patient before and
after administration of diazepam, an epilepsy drug, as part of a process to arrive at a
diagnosis. Their work showed that after injection of diazepam, activity increased in
the primary motor cortex responsible for a hand exhibiting dystonia. In [55], fMRI
studies of children and adolescents with obsessive-compulsive disorder (OCD) showed
increased activity in the orbitalfrontal cortex and in certain deep-brain areas when
compared with control subjects. This activity was shown to decrease in OCD patients
who were given a course of treatment with fluoxetine, a drug used to treat OCD.
In the case of a drug study, an animal model for a targeted condition could be
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given a course of treatment with a candidate drug. The proposed integrated imaging
system could then be used to monitor brain maps in disease model subjects and
control (or normal, non-disease) subjects simultaneously in real time. The effects
could then be observed continuously, allowing for real-time evaluation of efficacy as
well as study of the time course of the drug’s effects.

2.2.4

Neural Prosthetics

Recent years have seen significant progress in the development of interfaces through
which the brain can control external devices, such as computer cursors and robotic
arms. [56–59] Such progress has increased the prospect of helping to restore some measure of function to patients with spinal cord injuries or neurodegenerative diseases
by using cortical signals to control mechanical prostheses or to stimulate paralyzed
musculature. This progress is due in large part to the fact that groups of neurons
respond selectively to the direction and speed of arm movements, and to the development of efficient decoding algorithms for translating these neural signals into control
signals for prosthetic devices. [60, 61] The addition of information from cortical areas
responsible for movement planning has also greatly improved performance. [62, 63] A
schematic of how such a prosthetic system might be employed is shown in Figure 2.7.
While advances in neural signal decoding have made the prospect of long-term
neural interfaces a possibility, several technical challenges remain before regular clinical use can become a reality. Current neural prosthetic systems rely on electrode
arrays, such as the one shown in Figure 2.8 that must be implanted in the brain
tissue. Such implantation requires invasive brain surgery, and the presence of the
electrode within brain tissue will evoke immune responses such as gliosis, in which
glial cells surround the electrode and interfere with neural recordings. In addition,
physical forces and biological processes can cause short- and long-term instabilities
in neural electrical signals. [64]
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Figure 2.7: Neural prosthetic system schematic. By courtesy of Professor Krishna
Shenoy.

Figure 2.8: The Utah Electrode Array (UEA), used in neural prosthetics research.
Reproduced with kind permission from Springer Science+Business Media: Annals
of Biomedical Engineering, “Electrophysiological Mapping of Cat Primary Auditory
Cortex with Multielectrode Arrays”, vol. 34, 2006, p. 301, Seung-Jae Kim, Sandeep
C. Manyam, David J. Warren, and Richard A. Normann, Figure 1. [65]
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The immune response and other processes serve to degrade the performance of
electrode recording systems. After a brief period immediately following implantation,
signal strength remains fairly consistent for several months, and potentially up to
two years. After this time, signal strength declines to the point where the electrode
must be replaced. Given the severity of the surgery required to replace a electrode,
the required frequency of replacement makes long-term use in humans impractical,
with the exception of extreme cases such as “locked-in” patients with amyotropic
lateral sclerosis (ALS). A NIR IOS sensor can help overcome these limitations by
offering a means to record neural activity from outside the skull, thereby reducing
the invasiveness of implantation surgery and eliminating the issue of gliosis.
Replacing electrodes with an IOS sensor presents the issue of temporal resolution.
Electrodes directly measure electrical signals coming from neurons, which can occur
on the order of milliseconds. On the other hand, IOS imaging is correlated to hemodynamic changes which occur on the order of hundreds of miilliseconds. [6] Mitigating
this potential drawback is the fact that several regions of the motor cortex can sustain
activity for several seconds, giving time for the IOS process to fully develop and the
neural prosthetic to respond. Although such a delay may seem unacceptable to an
able-bodied person, for a patient who has lost complete use of one or more limbs,
even a delayed response can result in significant improvements in the quality of life.

Chapter 3
Fundamental Challenges and
Feasibility
3.1

Introduction

The proposed single-chip, NIR IOS sensor poses some fundamental questions as to
feasibility. First, the use of NIR light, where optical absorption is low, means that the
IOS is almost entirely dependent on scattering changes to provide contrast between
active and inactive brain regions. This results in signal levels that are low compared to
IOS imaging using visible light. It also raises questions of resolution, as the increased
role of scattering can cause blurring of images.
The low signals also present challenges for system and component design. The
fundamental system requirements must be evaluated and understood. Light sources
must be sufficiently stable and detectors must have sufficiently low dark current so
as to not overwhelm the IOS. These requirements will have an impact on choices of
semiconductor material, source and detector type, and array architecture.
Finally, the small spatial scales of a semiconductor chip are such that they fall
23
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within 1–2 photon mean free paths. This raises a concern that photons will not undergo sufficient scattering events in order to be detected, or that the detected photons
will not have penetrated to sufficient depth within the tissue to give meaningful IOS
images.
This chapter discusses work undertaken the asses the magnitude of these challenges. A combination of empirical study and computer simulation shows that these
challenges can be met, and that a single-chip IOS imaging sensor is fundamentally
feasible.

3.2

Near-Infrared IOS Imaging Through Skull

To develop the proposed system, it is necessary to study the characteristics of IOS
at far-red and near-infrared wavelengths. In particular, we are interested in the
relative intensity change of the backscattered light (∆R/R) from a given region of
the brain between periods of activity and inactivity. The relative intensity change is
influenced by the absorption of light by blood, which is dominated by oxyhemoglobin,
deoxyhemoglobin and water. Visible wavelengths typically used for IOS imaging (510
nm to 650 nm) are absorbed more strongly than NIR light (690 nm to 850 nm),
and thus produce stronger intensity changes. [7, 12, 66] However, higher absorption
also limits penetration depth, requiring visible light IOS images to be taken through
a craniotomy. NIR light encounters significantly less absorption than visible light,
allowing for the possibility of IOS imaging through the skull. The last several years
has seen considerable interest in the use of NIR light for minimally invasive imaging
of human and animal subjects using fiber-based systems. [67–71]
One disadvantage of reduced absorption is that photons will experience more
scattering events before being detected. This raises the background intensity and
delocalizes the signals, making them more difficult to detect and maps more difficult
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to resolve. This work seeks to understand the implications of imaging IOS at nearinfrared wavelengths by comparing maps taken at selected wavelengths between 610
nm (red) and 850 nm (NIR). Additionally, we seek to observe and understand the
effects of scattering through the skull by comparing maps taken with and without the
skull removed.

3.2.1

Imaging Methodology

This work [2] uses an established imaging procedure published by Kalatsky and
Stryker. [72] Animal imaging was performed at the University of California, San
Francisco (UCSF) according to a protocol approved by the UCSF Institutional Animal Care and Use Committee. The experimental setup is shown in Figure 3.1. An
anesthetized C57BL6 wild-type mouse is given a visual stimulus from a computer
monitor consisting of a horizontal white stripe on a grey background (50% contrast.)
Images are obtained by illuminating the visual cortex at 610 nm, 690 nm, 750 nm,
775 nm, or 850 nm. Light from a tungsten lamp is filtered at a given wavelength
using interference filters with a FWHM bandwidth of 10 nm and delivered via an
optical fiber. Images without a craniotomy (but with scalp removed) are taken first,
then a small section of skull above the visual cortex is removed and images taken
again. The stimulus is swept repeatedly in elevation across the visual field with a
period of 8 sec/sweep for 90 cycles (Figure 3.2), with a DALSA 1M30 CCD camera
(DALSA Corporation, Waterloo, Ontario, Canada) capturing images at 30 frames
per second. The stimulus is then swept in the opposite direction and images taken.
Signals recorded from the two sweeps are then subtracted to remove shifts caused by
hemodynamic delay.
After the images are recorded, a Fourier transform in time is performed for each
pixel, and the signal is filtered for components at the sweep frequency and normalized
to improve the signal to noise ratio (Figure 3.3.) The result is two maps, one of signal
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amplitude, indicating the relative intensity change, and one of phase, corresponding
to the position of the stimulus within the visual field. Animals are euthanized after
the entire set of maps is taken.
To computer
Camera

To filter & lamp

Illumination
fiber
Mouse
Agarose &
coverslip

CRT monitor
for stimulus

Figure 3.1: Imaging setup. A C57BL6 mouse is placed under an illuminating fiber and
CCD camera. Illumination is provided by a tungsten lamp. A cover slip supported
by agarose gel presents a flat surface for imaging.

White Line
(visual stimulus)
Stimulus
swept with
period
T_stim

CRT monitor
One eye
covered
Mouse

Figure 3.2: Visual stimulus. A horizontal white line is swept repeatedly in elevation
across a black background with a period of eight seconds.

3.2.2

Imaging Results and Discussion

The maps obtained without craniotomy (i.e. through the skull) and with craniotomy
are shown in Figures 3.4 and 3.5, respectively. The lower maps show amplitude, with
darker regions indicating stronger activity. The primary visual cortex is located in

3.2. NEAR-INFRARED IOS IMAGING THROUGH SKULL

27

Frame 2
signal
(pixel)

Frame 1

Frame 3

Frame N

time

FFT
amplitude

phase

filter

1/T_stim

Amplitude indicates
signal strength

f

filter

1/T_stim

f

Phase indicates
stimulus position

Figure 3.3: Image processing. A pixel-by-pixel FFT is used to select only the component at the stimulus frequency, thereby filtering out noise from other physiological
and physical processes.
the dark region shown in the amplitude maps. The upper maps show phase, with
similar colors indicating similar phase, thus highlighting regions that are active at
the same time. The functional organization of the visual cortex can be seen clearly
in the phase maps, where well-defined areas of similar color indicate that neurons
responsible for a given area of the visual field are grouped together. Figure 3.5 shows
some disorganization in the maps taken at 690 nm and 750 nm, which we believe
are due to fluctuations in the level of anesthesia. Despite this, we can still draw the
conclusion that maps obtained through the skull are more diffuse than those taken
through craniotomies, but still show distinct features of cortical function and can be
used for neuroscience research.
Each set of maps from left to right in Figures 3.4 and 3.5 was taken at progressively
longer wavelengths. It is evident from the fading black region in the amplitude maps
that the signal-to-background ratio decreases as wavelength moves from visible to
NIR. Figure 3.6 shows that this is due to degradation in detected signal level rather
than an increase in background.
In the study with craniotomy, the signal level at 850 nm increases, which is inconsistent with the trend observed in the study without craniotomy. We believe this
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Figure 3.4: Images taken without craniotomy (i.e. through skull.) Signal-tobackground decreases and maps become more diffuse as wavelength increases. Signal
is measured in areas denoted by red circles and background level is measured over
areas denoted by blue circles.

Figure 3.5: Images taken with craniotomy. Signal is stronger and maps more sharply
defined than without craniotomy. Signal is measured in areas denoted by red circles
and background level is measured over areas denoted by blue circles.
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is due to a slight decline in the effectiveness of the anesthetic toward the end of
the imaging session, which caused a stronger response. This multi-wavelength, nocraniotomy/craniotomy study required an imaging session nearly eight hours long.
Typical single-wavelength imaging sessions last less than two hours (including time
required for image processing.)
In addition to declining signal-to-background ratio, the spatial character of the
signal becomes delocalized, as shown by degradation in the definition of the phase
map with increasing wavelength. Decreased signal-to-background ratio and increasing
delocalization are consistent with reduced absorption. Photons experience many more
scattering events and intermingle with those from neighboring regions of the brain,
leading to a lower detected signal and more diffuse phase maps.
Figure 3.6 shows signal and background levels for the images in Figures 3.5 and 3.4.
In the NIR, the signal-to-background ratio is approximately 2–3. Imaging through the
skull causes a signal loss of 15%–20%. The change in reflectivity is ∆R/R = 5 × 10−5 ,
or -86 dB.

Figure 3.6: Signal-to-background analysis. Decreasing signal-to-background ratio is
due to decreasing signal rather than increasing background. The increase at 850 nm
in the craniotomy case is attributed to a slight decline in effectiveness of anesthesia.
Error bars indicate one standard deviation from mean.
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3.3

System Requirements

The principal concern in sensor applications is signal-to-noise ratio. Each system
component (source, detector, optics, and electronics) has different trade-offs that
affect signal-to-noise ratio. In this section, we discuss some of these trade-offs, and
present ways to optimize system design.
The signal-to-noise ratio is affected by both the absolute power output of the
source and the stability of the source power. IOS applications require relatively high
power and low noise, making VCSELs the preferred light source. Vertical emission of
light towards the tissue or the flow channel simplifies the integration efforts because
the light source can be located next to the detectors, and micro-optics above the
wafer direct the light from the laser and into the detector.
For VCSELs, considerations of noise and power drive a choice between a singlemode and a multi-mode design. A larger diameter VCSEL allows more charge carriers
to be injected into the device, increasing the output power. However, a larger device
also allows for propagation of multiple transverse optical modes, which increases noise
due to mode-hopping. Multi-mode VCSELs also have reduced polarization stability,
which further increases noise. Single-mode VCSELs are less noisy, but are limited
to power output of approximately 1 mW. Stabilizing the temperature of the VCSEL
and using a low-noise power source, such as a battery, can reduce noise further.
Detector performance also affects signal quality, primarily due to bandwidth and
dark current. Large detectors are capable of collecting more light, but low bandwidth
and high dark current can limit their effectiveness. Their size also presents area
constraints and limits spatial resolution. Small detectors have lower dark current
and can respond quickly to changes in signal, providing finer spatial and temporal
resolution. However, they may not be able to collect sufficient light to meet sensitivity
and dynamic range requirements for the system. To maximize signal-to-noise ratio,
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one must choose the smallest detector possible that meets all requirements. Dark
current is also affected by the choice of detector material and material quality, so
proper choice of material and control of crystal growth (to minimize crystal defects)
are important considerations. The majority of semiconductor-based detectors are
based on silicon PIN detectors. However, GaAs and AlGaAs PIN detectors offer
some performance advantages, as we will show below.
An additional challenge for signal-to-noise and dynamic range performance of
integrated optical sensors is increased background current in the detector due to
light from the source. This is caused by specular reflection of source light off of the
sample and the optics into the detector, or from light leaking sideways from the source
into the detector. Specular reflection can be reduced by varying the source/detector
separation distance, or by using anti-reflection coatings, dielectric filters, and other
optics. Light leakage can be reduced by several orders of magnitude by covering the
detector sidewalls with light-blocking layers. [43]
The micro-optics coupling the light into and out of the sensor also influence the
signal-to-noise ratio. Higher numerical aperture (NA) optics increase light collection
by a factor of (N A)2 , but also increase the system size and the angle of incidence into
the detector. They also increase the amount of light collected directly from adjacent
light sources, which could overwhelm the desired signal. The micro-optics system
must be designed with this tradeoff in mind.

Figure 3.7: Example multiplexing scheme. A row of integrated sensors shares a single
low noise measurement system. By courtesy of Meredith Lee. [76]
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A final consideration involves the electronics that process the detected signal. In
order to maintain consistency across the entire array, the electronics responsible for
processing the signal from each pixel should have identical performance. This presents
a challenge for large arrays, due to the difficulty in matching device characteristics
over large areas. One way to address this issue is to share critical electronic circuits
among multiple detectors through a network of matched, low-noise switches. These
circuits can then be placed close to each other, minimizing variations in performance
due to uncertainty in semiconductor processing. One possible multiplexing scheme is
shown in Figure 3.7, where each row of sensors shares one set of electronics through a
set of switches. Many different multiplexing schemes are possible, each with differing
geometries and levels of sharing. The final choice is often driven by complexity as
well as specifications.
To determine the required sensitivity of our integrated sensor, we used a commercially available ray tracing simulator, ASAP (Breault Research Organization, Tucson,
AZ). The simulation included a single 1 mWatt source with an array of 10 detectors
above a tissue model (skull and gray matter) of a rat barrel cortex (Figure 3.8). The
detectors had a 200 µm diameter and were spaced 400 µm apart. The source was a
collimated Gaussian beam with a beam radius of 25 µm and was located at the center
of the detector closest to the midline. The tissue geometry was created using a CAD
program (RhinoCAD, Robert McNeel & Associates, Seattle, WA) and derived from
an MRI image. [73] Results of this simulation, given in Figure 3.9, indicate that the
signal attenuates by a factor of 2 × 10−4 at a distance of 2 mm. (The rat barrel cortex
is approximately 3 mm x 3 mm in size) Assuming a 1 mW source and a detector
responsivity of 0.5 Amps/Watt the signal would produce a detector current as low as
5 pA (see Table 3.1). Therefore, the detector dark current must be on the order of 1
pA or less per channel in order to detect a usable signal.
These stringent requirements indicate that it will be necessary to use single-mode
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VCSELs to minimize noise generated by the source, use a stable current source, and
stabilize the temperature of the laser. For the detector, we have a choice between Si,
GaAs, or Alx Ga1−x As PIN photodiodes. Simulation results from MEDICI (Synopsys,
Inc., Mountain View, CA) (Figure 3.10) show that, at a typical bias voltage (-3 V),
GaAs has a dark current two orders of magnitude less than Si, and Al0.3 Ga0.7 As has
dark current three orders of magnitude less than Si. Both GaAs and Al0.3 Ga0.7 Asbased detectors will be able to meet the 1 pA requirement.

Figure 3.8: CAD simulation setup. (a) Slice of a CAD layout transferred from a
coronal MRI cross-section for rat brain. Inset shows full CAD layout. (b) Wireframe representation of (a) overlaid with detector array and ASAP depth penetration
simulation. [76]

Animal Model
∆R/R
Cortical Spreading Depression (Rat) [39] 2 × 10−2
Barrel Cortex (Rat) [46]
2 × 10−4
Visual Cortex (Mouse) [2]
5 × 10−5

∆Idetector
> 2 nA
> 20 pA
> 5 pA

Table 3.1: IOS Levels for Selected Neurological Phenomena
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Figure 3.9: Power vs. Distance. Detector received power vs. distance from source for
simulation from Figure 3.8. [76]

Figure 3.10: Photodiode dark current. Comparison of dark current for Si, GaAs,
and Al0.3 Ga0.7 As PIN photodetectors at room temperature. By courtesy of Meredith
Lee. [76]
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Imaging Over Short Distances

The short distances separating sources and detectors presents an additional fundamental question regarding the feasibility of single-chip IOS imaging. Because IOS
imaging depends on backscattered light, the penetration depth of detected light is
proportional to the distance between the source and detector. Since chip-scale dimensions are quite small, this raises a concern that a sensor placed outside the skull
will not penetrate deep enough to reach the brain.
Computer simulation of optical propagation through tissue with ASAP was used
to asses this concern. Because of the short source-detector separation involved, these
simulations used Monte Carlo methods instead of the more common diffusion-based
methods. This work employed a simplified tissue model, derived from that used in
Section 3.3. The whole-brain model was replaced with a three layer tissue slab model,
shown in 3.11. The model also includes a perturbed region whose optical properties
model those of a Cortical Spreading Depression (CSD). Layer thicknesses and optical
absorption and scattering coefficients (represented by µa and µs , respectively) are
given in Table 3.2. The source was a 775 µm with 600 µW of power and an emission
half-angle of 7◦ . A linear array of ten detectors, each with a diameter of 200 µm
and a center-to-center pitch of 250µm, were placed in a line with the source. The
perturbation was swept in space under the array; simulations were run with the
perturbation under each detector. Each simulation used 1 × 107 rays, and results at
each position were averaged over ten runs. Additional detail regarding the optical
simulation, including the simulation script, can be found in Appendix A.
An example of paths taken by photons is shown in Figure 3.12. In this case, the
perturbation (marked by the shaded area) is directly beneath the source. The paths
taken by the photons clearly pass into the area marked by the perturbation. Most of
the photons scatter only once, and most scattering occurs in the area directly beneath
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Figure 3.11: Tissue Model. Virtual tissue slab used to model mouse skull, CSF,
and brain matter with a perturbation to simulate a region of Cortical Spreading
Depression (CSD). Detectors are 200µm in diameter, with 250µm center-to-center
spacing.

Layer
Thickness (mm) µa (mm−1 ) µs (mm−1 )
Skull [74]
0.366
0.019
0.860
CSF [74]
0.050
0.004
0.100
Brain [39]
5.0
0.0081
0.698
Brain (CSD) [39, 75]
2.0
0.0087
0.661
Table 3.2: Tissue slab model layer thicknesses and optical properties.
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Figure 3.12: Photon Migration. Plots of photon paths from source to the first four
detectors, with perturbation directly under the source. The shaded area indicates
the perturbation. Plots shown here are from re-simulations of the original work, with
rays reduced to 500,000 for clarity.
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the source. Relatively little signal is received far from the from the source, indicating
that in order to obtain usable IOS maps, sources will need to be placed with high
spatial density.
A paired t-test comparing the detected signal with and without the perturbation
confirms the observation that the most reliable signal is obtained when the perturbation is directly underneath the source. Figure 3.13, shows the results of the t-test
as the perturbation is swept beneath the array of detectors. When the perturbation
is beneath the source, all but the farthest detectors show strong confidence that that
difference between the perturbed and non-perturbed cases is statistically significant.
With the farthest detectors, the lack of confidence is the result of low signal (i.e. very
few detected photons,) and thus insufficient sample size.

Figure 3.13: T -test Analysis. Circled area highlights a cluster of high confidence that
the difference in received signal between perturbed vs. non-perturbed simulations is
significant. Note that the highest level of confidence occurs when the perturbation is
directly beneath the source.
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VCSEL Stability

Meeting this dynamic range requirement presents the need for a powerful, low-noise
light source. Vertical Cavity Surface Emitting Lasers (VCSELs) designed for singlemode operation offer a middle ground between LEDs and multi-mode VCSELs [76]
and are easily incorporated into an integrated emitter/photodiode system [43, 44]
However, little work has been done to characterize the intensity (AM) noise performance of VCSELs at low frequencies (Hz to kHz) where IOS signals reside. Several papers have studied low-frequency FM noise [77–79], and intensity noise at
higher frequencies [80–87], however, only one previously published work addresses
low-frequency characterization of VCSELs. [88] This frequency range differs from
higher frequencies in that flicker (1/f ) and Brownian (1/f 2 ) noise, as opposed to
thermal noise, are often the dominant noise sources at low frequency. Additional
work for this dissertation sought to further explore the low-frequency noise performance of near-IR VCSELs, and evaluate their suitability as a light source for IOS
imaging. [89]

3.5.1

VCSEL Noise Testing

The tested device was a commercial single-mode VCSEL (Vixar, Inc., Maple Grove,
MN) operating at 790 nm. The active region was made with 10% AlGaAs quantum
wells and 40% AlGaAs barriers. Comparisons were also made with room-temperature
790 nm
Ithreshold
0.6 mA
Imax,single−mode
1.8 mA
QW Material
Al0.1 Ga0.9 As
Barrier Material Al0.4 Ga0.6 As

670 nm
3.6 mA
—
GaInP
GaInP

Table 3.3: Characteristics of tested VCSELs
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Figure 3.14: VCSEL L-I curves. 790 nm (top) and 670 nm (bottom). “Pin 1”, “Pin
2”, “Pin 3” indicate L-I curves for individual devices from the same die (mounted in
the same package.) Plots courtesy Vixar, Inc.
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multi-mode VCSELs operating at 670 nm (GaInP quantum wells with AlGaInP barriers). Device data is shown in Table 3.3, and L-I curves are shown in Figure 3.14.
Both devices were packaged in lidless TO-46 packages. A schematic of the test setup
appears in Figure 3.15. The VCSEL was powered by three NiMH batteries, and
drive current was controlled using a 5 kΩ potentiometer. Light was collimated by
an AR-coated aspheric lens (Geltech 320-230, ThorLabs, Newton, NJ) and collected
by a silicon PIN photodetector (DET-200, ThorLabs, Newton, NJ). The photocurrent was amplified and converted to a voltage (SRS 570, Stanford Research Systems,
Sunnyvale, CA) and the noise spectrum read by an FFT spectrum analyzer (Agilent
35670A, Agilent Technologies, Santa Clara, CA). To reduce interference from ambient
lighting and electromagnetic coupling from other laboratory equipment, the optical
section of the setup was contained within a black metal box, which acted as both an
optical shroud and a Faraday cage. To reduce instability caused by optical feedback
from reflections, the laser was tilted off-axis.

Figure 3.15: VCSEL noise measurement schematic.

Temperature-dependent measurements were performed on a bare 790 nm VCSEL die by bonding it to a piece of copper and mounting it on a thermoelectrically
(TE) cooled platform. VCSEL current was supplied by an ILX-3722 laser diode controller (ILX Lightwave, Bozeman, MT) through a Micromanipulator Model 450 probe
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(Micromanipulator, Inc., Carson City, NV) and TE control was managed by an ILX3744B laser diode controller (ILX Lightwave, Bozeman, MT). The optics, detector
and instrumentation were the same as those used in room-temperature measurements.
Due to space constraints, this setup was not shielded or shrouded.
The figure of merit used to characterize intensity noise is known as Relative Intensity Noise (RIN). It is expressed as the ratio of the mean-square noise power in a 1
Hz bandwidth to the square of the average optical power (Equation 3.1). In the setup
described here, this translates to the ratio of the mean-square photocurrent noise to
the average photocurrent in the detector. [82]

RIN =

3.5.2

2
i
hPnoise
2
Pavg

(3.1)

VCSEL Noise Results

The RIN of room-temperature 790 nm VCSEL samples at various drive currents
is shown in Figures 3.16 and 3.17. In most cases, RIN is well below the -86 dB
requirement for IOS imaging. At 10 Hz, RIN ranges from -196 to -174 dB/Hz. The
spectrum has a 1/f 2 dependence, with corner frequencies of 300–400Hz. At bias
currents above 3Ith , a 1/f region emerges, with a corner frequency of 1–3 kHz. Several
peaks appear at frequencies between 10–200 Hz, which are in the same range as those
observed by Serkland, et. al. [88]
The source of the RIN peaks could be a combination of factors, including:
• Deep-level traps in the semiconductor material; possibly associated with aluminum. [90, 91]
• Electromagnetic coupling from laboratory instruments or AC supply lines. AC
line coupling (60 Hz) is likely the cause of the peaks at 59 Hz, and 117 Hz.
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Figure 3.16: RIN spectrum for 790 nm VCSEL, 0–200 Hz

Figure 3.17: RIN spectrum for 790 nm VCSEL, 30 Hz–6 kHz
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• Optical feedback
• Non-linear frequency mixing
To identify or rule out traps as a cause of these peaks, the RIN measurement was
repeated using a VCSEL from the same manufacturer made from a different material
system, GaInP/AlGaInP, operating at 670 nm. Results of these measurements are
shown in Figure 3.18. These plots show many of the same peaks as those for the
790 nm VCSEL, indicating that the peaks are either not due to traps, or due to
aluminum-associated traps in the barriers.
A temperature-dependent measurement was performed to further determine if
traps are responsible for the RIN peaks. The lifetime of traps varies with temperature,
and thus a change in temperature should cause a shift in the frequency of the peak. As
temperature decreases, the frequency should decrease as well. To test this factor, the
temperature of a bare 790 nm VCSEL die was varied from 10◦ C to 30◦ C. The results,
given in Figure 3.19, show considerably higher RIN due to the use of an electronic
diode driver and the lack of shielding. There is no evidence of a frequency shift
with temperature, further indicating that the peaks are not due to traps, although
the possibility remains that the trapping mechanism is due to tunneling, rather than
thermal processes.
To further isolate the source of the peaks, an additional test was performed on
devices from a different manufacturer (Picolight, Inc., Louisville, CO). These VCSELs
were 850 nm, multi-mode devices and were tested in the test setup described in
Figure 3.15, with the exception of the detector and collimating lens. To accomodate
a wider emission angle, the collimating lens was removed and the detector was changed
to a Newport 818-ST (Newport Corp., Irvine, CA), which has a much larger area than
the ThorLabs DET-200. For equal comparison, one of the Vixar devices was tested
in this setup as well.
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Figure 3.18: 670 nm VCSEL RIN spectrum

Figure 3.19: 790 nm VCSEL RIN spectrum vs. temperature
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RIN spectra from these measurements are shown in Figure 3.20. The measurements were taken on two occasions, five days apart. Several of the RIN spectra do not
show the peaks seen in previous measurements, except for the peak at 120 Hz. This
can be explained by the fact that the building housing our laboratory experienced a
process cooling water system malfunction the morning before the measurements were
taken (April 3, 2008). The system and its pumps were shut down until late on April
8, 2008. The one spectrum that does show the peaks was taken after the system
was reactivated. This indicates that although the RIN measurements were conducted
within a Faraday cage to minimize electromagnetic interference, the peaks are clearly
due to interference from the building cooling water pumps.

Figure 3.20: RIN spectrum for Picolight and Vixar sample devices. The peaks in
the spectrum outlined in green are caused by coupling of electromagnetic interference
from process cooling water pumps.
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VCSEL Noise Conclusions

The results show that VCSELs can be made sufficiently stable for use in IOS imaging.
In general, higher drive current yields better RIN performance, as would be expected
since spontaneous emission is responsible for a greater fraction of the total power near
threshold. To achieve the best low-frequency RIN performance with sufficient optical
power, it is necessary to operate the VCSEL at currents 2–3 times threshold. While
higher currents will achieve higher power, in the case of the devices tested here, these
higher currents will cause the VCSEL to enter a multi-mode regime and degrade RIN
performance.
With regard to the observed RIN peaks, if the VCSEL is biased properly, they
should not pose an obstacle to IOS imaging. At three times threshold current, the
highest RIN peak is -153 dB at 41 Hz. If necessary, the peaks could be filtered using
hardware or software. Alternatively, the current could be modulated at a frequency
far from the peaks, and reflected light detected using lock-in detection.
The low-frequency RIN performance of VCSELs is more than sufficient for the
purposes of IOS imaging. The peak RIN for the commercial VCSEL measured in this
work is -85 dB at the device threshold current, but can be reduced to as low as -153
dB by increasing the drive current of the VCSEL. At 10 Hz, RIN ranges from -196
to -174 dB/Hz. The source of peaks in the RIN spectrum from 10–200 Hz has been
traced to interference from other high-power building facilities equipment.

3.6

Feasibility Conclusion

The work described in this chapter shows that an integrated IOS imaging system
is possible from a fundamental standpoint. NIR imaging through the skull of a
mouse has been shown to produce useable images, and light in a system with short
source/detector separation is shown to have sufficient penetration depth to detect
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blood flow in the cortex of a mouse. Finally, it has been shown that VCSELs can be
made sufficiently stable to be used as the light source for IOS imaging.

Chapter 4
Future Work: Prototypes
This work has established the fundamental feasibility of IOS imaging-on-a-chip. The
next steps toward making a chronically-implantable, integrated IOS imaging system
involve prototypes for verifying simulation results and identifying potential engineering challenges involved in implementing the proposed system. I propose two prototypes, one of which is currently under development. Initial testing of these prototypes
can be performed using tissue phantoms, which are generally inexpensive and simple to construct. Once phantom testing is completed, in vivo tests will help reveal
additional issues involved with imaging on live animals.

4.1

Printed-Circuit Board Prototype

The first prototype, currently under development, is intended as a larger-scale, lowcost version of the integrated system created from commercially-available components
placed on a printed-circuit board (PCB). The layout of the board is shown in Figure 4.1, and was fabricated using a quick-turn PCB prototyping service (PCB123,
Mulino, OR). The array consists of 3 x 3 multi-mode VCSELs operating at 850
nm (ULM850-01-TT-HSMDCA, ULM Photonics GmbH, Ulm, Germany) interleaved
49
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with 4 x 4 silicon photodiode detectors (PIN-ULM-04-TN, ULM Photonics GmbH,
Ulm, Germany). The active imaging area of the prototype is 3.6 cm x 2.1 cm, which
is significantly smaller than previous PCB-scale and fiber-based imaging devices.
To enable imaging on a flat surface, all optoelectronic components are surfacemount devices. The photodiodes were purchased as bare dice and packaged in SOT23 packages with clear epoxy encapsulation (Quik-Pak, San Diego, CA). Additional
photodiode devices were packaged without encapsulation, and are available in the
event that losses in the epoxy are unacceptably large. Optoelectronic components
are mounted on one side of the board — the “imaging” side — while bias resistors, batteries, data readout ports, VCSEL selection switches and other supporting
components are mounted on the other.
Each of the devices is biased as shown in Figure 4.2. Three AA NiMH cells
(1.2 V nominal) provide power to the VCSELs. The VCSELs are biased at Id = 6mA
(Va = 1.7V for an output power of approximately 3 mW. The 300Ω bias resistance is
provided by two 600Ω resistors in order to keep each resistor under its rated maximum
power dissipation. The photodiodes are biased with a 9 V alkaline battery, with a
10kΩ resistor providing current-to-voltage conversion for the photocurrent.

4.2

Fiber-based Prototype

While a PCB-based array is useful for a quick, low-cost evaluation of sensor designs, to
emulate the small dimensions of a semiconductor chip, sources and detectors must be
placed much closer together than is possible on a PCB. A fiber-based approach using
commercially available components can help bridge the gap between low-cost, lowdensity PCB prototypes and a high-density, fully-integrated implementation which
would require high-cost custom semiconductor epitaxy and processing.
Such a fiber-based prototype would consist of commercial sources and detectors,

4.2. FIBER-BASED PROTOTYPE

Figure 4.1: Printed circuit board protoype layout.

Figure 4.2: Bias schematics for VCSELs (left) and photodiodes (right)
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fitted with optical fiber tails. The fibers can be bundled tightly together, as in
Figure 4.3, where each illumination fiber is surrounded by a ring of detection fibers.
A large number of fibers could be fit into a typical chip area (e.g. 2 mm x 2 mm), as a
typical 850 nm multimode fiber (Corning, Inc., Corning, NY) has a core diameter of
50 µm, a cladding outer diameter of 125µm and a coating outer diameter of 245µm.

Figure 4.3: Fiber bundle layout for fiber-based prototype. Grey fibers indicate illumination fibers and white fibers indicate detection fibers.

4.3

Prototype Testing - Tissue Phantoms

The use of tissue phantoms as a substitute for real tissue or animals is a longestablished and accepted practice in tissue optics. The optical properties of ex vivo
tissue samples change over time, as water evaporates, blood drains, and cells decay.
Live animals are expensive to acquire and maintain, and require extensive infrastructure and record keeping to comply with government regulations. On the other hand,
artificial tissue phantoms are inexpensive and relatively simple to construct. They
can also be made to emulate a wide variety of optical properties.
Phantoms come in both liquid and solid form. Liquid phantoms are generally the
easiest and least expensive to construct, and are often made from readily available
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materials such as milk (to model scattering) and india ink (to model absorption).
The material Interlipid is also a popular material for liquid phantoms, and has been
well-characterized. [92] Various degrees of scattering and absorption can be made by
mixing these materials in appropriate quantities. A semi-solid phantom can be made
from a liquid phantom by using agarose or food-grade unflavored gelatin as a firming
agent.
Solid phantoms generally use a polymer- or epoxy-based matrix and use dyes as
absorbers and particles such as Al2 O3 , TiO2 or polystyrene beads as scatterers. [93,94]
These can be made to very accurate and specfic requirements, but often involve more
extensive planning and design when compared to liquid phantoms, which can be easily
improvised.
An additional advantage of using liquid or gelatin phantoms is the ability to test
performance of the system using a variety of objects to perturb the optical properties.
Almost any object can be placed within a liquid or gelatin phantom to act as an
absorbing or scattering object. Examples of possible objects include polystyrene
beads, toothpicks, pencil erasers, and metal shot. More diffuse perturbations could
be created by injecting a small bolus of liquid phantom or gelatin phantom solution
into a semi-solid gelatin phantom.

4.4

In Vivo Testing

Once phantom testing has resolved the major engineering challenges, in vivo testing
can be used to demonstrate the abilities of the system as a neuroscience research tool.
Adapting existing imaging protocols to incorporate one of the prototypes discussed
here will allow for a direct comparison of the prototype with current systems. The
fiber-based prototype is likely to be a better candidate for this work, as its smaller
active area makes it better suited for use with small animals. The fiber can also be
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easily routed between equipment in existing IOS imaging setups, so as not to disturb
ongoing traditional IOS imaging work.
A good candidate sensory system for initial in vivo testing is the rodent barrel
cortex. The area of each individual barrel is approximately 100µm, making it large
enough to be detected by the fiber-based prototype, but small enough to fit multiple
barrels in the field of view. The signal is also relatively strong compared to other sensory systems (see 3.1). Finally, stimulating the barrel cortex involves the movement
of a single whisker, which is a simple task on an easily accessible part of the rodent
body.

Appendix A
Optical Simulation Details
A.1

Monte Carlo Simulation in Tissue Optics

Most simulations of tissue optics rely on the assumption that photons can be modeled
as particles undergoing diffusion. In cases where sources and detectors are separated
by distances large compared to the mean free path, this assumption, known as the
diffusion approximation, generally holds. However, as the separation between source
and detector (henceforth referred to as ld ) decreases, the accuracy of such simulations
degrades due to the increased likelihood of ballistic photons.
For simulations with short ld , a tradeoff must be made between accuracy and
computation power. Diffusion equations have analytical solutions, which leads to
computationally efficient solutions. For situations where the diffusion approximation
does not apply, we must resort to the fundamental Radiative Transport Equation.
However, this equation does not have an analytical solution. Monte Carlo simulation
has emerged as a way to address this issue. [95, 96] However, since Monte Carlo
simulation involves multiple individual trials, it can become computationally intensive
for large simulations. Modifications to diffusion approximations in order to improve
accuracy for situations where ld is small is an active area of research, [97–100] but
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Monte Carlo is still considered the gold standard.
Wilson and Adam first introduced Monte Carlo methods to tissue optics [101],
and their work has since been adapted for multi-layered tissues and made into a
public-domain software package that has been widely adopted and modified by the
tissue optics community. [11, 96] A detailed, step-by-step description of the Monte
Carlo algorithm can be found in [95, 96] and is summarized in this section.
The steps of the Monte Carlo algorithm are:

1. Launch the “photon” with an initial direction and energy “weight”.1
2. Move the photon to its next position.
3. Drop a certain amount of weight, according to the absorption characteristics
of the medium.
4. Terminate the photon, if all of its energy has been deposited.
5. Scatter the photon in a new direction, if it is still “alive”.
6. Repeat steps 2–5 until the photon terminates.

These steps are repeated for as many photons as desired for the simulation. Using
more photons leads to a more realistic result, but a large number of photons requires a
commensurately large amount of computing power and time. It is advisable to choose
only as many photons as is necessary to obtain a statistically significant result.

1

For the purposes of Monte Carlo simulations, a “photon” refers not to a single quantum mechanical photon particle, but rather a ray carrying a given amount of light energy, or “weight”. ASAP,
the commercial software used for the simulations in this dissertation, uses the term “ray” although
“photon” seems to be used more often in the academic literature.
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Determination of Random Variables for Optical Monte
Carlo Simulations

Sampling of Random Variables
The determination of values for random variables using computer psuedo-random
number generators first requires an introduction on the sampling of random variables. Most high-level computer programming languages such as C or FORTRAN
offer pseudo-random number generators with a uniform distribution on the interval
[0,1]. The distributions involved in Monte Carlo modeling of optical propagation are
generally not of this type. To determine values for these random variables, pseudorandom numbers with a uniform distribution must be transformed into other distributions, a process known as sampling.
The process starts with two random variables, x and ζ, where x has a probability
density function (PDF) defined as:
Z b

p(x)dx = 1

(A.1)

a

for a ≤ x ≤ b, and x is the variable we wish to determine. The other variable, ζ has a
constant PDF, q(ζ) = 1 on the interval [0,1]. In other words, ζ is uniformly distributed
on [0,1], and can be generated by a computer. The probability distributions for x
and ζ are then:

Px (x1 ) =

Z x1

p(x)dx

(A.2)

q(ζ)dζ = ζ1 for 0 ≤ ζ1 ≤ 1

(A.3)

a

and

Qζ (ζ1 ) =

Z ζ1
0

To map a specific value of ζ1 to a unique x, we set the two distributions equal (i.e.
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make the areas underneath their PDF’s equal) and substitute ζ for ζ1 and x for x1 .

Qζ (ζ) = Px (x)

(A.4)

Recalling Equations A.3 and A.2, we arrive at:

ζ=

Z x

p(x)dx

(A.5)

a

We now have a relationship between a uniformly distributed random variable, ζ
and a non-uniformly distributed random variable, x. Solving Equation A.5 allows us
to determine a value for x using a computer-generated value for ζ.

Selecting Stepsize, s
The stepsize, s is the distance from one photon-tissue interaction to the next. The
PDF of s is governed by an exponential distribution related to Beer’s Law:

p(s) = µt exp(−µt s)

(A.6)

where µt is the total attenuation coefficient: µt = µa + µs . Applying Equation A.5
and solving for s leads us to:

ζ = =

Z s
0

µt exp(−µt s)

= 1 − exp(−µt s)
−ln(1 − ζ)
s =
µt
−ln(ζ)
=
µt

(A.7)

(A.8)

The simplification in Equation A.8 is possible if ζ is a random variable in (0, 1],
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which is easily achievable in any high-level programming language.

Selecting Deflection Angle, θ
The angle at which a photon scatters is modeled by the Henyey-Greenstein function, which approximates Mie scattering when the size of the scattering particles is
comparable to the wavelength of light. The Henyey-Greenstein function is given by:
1 − g2
p(cos θ) =
2(1 − g 2 − 2g cos θ)3/2

(A.9)

where θ is the scattering angle, 0 ≤ θ ≤ π, and g is called the anisotropy factor which
is defined as the expectation of the cosine of the scattering angle (Equation A.10), and
can take values between -1 and 1. It is a measure of the degree to which scattering
is biased toward the original direction of travel. When g = 0, scattering is isotropic,
and as g approaches unity, scattering becomes more forward-biased. Typical values
of g for visible light in tissue are near 0.9.

g=

Z 1

p(cos θ)(cos θ)d(cos θ) = hcos θi

(A.10)

−1

To find a value for θ, it is simpler to first determine a value for cos θ, then take
the arccosine to arrive at θ. Using Equation A.5:

ζ =

Z cos θ
−1

"

=

g2 − 1
−
2g(g 2 − 2g cos θ + 1)1 /2


cos θ =

1 − g2
d(cos θ)
2(1 + g 2 − 2g cos θ)

2

1 
1−g
1 + g2 −
2g
1 − g + 2gζ

#cos θ

(A.11)
−1

!2 


for g 6= 0

(A.12)
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Selecting Azimuthal Angle, ψ
For three-dimensional simulations, the azimuthal angle, ψ, is assumed to be uniformly distributed on the interval [0, 2π]. The PDF is therefore p(ψ) =

1
,
2π

and using

Equation A.5 gives us:

ζ =

Z ψ
0

1
dψ
sπ

ψ
=
2π

ψ = 2πζ

A.1.2

(A.13)

(A.14)

Termination of Photons

Once the photon has experienced a large number of absorbing events, its weight
becomes so small that additional propagation steps will yield very little information.
However, simply eliminating the photon or dropping all its remaining energy at the
last position it occupied skews the photon energy distribution and does not conserve
energy. Prahl, et. al. developed a method of terminating photons called roulette that
avoids these issues.
In the roulette technique, any photon whose weight drops below a predetermined
threshold (e.g., Wth = 0.001) is given one chance in m of surviving with a weight of
mW . If it survives, it is given a weight of mW and propagated to its next step. If not,
it is given a weight of zero and terminated. The roulette function can be implemented
using a pseudo-random number, ζ:

if ζ ≤ 1/m then W ← mW

A.2. SIMULATION OF OPTICAL SYSTEMS WITH TISSUE OPTICS

if ζ < 1/m then W = 0
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(A.15)
(A.16)

Considerations for Boundaries
Boundaries between layers in a multi-layer simulation, and boundaries at the edges
of the tissue itself, require special treatment. At each light-tissue interaction, before
the photon is moved, a check must be performed to see if the photon has crossed
a boundary. If so, the stepsize must be reduced so that the photon falls exactly
at the boundary. The photon is split in two, one photon being reflected back into
the original medium, and the other being transmitted through the boundary. The
new trajectory and weight for each photon is assigned based on Snell’s Law, and the
weight is assigned according to Fresnel’s Law. From here, each photon is moved to
its next step (or terminated), and the Monte Carlo algorithm continues.

A.2

Simulation of Optical Systems with Tissue Optics

The optical simulations described in sections 3.3 and 3.4, required a two-step technique to combine simulation of the optical system with tissue optics. This need
stemmed from the fact that the VCSEL produces coherent light, but once light encounters a strong scattering medium such as biological tissue, coherence is destroyed.
The ASAP software does not currently have the capability to automatically detect
when a coherent vs. incoherent simulation is required, hence the need for a twostep process where light not encountering tissue is modeled using coherent modeling
techniques, and light within the tissue is modeled using Monte Carlo techniques.
This coherent-to-Monte Carlo conversion is achieved by placing a virtual detector
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plane at the tissue surface. In the first step, coherent light from the source impacts the
detector plane, and the energy distribution of the incident light is recorded. A second
Monte Carlo simulation is then established, in which an incoherent light source with
the light distribution recorded in the first step, launches rays into the tissue. The
light propagates through the tissue, and the results are recorded as the final results
of the simulation.

A.3

ASAP Code

The following is the modeling code used for the simulations described in Section 3.4.
It was run using ASAP version 2006V1R3. Readers have the author’s permission to
use and modify this code, provided that proper credit is given in any distribution of
the code or its derivatives, and in any publications resulting from use of this code
or its derivatives. An electronic version of this code is available for download at
http://snow.stanford.edu/˜leet/public files/rat brain coherent6 2.inr.
To obtain a copy of ASAP, contact Breault Research Organization (website:
http://www.breault.com.) At the time of this writing, licenses are available to academic institutions at no cost, subject to conditions.
!!
!!
!!
!!
!!
!!
!!
!!
!!

rat brain coherent v. 6.2
Created by Paul Holcomb and Thomas Lee
26 Mar 2007
Changes from v. 6.1
- SET PERTURBATION A PRIORI
- TRACEHISTORY KEEPS PERTURBATION ON TOP OF RAYS
- SINGLE VARIABLE SELECTS WHICH TRACEHISTORY TO RUN
- CREATE VARIABLES TO ALLOW SWEEP OF PERTURBATION IN X

!! VARIABLES - ALL DISTANCE UNITS IN MICRONS
VERSION=6.2

A.3. ASAP CODE
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!! EXECUTION DELAY
WAIT D=0 !! # OF DAYS TO DELAY EXECUTION
WAIT H=0 !! # OF HOURS TO DELAY EXECUTION
WAIT M=0 !! # OF MINUTES TO DELAY EXECUTION
WAIT S=0 !! # OF SECONDS TO DELAY EXECUTION
EXEC DELAY=(((WAIT D*24+WAIT H)*60+WAIT M)*60+WAIT S)
!! TOTAL # OF SECONDS TO DELAY EXECUTION
!!(TO WAIT FOR CONCURRENT SIMULATION)
!! DISPLAY
TRACEHISTORY SEL=0
!! SELECTS WHICH TRACEHISTORY MACRO TO RUN
!! (0 THROUGH 4, DEFAULT=0)
!! PERTURBATION
PERTURB=1 !! 0=NO PERTURBATION 1=PERTURBATION
!! RAYS, SOURCES AND DETECTORS
RAYNUM=1E7 !! NUMBER OF RAYS TO CREATE IN INCOHERENT SOURCE
COLOCATE SOURCE=0
!! 1=SOURCE CENTERED ON DETECTOR
!! 0=SOURCE CENTERED BETWEEN DETECTORS
DETNUMBER=0
!! NUMBER OF LAST DETECTOR WITH SOURCE !! (DETECTOR NUMBERING BEGINS WITH 0)
DET0 XPOS=-1500 !! X POSITION OF FIRST DETECTOR
DET PITCH=250 !! DISTANCE BETWEEN CENTERS OF DETECTORS
DET RADIUS=100 !! DETECTOR RADIUS
!! TRACES, PLANES, AND PLOTS
TRACENUMBER=8 !! NUMBER OF TRACES TO BE PERFORMED
NUMPLANES=40 !! NUMBER OF INVISIBLE TRACKING PLANES FOR RAY PATH
!! RECONSTRUCTION
PLOTNUM=10
!! NUMBER OF RAYS OUT OF WHICH A SINGLE RAY WILL BE PLOTTED IN RAY PATH HISTORY
PLOTS
!! TISSUE SLAB DIMENSIONS
SKULLTHICKNESS=366 !! THICKNESS OF SKULL LAYER
CSFTHICKNESS=50 !! THICKNESS OF CSF LAYER
BRAINTHICKNESS=5000 !! THICKNESS OF BRAIN LAYER
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THICKNESS=SKULLTHICKNESS+CSFTHICKNESS+BRAINTHICKNESS
!! PERTURBATION DIMENSION AND POSITION
HW=2500 !! HALF-WIDTH OF SAMPLE SURFACE
HWP=250 !! HALF-WIDTH OF PERTURBATION
HTP=1000 !! HALF-THICKNESS OF PERTURBATION
DBRAIN=1 !! DEPTH OF PERTURBATION IN BRAIN - MINIMUM = 1UM
DBRAIN INC=200 !! INCREMENT FOR DEPTH SWEEP
XPOS PERT=-1500 !! POSITION OF PERTURBATION CENTER
XPOS PERT INC=250 !! INCREMENT FOR LATERAL PERTURBATION SWEEP
NUM XPOS PERT=4 !! NUMBER OF X POSITIONS

SYSTEMSETUP{
RAYS 0
SYSTEM NEW
RESET
!!
!!
!!
!!

SLAB TISSUE MODEL !!
!!
WARNING: FOR USE ONLY WITH THE !!
WAVELENGTH SPECIFIED BELOW !!

!!SET UNITS AND SOURCE WAVELENGTH
UNITS UM
WAVELENGTH 773.00 NM
!!DEFINE RAY SPLIT AND SCATTER CHARACTERISTICS
SPLIT 1500
LEVEL 1000
FRESNEL AVE
!!DEFINE COATINGS
COATING
0 0 ’ABSORB’
0 1 ’TRANSMIT’
!!CREATE VOLUME SCATTER MODELS
MODEL
VOLUME 0.90 .000860‘.000019 1

A.3. ASAP CODE

VOLUME 0.90 .000100‘.000004 1
VOLUME 0.90 .000698‘.0000081 1
VOLUME 0.90 .000661‘.0000087 1
!!CREATE MEDIA
MEDIA
1.30 SCATTER 1
1.30 SCATTER 2
1.30 SCATTER 3
1.30 SCATTER 4

USING VOLUME SCATTER MODELS
’SKULL’
’CSF’
’BRAIN’
’BRAIN CSD’

!!CREATE LAYER GEOMETRY

ENT OBJ
!!LAYER 1 - SKULL
PLANE Z 0 RECT (HW) ’SKULL.SURFACE’
INTERFACE COATING BARE AIR SKULL
REDEFINE COLOR 1
PLANE X (HW) RECT (HW) (SKULLTHICKNESS/2) ’SKULL.EDGE1’
INTERFACE COATING ABSORB AIR SKULL
SHIFT Z (SKULLTHICKNESS/2)
REDEFINE COLOR 1
PLANE X -(HW) RECT (HW) (SKULLTHICKNESS/2) ’SKULL.EDGE2’
INTERFACE COATING ABSORB AIR SKULL
SHIFT Z (SKULLTHICKNESS/2)
REDEFINE COLOR 1
PLANE Y (HW) RECT (SKULLTHICKNESS/2) (HW) ’SKULL.EDGE3’
INTERFACE COATING ABSORB AIR SKULL
SHIFT Z (SKULLTHICKNESS/2)
REDEFINE COLOR 1
PLANE Y -(HW) RECT (SKULLTHICKNESS/2) (HW) ’SKULL.EDGE4’
INTERFACE COATING ABSORB AIR SKULL
SHIFT Z (SKULLTHICKNESS/2)
REDEFINE COLOR 1

!!LAYER 2
PLANE Z (SKULLTHICKNESS) RECT (HW) ’CSF.SURFACE’
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INTERFACE COATING BARE CSF SKULL
REDEFINE COLOR 2
PLANE X (HW) RECT (HW) (CSFTHICKNESS/2) ’CSF.EDGE1’
INTERFACE COATING ABSORB AIR CSF
SHIFT Z (SKULLTHICKNESS+(CSFTHICKNESS/2))
REDEFINE COLOR 2
PLANE X -(HW) RECT (HW) (CSFTHICKNESS/2) ’CSF.EDGE2’
INTERFACE COATING ABSORB AIR CSF
SHIFT Z (SKULLTHICKNESS+(CSFTHICKNESS/2))
REDEFINE COLOR 2
PLANE Y (HW) RECT (CSFTHICKNESS/2) (HW) ’CSF.EDGE3’
INTERFACE COATING ABSORB AIR CSF
SHIFT Z (SKULLTHICKNESS+(CSFTHICKNESS/2))
REDEFINE COLOR 2
PLANE Y -(HW) RECT (CSFTHICKNESS/2) (HW) ’CSF.EDGE4’
INTERFACE COATING ABSORB AIR CSF
SHIFT Z (SKULLTHICKNESS+(CSFTHICKNESS/2))
REDEFINE COLOR 2

!!LAYER 3
PLANE Z (SKULLTHICKNESS+CSFTHICKNESS) RECT (HW) ’BRAIN.SURFACE’
INTERFACE COATING BARE BRAIN CSF
REDEFINE COLOR 3
PLANE X (HW) RECT (HW) (BRAINTHICKNESS/2) ’BRAIN.EDGE1’
INTERFACE COATING ABSORB AIR BRAIN
SHIFT Z (SKULLTHICKNESS+CSFTHICKNESS+(BRAINTHICKNESS/2))
REDEFINE COLOR 3
PLANE X -(HW) RECT (HW) (BRAINTHICKNESS/2) ’BRAIN.EDGE2’
INTERFACE COATING ABSORB AIR BRAIN
SHIFT Z (SKULLTHICKNESS+CSFTHICKNESS+(BRAINTHICKNESS/2))
REDEFINE COLOR 3
PLANE Y (HW) RECT (BRAINTHICKNESS/2) (HW) ’BRAIN.EDGE3’
INTERFACE COATING ABSORB AIR BRAIN
SHIFT Z (SKULLTHICKNESS+CSFTHICKNESS+(BRAINTHICKNESS/2))
REDEFINE COLOR 3
PLANE Y -(HW) RECT (BRAINTHICKNESS/2) (HW) ’BRAIN.EDGE4’
INTERFACE COATING ABSORB AIR BRAIN
SHIFT Z (SKULLTHICKNESS+CSFTHICKNESS+(BRAINTHICKNESS/2))
REDEFINE COLOR 3
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PLANE Z (SKULLTHICKNESS+CSFTHICKNESS+BRAINTHICKNESS) ,
RECT (HW) ’BRAIN.BACK’
INTERFACE COATING ABSORB BRAIN AIR
REDEFINE COLOR 3
$IF (PERTURB) EQ 0 THEN
DTOTAL=SKULLTHICKNESS+CSFTHICKNESS+DBRAIN !!TOTAL DEPTH OF PERTURBATION
PERTURB EXISTS=0 !!INDICATES PERTURBATION DOES NOT EXIST
!!PERTURBATION
PLANE Z (DTOTAL) RECT (HWP) ’PERTURB.SURFACE’
INTERFACE COATING BARE BRAIN BRAIN
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE X (HWP) RECT (HWP) (HTP) ’PERTURB.EDGE1’
INTERFACE COATING BARE BRAIN BRAIN
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE X (-HWP) RECT (HWP) (HTP) ’PERTURB.EDGE2’
INTERFACE COATING BARE BRAIN BRAIN
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE Y (HWP) RECT (HTP) (HWP) ’PERTURB.EDGE3’
INTERFACE COATING BARE BRAIN BRAIN
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE Y (-HWP) RECT (HTP) (HWP) ’PERTURB.EDGE4’
INTERFACE COATING BARE BRAIN BRAIN
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE Z (DTOTAL+2*HTP) RECT (HWP) ’PERTURB.BACK’
INTERFACE COATING BARE BRAIN BRAIN
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
$ELSE
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DTOTAL=SKULLTHICKNESS+CSFTHICKNESS+DBRAIN !!TOTAL DEPTH OF PERTURBATION
PERTURB EXISTS=1 !!INDICATES PERTURBATION EXISTS
!!PERTURBATION
PLANE Z (DTOTAL) RECT (HWP) ’PERTURB.SURFACE’
INTERFACE COATING BARE BRAIN BRAIN CSD
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE X (HWP) RECT (HWP) (HTP) ’PERTURB.EDGE1’
INTERFACE COATING BARE BRAIN BRAIN CSD
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE X (-HWP) RECT (HWP) (HTP) ’PERTURB.EDGE2’
INTERFACE COATING BARE BRAIN BRAIN CSD
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE Y (HWP) RECT (HTP) (HWP) ’PERTURB.EDGE3’
INTERFACE COATING BARE BRAIN BRAIN CSD
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE Y (-HWP) RECT (HTP) (HWP) ’PERTURB.EDGE4’
INTERFACE COATING BARE BRAIN BRAIN CSD
SHIFT Z (DTOTAL+HTP)
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
PLANE Z (DTOTAL+2*HTP) RECT (HWP) ’PERTURB.BACK’
INTERFACE COATING BARE BRAIN BRAIN CSD
SHIFT X (XPOS PERT)
REDEFINE COLOR 4
$ENDIF
$INVISIPLANES
!!CREATE DETECTORS
$DO 0 9
!!$DO LOOP CREATES A SERIES OF 10 DETECTORS ACROSS THE
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!!SURFACE OF THE SAMPLE, SPACING THE CENTERS OF EACH
!!DETECTOR BY 400 UM.
{ENT OBJ
PLANE Z -21 ELLIP (DET RADIUS) ’DETECTOR.?’
INTERFACE 0 0 AIR AIR
SHIFT X (DET0 XPOS+(?*(DET PITCH)))
}
} !!END SYSTEMSETUP
CLEARSOURCES{
!!REMOVE RAYS FROM THE INITIAL SOURCES WHEN
!!DECOMPOSED SOURCES ARE CREATED
$DO 0 (DETNUMBER)
{$IF ? EQ 0 THEN
SELECT EXCEPT SOURCE (?+1) !!SELECTS ALL RAYS NOT IN SOURCE 1
$ELSE
SELECT REMOVE SOURCE (?+1) !!REMOVES RAYS FROM SOURCES 2-DETNUMBER
$ENDIF
$IF ? EQ (DETNUMBER) THEN
SUBSET !!CLEARS RAYS NOT SELECTED
$ENDIF}
}
COHERENTSOURCE{
!!CREATE COHERENT SOURCE
$DO 0 (DETNUMBER)
{XSOURCESHIFT=(XSOURCESTART+(?*(DET PITCH)))
PARABASAL 8
BEAMS COHERENT DIFFRACT
GRID ELLIP Z -20 -4@2 2@6
SHIFT X (XSOURCESHIFT)
SOURCE POSITION (XSOURCESHIFT) 0 -(20+(2/TAN[7]))}

!!SET TOTAL ENERGY OF SOURCES
FLUX TOTAL (0.6*(DETNUMBER+1))

!!CREATE PLANE TO SAMPLE COHERENT SOURCE
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ENT OBJ
PLANE Z -1 RECT (HW) ’SURFACE1’
INTERFACE COATING TRANSMIT AIR AIR

!!PLOT AND TRACE
WINDOW X -(HW) (HW) Z -25 10
PLOT FACETS 5 5 OVERLAY
TRACE PLOT STEP 1
!!DECOMPOSE COHERENT SOURCE
$DO 0 (DETNUMBER)
{CONSIDER ALL
SELECT ALL
XSOURCESHIFT=(XSOURCESTART+(?*(DET PITCH)))
WINDOW Y -15 15 X (XSOURCESHIFT-15) (XSOURCESHIFT+15)
SELECT ONLY SOURCE (?+1)
CONSIDER ONLY SURFACE1
SPREAD NORMAL
!!DISPLAY
!!PIC
!!RETURN
FIELD ENERGY YX -15 15 (XSOURCESHIFT-15) (XSOURCESHIFT+15)
!!DISPLAY 29 ENERGY
!!ISO
!!RETURN
DECOMPOSE POSITION
FIELD ENERGY YX -15 15 (XSOURCESHIFT-15) (XSOURCESHIFT+15)
!!DISPLAY 29 ENERGY
!!ISO
!!RETURN
CONSIDER ALL}

A.3. ASAP CODE

}
INCOHERENTSOURCE1{
!!CREATE PLANE FOR COHERENT-INCOHERENT SOURCE CONVERSION
ENT OBJ
PLANE Z 1 RECT (HW) ’ABSORBER’
INTERFACE COATING ABSORB LAYER1 LAYER1
RETURN
SELECT ONLY SOURCE (DETNUMBER+2)
GET
SELECT ALL
WINDOW X Z
PLOT FACETS 5 5 OVERLAY
TRACE PLOT
$DO 0 (DETNUMBER)
{XSOURCESHIFT=(XSOURCESTART+(?*(DET PITCH)))
CONSIDER ONLY DETECTOR.?
SELECT ONLY GENERATION 1
WINDOW Y -15 15 X (XSOURCESHIFT-15) (XSOURCESHIFT+15)
SPREAD NORMAL
$GRAB ’Beams’ 1 2 SPECULARREF?
!! GET TOTAL ENERGY INFORMATION AND SAVE TO THE VARIABLE "FLUXTOTAL"
DISPLAY
PIC
RETURN
CONSIDER ALL
SELECT ALL
$IF ? EQ 0 THEN
$IF (A9) EQ 1 THEN
$IO OUTPUT REFCENTERED ONLY
STATS

71

72

APPENDIX A. OPTICAL SIMULATION DETAILS

$IO OUTPUT CLOSE
$ELSEIF (B9) EQ 1 THEN
$IO OUTPUT REFBETWEEN ONLY
STATS
$IO OUTPUT CLOSE
$ENDIF
$ENDIF

WINDOW Y -15 15 X (XSOURCESHIFT-15) (XSOURCESHIFT+15)
!! DEFINE A WINDOW TO EXAMINE ABSORBER
CONSIDER ONLY ABSORBER !! CONSIDERS ONLY THOSE RAYS ON THE ABSORBER
SPREAD POSITION !! GET ENERGY DISTRIBUTION INFORMATION FROM ABSORBER
PIXEL 201 !!

DEFINE PIXEL RESOLUTION FOR WINDOW

$GRAB ’Beams’ 1 2 FLUXTOTAL?
!! GET TOTAL ENERGY INFORMATION AND SAVE TO THE VARIABLE "FLUXTOTAL"
DISPLAY !! OPEN DISPLAY COMMANDS
PIC !! DISPLAY A PICTURE OF THE ENERGY DISTRIBUTION ON THE DETECTOR
WRITE BEAMS? DIS
!! COPY ENERGY DISPLAY INFORMATION TO THE FILE "BEAM.DIS"
RETURN !! CLOSE DISPLAY COMMANDS
}

$DO 0 (DETNUMBER)
{FLUXTOTAL=FLUXTOTAL+FLUXTOTAL?
}
}
INCOHERENTSOURCE2{
!!RESET SYSTEM
$SYSTEMSETUP
SEED
XMEMORY MIN
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$DO 0 (DETNUMBER)
{BEAMS INCOHERENT GEOMETRIC !!
IMMERSE SKULL !!

SET ASAP TO CREATE INCOHERENT SOURCE

IMMERSE SOURCE IN LAYER1 MEDIA

EMITTING DATA BEAMS?.DIS (RAYNUM) (G0) (G0)
!! CREATE AN INCOHERENT SOURCE USING THE ENERGY DISTRIBUTION
!! FROM THE DISPLAY FILE "BEAM.DIS" WITH DIVERGENCE ANGLE
!! SAVED IN THE VARIABLE "G0" BY THE "GET" COMMAND
SHIFT 0 0 1
RETURN
IMMERSE AIR
}
FLUX TOTAL (FLUXTOTAL)
!! SET TOTAL FLUX OF THE INCOHERENT SOURCES TO THE SAME AS THE COHERENT SOURCES
$IF (RAYNUM) GE 1000 THEN
NUMPLOT=INT(RAYNUM*0.01)
$ELSE
NUMPLOT=1
$ENDIF
SPLIT 1500 MONTECARLO
SAVE
WINDOW X Z
&REG TRACECOUNT
!!PLOT FACETS 5 5 OVERLAY
TRACE !!PLOT (NUMPLOT)
}
SOURCEPOSITION{
$IF (COLOCATE SOURCE) EQ 1 THEN
XSOURCESTART=DET0 XPOS
$ELSEIF (COLOCATE SOURCE) EQ 0 THEN
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XSOURCESTART=DET0 XPOS-DET PITCH/2
$ENDIF
}
INVISIPLANES{
SPACING=(THICKNESS)/(NUMPLANES+2)
!!DETERMINES SPACING OF PATH DETECTION PLANES
$DO 1 (NUMPLANES) 1
!!CREATES PATH DETECTION PLANES WITHIN TISSUE MODEL
{PLOCATION=SPACING*?
$IF (PLOCATION) GE 0 AND (PLOCATION) LT (SKULLTHICKNESS) THEN
ENT OBJ
PLANE Z (PLOCATION) RECT (HW) ’PLANES.?’
INTERFACE COATING TRANSMIT SKULL SKULL
RETURN
$ELSEIF (PLOCATION) GE (SKULLTHICKNESS) AND (PLOCATION) ,
LT (SKULLTHICKNESS+CSFTHICKNESS) THEN
ENT OBJ
PLANE Z (PLOCATION) RECT (HW) ’PLANES.?’
INTERFACE COATING TRANSMIT CSF CSF
RETURN
$ELSEIF (PLOCATION) GE (SKULLTHICKNESS+CSFTHICKNESS) AND (PLOCATION) LT ,
(SKULLTHICKNESS+CSFTHICKNESS+DBRAIN) THEN
ENT OBJ
PLANE Z (PLOCATION) RECT (HW) ’PLANES.?’
INTERFACE COATING TRANSMIT BRAIN BRAIN
RETURN
$ELSEIF (PLOCATION) GE (SKULLTHICKNESS+CSFTHICKNESS+DBRAIN) AND ,
(PLOCATION) LT (SKULLTHICKNESS+CSFTHICKNESS+DBRAIN+(2*HTP)) THEN
ENT OBJ
PLANE Z (PLOCATION) RECT (HW) ’PLANESOUTER.?’
INTERFACE COATING TRANSMIT BRAIN BRAIN
BOUNDS MULTIPLE +18 -19 +20 -21
PLANE Z (PLOCATION) RECT (HW) ’PLANESPERTURB.?’
INTERFACE COATING TRANSMIT BRAIN CSD BRAIN CSD
BOUNDS -18 +19 -20 +21
RETURN
$ELSEIF (PLOCATION) GE (SKULLTHICKNESS+CSFTHICKNESS+DBRAIN+(2*HTP)) ,
AND (PLOCATION) LT (THICKNESS) THEN
ENT OBJ
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PLANE Z (PLOCATION) RECT (HW) ’PLANES.?’
INTERFACE COATING TRANSMIT BRAIN BRAIN
RETURN
$ENDIF
}
}
TRACEHISTORY1{
$IO VECTOR REWIND
CONSIDER ALL
CONSIDER EXCEPT PLANES.?
AND PERTURB.?
PLOT FACETS 5 5 OVERLAY

AND PLANESPERTURB.?

AND PLANESOUTER.?

,

&DO 0 9 !!REPLOTS PATHS OF RAYS PRESENT ON EACH DETECTOR INDIVIDUALLY
{CONSIDER ALL
CONSIDER ONLY DETECTOR.|
HISTORY PLOT (PLOTNUM) COLOR (|+2) OVERLAY
}
CONSIDER ALL
CONSIDER ONLY PERTURB.?
PLOT FACETS 5 5
}
TRACEHISTORY2{
&DO 0 9 !!REPLOTS PATHS OF RAYS PRESENT ON EACH DETECTOR INDIVIDUALLY
{CONSIDER ALL
$IO VECTOR REWIND
CONSIDER EXCEPT PLANES.? AND PLANESPERTURB.? AND PLANESOUTER.? ,
AND PERTURB.?
PLOT FACETS 5 5 OVERLAY
CONSIDER ONLY DETECTOR.|
HISTORY PLOT (PLOTNUM) COLOR (|+2) OVERLAY
CONSIDER ALL
CONSIDER ONLY PERTURB.?
PLOT FACETS 5 5
$VIEW
}
}
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AND PLANESPERTURB.?

AND PLANESOUTER.?

,

&DO 0 9 !!REPLOTS PATHS OF RAYS PRESENT ON EACH DETECTOR INDIVIDUALLY
{CONSIDER ALL
CONSIDER ONLY DETECTOR.|
HISTORY PLOT (PLOTNUM) COLOR (|+2) INTERSECTS PERTURB.BACK OVERLAY
}
CONSIDER ALL
CONSIDER ONLY PERTURB.?
PLOT FACETS 5 5
}
TRACEHISTORY4{
&DO 0 9 !!REPLOTS PATHS OF RAYS PRESENT ON EACH DETECTOR INDIVIDUALLY
{CONSIDER ALL
$IO VECTOR REWIND
CONSIDER EXCEPT PLANES.? AND PLANESPERTURB.? AND PLANESOUTER.? ,
AND PERTURB.?
PLOT FACETS 5 5 OVERLAY
CONSIDER ONLY DETECTOR.|
HISTORY PLOT (PLOTNUM) COLOR (|+2) INTERSECTS PERTURB.BACK OVERLAY
CONSIDER ALL
CONSIDER ONLY PERTURB.?
PLOT FACETS 5 5
$VIEW
}
}
REPORTINFO{
$STAMP
&REG VERSION
&REG TRACECOUNT
&REG COLOCATE SOURCE
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&REG
&REG
&REG
&REG
&REG

RAYNUM
PERTURB
DET0 XPOS
DET PITCH
HW

$IF (PERTURB) NE 0 THEN
!! REPORT PERTURBATION INFO IF PERTURBATION EXISTS
&REG HWP
&REG HTP
&REG DBRAIN
&REG XPOS PERT
&REG XPOS PERT COUNT
$ENDIF
STATS
&REG SPECULARREF0
}

!!

COMMANDS - HERE’S WHERE THE ACTION IS

$WAIT (EXEC DELAY) !!WAIT FOR EXEC DELAY SECONDS
!! INITIALIZE INTERNAL VARIABLES
XSOURCESTART=0 !!INITIALIZED VARIABLE FOR STARTING SOURCE POSITION
FLUXTOTAL=0
!!INITIALIZATION OF TOTAL FLUX VARIABLE FOR INCOHERENT SOURCE CREATION
TRACECOUNT=0 !!COUNT VARIABLE FOR OUTPUT FILE CREATION
XPOS PERT COUNT=0 !!COUNT VARIABLE FOR PERTURBATION
&TIC
$DO 1 (TRACENUMBER)
{
&TIC
$IF ? EQ 1 THEN
$SYSTEMSETUP
$SOURCEPOSITION
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$COHERENTSOURCE
$CLEARSOURCES
$INCOHERENTSOURCE1
!!$INCOHERENTSOURCE2
$ENDIF
$INCOHERENTSOURCE2
$IF (TRACECOUNT) EQ 0 THEN
$IO OUTPUT STAT ONLY
$REPORTINFO
$TIC
$IO OUTPUT CLOSE
$ELSE
$IO OUTPUT STAT +ONLY
$REPORTINFO
$TIC
$IO OUTPUT CLOSE
$ENDIF
$IF (TRACEHISTORY SEL) EQ 4 THEN
$TRACEHISTORY4 !!PLOTS EACH DETECTOR’S
!!PURTURBATION SEPARATELY AND DISPLAYS
$ELSEIF (TRACEHISTORY SEL) EQ 3 THEN
$TRACEHISTORY3 !!PLOTS EACH DETECTOR’S
!!PERTURBATION ON A SINGLE PLOT
$ELSEIF (TRACEHISTORY SEL) EQ 2 THEN
$TRACEHISTORY2 !!PLOTS EACH DETECTOR’S
!!DISPLAYS IN THE 3D VIEWER
$ELSEIF (TRACEHISTORY SEL) EQ 1 THEN
$TRACEHISTORY1 !!PLOTS EACH DETECTOR’S
$ENDIF
XPOS PERT=XPOS PERT+XPOS PERT INC
TRACECOUNT=TRACECOUNT+1
}
$IO OUTPUT STAT +BOTH
$TIC
$IO OUTPUT CLOSE

RAY HISTORY FOR ONLY THE
IN THE 3D VIEWER
RAY HISTORY FOR ONLY THE

RAY HISTORY SEPARATELY AND

RAY HISTORY ON A SINGLE PLOT
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