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Abstract

Among women, breast cancer has the highest incidence rate worldwide and remains

the leading cause of cancer-related deaths in developed countries. Women with stage

I or II breast cancer are eligible for a surgical procedure known as breast conserving

surgery (BCS) which seeks to optimize the amount of tissue removed.BCS involves

removing the tumor and a minimally thin peripheral layer, or margin of disease-

free tissue surrounding the tumor. While the procedure dramatically minimizes the

amount of tissue removed, an unfortunate concomitant reality is that a significant

percentage (around 25%) of patients will be advised to return for a second surgery

due to the discovery of malignant cells at the tissue margin edge, suggesting that it

is likely not all of the malignant cells were removed in the initial procedure. The

fact that margins are analyzed in histopathology post-operatively (in most cases)

presents a substantial clinical burden that could be reduced if the surgeon was able

to reliably assess suspicious areas intra-operatively.

The primary challenge in addressing this need stems from the need to resolve

microscopic cellular morphology within a relatively tremendous amount of benign

breast tissue. Many investigative optical tools seek to address this challenge, as the

wavelength-dependent nature of light propagation within tissue can be used to assign

optical signatures to tissue types derived from the relative tissue constituents.

Among the numerous techniques, quantitative diffuse reflectance spectroscopy

(QDRS) is a well-established, comparatively simple technique that has been ex-
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tensively validated in simulation, tissue-simulating phantoms, and various clinical

contexts to robustly provide feature-specific optical signatures related to tissue mor-

phology. We have leveraged QDRS in an evolution of several system formats to

describe the morphological state of excised breast tissue based on the endogenous

optical chromophores and scatterers within the breast, specifically, the amount of

hemoglobin from blood, β-carotene in fat, as well as the size distribution and num-

ber density of scatterers.

We have employed multiple hardware embodiments of this technique related to

the context of use. Each device leverages the same physical principles: The diffuse

reflectance spectrum is measured using an imaging probe with multiple optical chan-

nels and is analyzed with a feature extraction algorithm based on a fast, scalable

Monte-Carlo model to quantitatively determine the absorption spectrum (µapλq)

and reduced scattering spectrum (µ1spλq). The technology detects varying amounts

of malignancy in the presence of benign tissue by quantifying the margin landscape

as a cumulative distribution function (CDF) of the ratio of β-carotene concentra-

tion (absorber) and the wavelength averaged tissue scattering ([β-carotene]{ xµ1syλ),

derived from µ1s and µa , respectively. We have established through histopathological

validation that the [β-carotene]{ xµ1syλ reports on the relative amount of adipose to

collagen, glands, and fibrous content; decreased ratios are strongly associated with

the presence of residual disease.

Local recurrence in BCS has a compelling association with residual disease, sug-

gesting that QDRS could be used to reduce re-excision rates. The work presented

here demonstrates a systematic approach in the development of a pragmatic and

clinically viable QDRS imaging system. Two approaches are employed: a robust,

research-grade 49-channel system is used to validate previous clinical findings and

determine the optimal sampling resolution, and secondly, a low-cost, portable, minia-

ture system based on annular photodiodes is developed and shown to be diagnosti-
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cally comparable. These systems are accompanied by the development of a unique

imaging platform that provides robust quality control and improved resolution, fur-

ther improving the diagnostic capability. The diagnostic utility of the [β-carotene]{

xµ1syλparameter is explored in a 100-patient clinical study. The potential for com-

mercialization of the miniature system is informed through deployment of a replica

system at a remote institution. Accessibility is improved through the design of

a generic, object oriented software package that abstracts the individual hardware

components.

The portability, accuracy, and manufacturability provide a realistically translat-

able path for integration into the clinical standard of care.
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1

Breast Cancer and Light

1.1 Clinical Predicate

The prevailing health hazard among women in the developed world is unmistakably

breast cancer, with an incidence rate above 70 in 100,000 women per year1. Improved

understanding, screening, and advances in health-care technology have steadily re-

duced the mortality rate of breast cancer despite a corresponding increase in new,

previously unapparent, early stage breast cancer cases.

Modernized care notwithstanding, breast cancer persists as the second leading

cause of cancer-related deaths in women. When identified at an early stage, surgical

removal of malignant tissue affords optimistic prognoses; for breast localized tumors,

the 5-year survival rate is 99%. Most breast cancer cases are diagnosed at an early,

localized stage (61%), when the cancer has not spread to the lymph nodes or other

tissues outside the breast2. To that end, clinical advances preventing the spread

and recurrence of localized malignancy are necessary to further reduce breast cancer

mortality.
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1.1.1 Breast Conserving Surgery

For most women with stage I or II breast cancer, breast conserving surgery (BCS) is

a clinically preferred alternative to a total mastectomy. This procedure is clinically

referred to as a partial mastectomy or lumpectomy and has been shown to be as

effective as a total mastectomy when combined with radiation therapy3. In the

interest of reduced surgical involvement, BCS is correspondingly the more frequent

surgical choice.

The unfortunate limitation of BCS is the lack of a commonplace technique to

definitively ensure all cancer cells are removed during surgery, resulting in the possi-

bility of cancer regrowth and metastasis. The clinical standard of care particular to

this problem involves analysis of the tissue removed from the breast by a pathologist

post-operatively; in the event of a regrettable prognosis, the patient will have to

return for additional treatment. The findings of the pathologist are reported as a

‘margin status’, which indicates the location of cancer cells relative to the peripheral

edge of the removed tissue. The underlying premise is that if cancer cells are present

at the outermost edge of the excised tissue, there is a high likelihood that a region of

malignancy was not completely removed and the patient may be at risk for additional

tumor growth. ‘Negative’ or clear margins indicate the absence of cancer cells at the

peripheral edge and imply a low risk of regrowth, while ‘close’ and ‘positive’ mar-

gins indicate the presence of cancer cells near (within 2 mm) and at the margin edge

with intermediate and high risk of regrowth, respectively. Graphical representations

of negative, close, and positive margins are shown in Fig.1.1.

Consistently obtaining clear margins unfortunately remains a persistent challenge

among breast cancer surgeons. The inability to discern malignant cells relative to the

margin edge during surgery poses a significant unmet clinical need: the totality of

disease excision during surgery cannot be be definitively determined by the surgeon
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Figure 1.1: Margin status representation. a) Cartoon depicting a clear, negative
margin with ą2 mm of normal(beige) peripheral tissue surrounding the primary
tumor(purple), b), representation of a close margin with invasion just beyond 2 mm,
and c), representation of a positive margin with ‘tumor on ink. ’

alone, which may lead to additional surgeries due to the increased risk in local

recurrence of disease4. The margin status at final pathology is the most established

risk factor for predicting local recurrence in patients with early-stage cancers; positive

margins are associated with at least a 2-fold increase in the risk of local recurrence

when compared to negative margins5. Consequently, approximately 25% of patients

in the developed world will be advised to return for a second surgery due to the

finding of malignant cells at, or very near, the excised tissue surface6;7;8. Enabling

surgeons and clinical staff with a practical means to determine the margin status,

with accuracy bordering pathology, during surgery would conceivably reduce the

need for repeat surgeries, local recurrence, and possible metastasis. Indeed, there

are a few cancer centers in the United States that have the resources to enable

histopathologic margin analysis during the first surgery, and among these centers

re-excision rates are typically lower (1.4 - 25%)9;10;11;12. Nevertheless, the range of

sensitivity and specificity (true positive and negative rate, respectively) for these

intra-operative techniques varies greatly across available literature (59-91% and 86-

100%, respectively).

The margin assessment problem is further complicated by the nature of particular

types of breast cancer invasion and/or practical sampling limitations characteristic to

the typical volume of tissue removed during BCS. The general histopathological work-
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flow typically involves sectioning the removed tissue specimen in 3 mm increments

perpendicular to the longest axis, similar to how bread is usually sliced. These

sections are then further sectioned to fit into histology cassettes so the remainder of

processing can be automated. The tissue sections are cast into paraffin blocks and

placed into a microtome, wherein microscopically thin (2-5 µM) shaves are taken from

the proximal surface for staining and review by a pathologist. Invasive protrusions

with smaller than 3 mm diameter cross sections (smaller than the width of the slice)

could easily be missed, putting the patient at risk for disease recurrence. It is not

feasible for the pathologist to shave each 3 mm completely through as this would

require approximately 1000 slides per section per tissue specimen, typically with ą 10

sections per specimen.

The sampling limitations, lack of widespread intra-operative use, and variable

utility of histology techniques suggest a greater impact to be had by a more clin-

ically viable method. Considering these challenges, many research groups, chiefly

those in biophotonics, envision an optical evaluation tool capable of imaging an intact

(non-sectioned) specimen as a pragmatic solution. The current state-of-the-art pho-

tonics technology provides an unequivocal advantage to any histologic or cytologic

technique: quantitation of measured optical signals can obviate the need for highly

trained personnel by providing rapid, computational predictions of residual disease.

1.2 Light-Tissue Interactions

Visible light is the primary medium in which we gather information on both the

macroscopic and microscopic level. It is theorized that the human eye is most sen-

sitive to the visible spectrum because it provides the most information about the

matter around us. Unlike radio-waves, the electric field (
ÝÑ
E pN ¨C´1q) from photons

cannot be directly measured due to the speed at which the field oscillates. The os-

cillation frequency (ν) of the visible spectrum spans roughly 428 THz (λ = 700 nm)
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to 768 THz (λ = 390 nm), where λ is the wavelength; it is currently not possible to

construct antennae on the order of billionths of meter, nor is it possible to directly

record information at the femtosecond time scale.

Properties of light related to its nature as an electromagnetic wave can be mea-

sured indirectly through interferometric methods and by the use of a variety of spe-

cialized optical elements, however, all ’photodetectors‘ measure the time averaged

energy of photons, known as the radiant flux (Φe pW q), over a specific area (of the

detector), giving what is known as the irradiance (Es pW {m
2q) or often intensity,

I. Consequently, the smallest unit of light that can be measured is the photon, a

quantum-mechanical particle formalism used to characterize electromagnetic radia-

tion in the optical range spanning the far infrared (IR) to deep ultra-violet (UV).

Light can be used to probe tissue in many different ways. The most familiar

and commonly used technique is white-light microscopy, wherein thin sections of

tissue are viewed as light transmits through them, only being attenuated at specific

wavelengths as determined by the natural absorbers, or in the case of histopathology,

dyes that enhance contrast. Fluorescence microscopy, a closely related technique,

leverages the re-emission of photons by certain molecules within or bound to tissue;

in this case, conversion of energy manifests as new light at wavelengths different than

those used to excite the molecules, often seen as a bright glow.

Measures of transmittance and fluorescence both depend on fundamental quantum-

mechanical properties of atoms. Atoms have discrete electronic states, often called

energy levels, and the electrons within atoms can transition to different, unoccupied

states, if there is energy added to the atom that closely matches the difference be-

tween the electron’s current state and the next higher energy state. Interestingly,

electromagnetic energy cannot be added to an atom if the amount of energy (de-

termined by the frequency, E = hν) does not match the difference of one or more

elevated states relative to the ground state, a quantum mechanical formalism known
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as a quanta of energy. The range of frequencies an atom can accept is known as the

absorption band, and it is from this principle that molecules within tissue each have

their own ‘spectral fingerprint.’

Energy absorbed by a molecule is transient; the collection of atoms are less stable

when electrons are bumped to elevated states and this energy is quickly converted to a

form that allows the atoms to return to their ground state. The return to the ground

state is where the difference between absorption and fluorescence is established; in the

case of absorption, the energy is released as heat, and fluorescent molecules instead

release the energy as a combination of heat and new photons with energy less than

the initial photon (lower ν), a phenomenon known as a ‘Stoke’s shift.’

Absorption and fluorescence are the primary two energy absorptive phenomena

that occur within the visible part of the electromagnetic spectrum. Astonishingly,

nearly every element in the periodic table has energy transitions corresponding to the

energy of photons within the visible spectrum. This is in fact the reason we can see

the world around us; all matter makes itself visible, in great detail, primarily across

the visible spectrum. There are numerous extensions of these phenomena that afford

different types of contrast for a given molecule, though the principles are generally

the same. Additionally, there are wavelengths just outside the visible spectrum

that can be used to probe molecules; most often these techniques are leveraged to

fingerprint molecules based on different characteristics, such as the vibrational or

rotational properties of a molecule provided by infrared (IR) spectroscopy or Raman

spectroscopy. The non-visible properties of matter can be detected by electronic

sensors and false-colored such that we can see these regions as well; this is the

premise utilized by night-vision goggles.

Absorptive phenomena provide the information about matter, however, these

phenomena alone are not enough to see most objects; from a vision perspective, to

know which colors of light are absorbed by an object, many colors must be projected
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Figure 1.2: Molecular absorption and particle scattering. a) Green photon striking
an atom requiring energy E to transition into an excited state, shown to the right.
Returning the ground state, either heat and a longer-wavelength photon (red) are
emitted or heat alone depending on whether the atom is fluorescent (bottom right)
or purely absorptive (top right). b) Simple particle scattering in which the photon
on the left passes through the particle with n ‰ nair, resulting in redirection at angle
θ.

onto the object and the colors not absorbed must be redirected back to one’s eye.

The redirection of photons is known simply as light scattering, and materials that

are highly scattering are often referred to as turbid. Light scattering is the basis for

a wide range of manifestations encountered daily, from the sky being blue to milk

being white and opaque. Without the redirection of photons, humans would only be

able to see the colors of translucent material, such as stained glass. An illustrative

diagram of molecular absorption and particle scattering is shown in Fig.1.2.

Unfortunately, describing light scattering is not as straightforward as simple en-

ergy transitions: the direction and amount of scattering for a particle or group of

particles depends on several factors, including the size, shape, index of refraction (n),

the wavelength of light, as well as interference effects characteristic to the wave-nature

of light. In the context of tissue, light scattering is primarily discussed according to

three different regimes based on the size of a theoretical spherical scatterer relative
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to the wavelength of light used. These groupings facilitate various approximations

according to respective mathematics and are discussed in the following section.

1.2.1 Diffuse Light Transport in Tissue

Thick (non-sectioned) biological tissue is composed of any number of scatterers, ab-

sorbers, and fluorophores depending on the specific type of tissue. The heterogeneous

distribution of these various particles complicates the trajectory of any ballistic pho-

ton, making it infeasible to characterize the interaction of light with tissue as pertur-

bations of individual photons as each encounters a given tissue constituent. Conse-

quently, light-tissue interactions are abstracted to models describing the behavior of

large aggregates of photons, such that tissue makeup is classified for a given volume

or slab, disregarding the exact structure and location of each individual particle, as

microscopy techniques are concerned with.

The most rigorous model for electromagnetic propagation involves solving Maxwell’s

equations with the appropriate boundary conditions at every encountered interface.

Instances in which this can feasibly be accomplished are referred to as determin-

istic systems. These systems attenuate and redirect light in a manner that can

be mathematically predicted with knowledge of objects and radiation involved. In

contrast, turbid media, such as biological tissue, are spatially and temporally unpre-

dictable and as a result, the specific amplitude and phase shift of light waves cannot

be predicted. Thus, biological systems are aptly coined random, and are charac-

terized instead by probability density functions and aggregate statistical averages.

The mathematical frameworks for random systems are grouped according to the na-

ture of scattering, most commonly termed random scatterers, random continua, and

non-uniform surfaces. The study of tissue optics is primarily contained within the

random scatterer category. Frameworks involving random scatterers model a sin-

gle scattering event and extend this to observations of multiple scattering events,
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depending on the density of random scattering events.

Models describing the remitted light from multiple scattering biological media

are broadly contained within two distinct theoretical constructs: the first is radia-

tive transport theory, where the propagation of light intensity and energy balance is

considered, the second is an analytical framework simply called multiple scattering

theory and involves solutions to the wave equation for a single particle that is then

convolved with the interaction effects of many scatterers, resulting in statistical av-

erages for the remitted light. Radiative transport theory is typically used for tissues

that are predominantly scattering with little absorption and is typically employed in

technology leveraging the near-infrared (NIR) part of the spectrum, as tissue absorp-

tion is minimal in this region. Although more complex, multiple scattering theory

is employed for tissues with substantial absorption, typically corresponding to the

visible spectrum, and varying levels of scattering; the exact formulation can vary

depending on the size distribution of particles. The effort to distinguish diseased

breast tissue from normal breast tissue on the surface of the ex vivo specimen does

not require the deep penetration depth afforded by NIR spectroscopy, and as such,

multiple scattering theory is employed across the visible spectrum; this combination

of theory and spectrum selection provides the most information content, and thus

diagnostic power, for breast tissue at or near the surface of the specimen. The aver-

age penetration depth of interrogating photons depends on measurement geometry

and is described in Sect.1.2.4.

1.2.2 Tissue Scattering

The biological origins of tissue scattering stems from biological structures ranging

from lipid membranes, with a size scale close to 10 nm, to individual cells, with

sizes near a maximum of 10 µm. To adequately characterize random distributions

of these varying-size particles, heuristic approximations of multiple scattering theory
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Figure 1.3: Scattering generalizations. a) Rayleigh scattering, when λ is much
smaller than the particle cross-section. b) Mie scattering, when λ is close in size
to the particle cross-section, resulting in a directional bias. c) Illustration of σs, the
redirected photons result in a dark, photon-less, area, in this case smaller than the
particle, corresponding the the scattering cross-section.

are employed. The characteristic equations corresponding to groups of sizes are

categorized as follows: Rayleigh scatterers, where the size of the particle is much

smaller than the wavelength, Mie scatterers, where the particle size is near the same

size as the wavelength of the photon, and Van de Hulst scatterers, where the particle

size is much larger than the wavelength of light13;14;15. Tissue scattering according

to size and wavelength is summarized in Fig.1.3.

When a propagating wave strikes a scattering particle, the electric field is redi-

rected; the scattered electric field can be exactly described by

„

EK,spθ, φq
E‖,spθ, φq



“
e´ikr

ikr
Spθ, φq

„

EK,i
E‖,i



(1.1)

where Spθ, φq represents the scattering amplitude matrix obtained by solving Maxwell’s

equations with angle φ of the incident field for angle θ of the scattered field. E‖,spθ, φq, EK,spθ, φq rep-
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resent the parallel and perpendicular components of the scattered field, andE‖,spθ, φq, EK,spθ, φq rep-

resent the parallel and perpendicular components of the incident field.

In practice, the intensity, defined as I “ xEE˚y, is measured given that the elec-

tric field cannot be measured directly. For purely scattering particles, the intensity

is then

Is “ |E0|
2 e
´i2kr

pikrq2
|fpŝ, ŝ1q|2 (1.2)

where |fpŝ, ŝ1q|2 represents the scattering amplitude in vector notation for direction

vector s. The scattering amplitude is often written as σdpŝ, ŝ
1q, and is known as the

differential scattering cross-section. The total scattering cross section, σs, encap-

sulates both the differential scattering cross-section σd and the contributions from

back-scattered light, σb. The scattering cross-section can be thought of as the area of

a theoretical index-matched absorbing disc that would produce the equivalent atten-

uation of light as the scattering particle. A graphical representation of this is shown

in Fig.x. σsis best understood in its integral form given by

σs “

ż

S

I

I0k2
dΩ (1.3)

where Ω represents solid angle (see Van de Hulst and Twersky 15). For Rayleigh

scatterers, this reduces to

σs “
128π5a6

3λ4

ˆ

m2 ´ 1

m2 ` 2

˙2

(1.4)

where a is the particle radius and m is the ratio of indices of refraction for the

particle and medium, np{nm. Rayleigh scattering cross sections thus decrease mono-

tonically with λ. An important property of scatterers in the Rayleigh regime is
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that the angular distribution of scattered photons is symmetric and highly variable,

meaning the redirected photon will have an equal probability for all directions. Mie

scatterers on the other hand, do not have a simple formulation resulting in a sym-

metric probability distribution; because the scatterer size is near the wavelength of

light, constructive and destructive interference influence the directionality of scatter

angles. To incorporate this directionality, a new term called the reduced scattering

cross-section, σ1s, is used which incorporates a term for the asymmetry. The reduced

scattering cross-section for Mie particles can be approximated by

σ1s “ 3.28

ˆ

2πnpa

λ

˙0.37

pm´ 1q2.09σg (1.5)

where σg is the geometrical cross section.

Most tissues can be considered a mixture of Rayleigh and Mie scatterers. To

characterize the scattering properties in tissue, the scattering coefficient, µs, is used.

The µs parameter describes the probability of a photon scattering event per unit

path length, typically 100 cm´1 in tissue. Given the number density of scatterers,

Ns, µs is defined as

µs “ Nsσs (1.6)

Light scattering in tissue is most heavily influenced by cell nuclei and other cellular

organelles, and the sizes of these components roughly match the wavelengths of light

used to probe tissue. The index of refraction of these structures ranges from 1.35

to 1.7, creating an index mismatch with the surrounding water-based liquids (n =

1.33). In practice, an alternate form of the scattering coefficient is used to account

for the asymmetric probabilistic directional nature of scattering in tissue: the reduced

scattering coefficient which is defined as
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µ1s “ µsp1´ gq, (1.7)

where g is the anisotropy constant describing the average cosine of redirected photon

angles, xcospθqy. An anisotropy factor of g = 1 represents a completely forward

scattering particle and g = 0 represents a completely backscattering particle. The

reduced scattering coefficient is the parameter used to describe the bulk scattering

nature of thick tissues.

1.2.3 Light Absorption

The absorption of light in tissue is generally considered weak, as photons typically

travel, on average, distances above 10mm before an absorption event occurs. More-

over, light absorption does not re-direct the photon and is determined by spectral

attenuation over some distance (Beer-Lambert law), according to the material’s ab-

sorbance. The absorption coefficient, µa, is similar to the scattering coefficient in

that it represents the probability of a given photon being absorbed per unit path

length. Similar to µs, µa is defined as

σa “ Qaσg, (1.8)

where Qais the absorption efficiency, which is the cross-sectional area for absorption

per unit volume, and σais the number density of absorbers. In an absorbing medium,

light then attenuates according to

dΦe

Φe

“ ´µadl, (1.9)

where l is the length parameter. This integrates to the Beer-Lambert law

Φeplq

Φe0

“ e´µal, (1.10)
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which simplifies to the linear relationship

τ “ ´µal, (1.11)

where τ represents the optical depth. To formulate this into something useful for

tissue spectroscopy, the relationships,

A “
τ

lnp10q
, (1.12)

where A is a material property known as the absorbance,

εi “
Nav

lnp10q
σa, (1.13)

where Nav is Avogadro’s constant, and εi is the molar extinction coefficient of the

ith absorber in solution, and finally,

ci “
Na

Nav

σa, (1.14)

where ci is amount concentration of the ith absorber, giving

µaptotalq “
N
ÿ

i“1

lnp10qεici
l

(1.15)

showing that the total absorption coefficient is simply the sum of absorption co-

efficients for all materials in the medium. Thus, as long as the molar extinction

coefficient, ε, is tabulated for the absorbers in tissue, the individual concentrations

of each can be determined given the absorption spectrum of each is unique. This

is very useful in tissue, as one can obtain quantities such as the oxygen satura-

tion, which is the amount of oxygenated hemoglobin relative to the total amount of
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Figure 1.4: Tissue model representing the relation of penetration depth (colored
planes) to radial distance detected (colored rings).

hemoglobin, oxygenated and deoxygenated, from a single spectrum. Some absorbers

in tissue include β-carotene in fat, hemoglobin in the blood, and melanin in the skin.

1.2.4 Diffuse Reflectance

With the exception of microscopy, biological tissue is typically assessed in a reflec-

tion scheme, where diffusely reflected light is measured some radial distance, typically

denoted as ρ or d, from the source (1.4). The measured intensity is background cor-

rected and calibrated against reference standard to obtain the wavelength dependent

diffuse reflectance, given by

Rpλq “
Ipλq ´ Ipλqbgd
Ipλqc ´ Ipλqcbgd

. (1.16)

The wavelength dependence of R is used to extract µ1spλq and µapλq, as there is

only one unique combination of µ1spλq and µapλq that would result in the given R(λ).
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Figure 1.5: Adult human breast.

1.3 Optical Margin Assessment

1.3.1 Adult Human Breast

The breast consists of a network of interconnected ducts and lobules with adipose

tissue heterogeneously interspersed, as shown in Fig.1.5. It is in these ducts and

lobules where cancer originates, however, unlike the layered epithelial structures

characteristic to most organs, the stromal network surrounding these infiltrations is

poorly defined and notoriously difficult to locate spatially. Moreover, the abnormal

proliferation of cells in the basement membrane of the ducts and lobules are not

identifiable at the earliest stages: the cellular changes are minuscule relative to the

size of the breast, which may itself be densely fibrous, rendering it impossible to

detect via traditional mammography or palpation. Typically, carcinomas in situ go

undetected and it isn’t until the tumor cells invade the breast stroma to form a

palpable mass that a diagnosis is made. Unfortunately, it is at this stage that the

cells may invade the lymphatic system or surrounding vasculature, which can result

in local or distant metastases.

The morphological and biochemical changes that occur during breast cancer car-
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cinogenesis manifest in a manner that can be optically scrutinized, particularly with

changes in spectral absorption and scattering relative to non-disease tissue. Notwith-

standing many other epithelial cancers, increases in DNA extent as well as changes

in nuclear morphology result in increased scattering, an effect that is enhanced by

the changing stroma outside the cell. Often, the changing stroma results in in-

creased fibrous tissue which may also displace adipose tissue, resulting in decreased

β-carotene content. Relative to the normal breast, there may also be adapted vascu-

lar formation, resulting in modified hemoglobin dynamics via angiogenesis or vessel

displacement.

While the optical absorbers and scatters comprising breast tissue are well known,

the act of quantifying them for use as discrete diagnostic metrics is complicated by

the variations in breast tissue composition among women. Indeed, this poses a signif-

icant challenge for radiologists examining patient mammograms; these variations can

result in the same x-ray attenuation characteristics as dysplastic or malignant tissue.

Increases in connective and epithelial tissue manifest as a denser breast, which ap-

pears as radiologically dense and therefore light, while adipose tissue is radiologically

sparse and therefore dark16. The percentage of the breast that comprises connective

and epithelial tissue relative the remainder is what is used to determine mammo-

graphic breast density, typically graded on a scale of 1-4, with 4 being extremely

dense. As certain, mammographic breast density is more strongly associated with

breast cancer risk than any other demographic variable17.

1.3.2 Design Considerations

There are several important criteria that have to be considered in designing an ef-

fective and efficient intra-operative assessment tool. Sensitivity and specificity: A

device with sensitivity comparable to that of frozen section or touch-prep but without

an expert on-site pathologist and radiologist would enable many more patients than
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just those at high volume breast centers to benefit from lower re-excision rates. As

a frame of reference, the sensitivity of frozen section ranges from 59-91%18 and that

of touch-prep varies from 75-100%9;19;20;21. The specificity of the proposed device

should be such that it does not adversely affect the procedure burden, i.e.normal tis-

sue is not unnecessarily removed to achieve clear margins. At minimum, the device

should improve upon surgeon specificity. Sampling resolution, area, and speed: The

most substantial challenge with intra-operative breast margin assessment is the need

to resolve focal residual disease amidst the relatively large area (10100 cm2) of mostly

benign tissue in a time frame that is practical for use in an intra-operative setting.

Although there is no standardized procedure time, the typical lumpectomy proce-

dure usually starts with sentinel node mapping to determine if the malignancy has

spread to the lymph nodes. The idea is that the lumpectomy can be performed while

the sentinel node is sent to pathology for frozen section analysis to determine if the

patient needs a complete axillary node dissection. Ideally the surgeon will remove the

lumpectomy within this 20-40 minute window, meaning a favorable intra-operative

device would assess the margin within a fraction of this time, allowing the surgeon

to perform additional tasks such as preparing to close the patient or taking addi-

tional tissue shaves if the margin is positive. : The two most commonly observed

margin sizes from a group of 118 margins at Duke were 4.5 cm x 4.5 cm ( 20 cm2)

and 3.2 x 3.2 cm ( 10 cm2), and the vast majority of the margins had an area that

was in between. This reflects the large area of tumor margins within which residual

disease might be found22. The sampling resolution of pathology is directly related

to the thickness of each bread loafed section, which varies between institutions. At

Duke, specimens are bread loafed into 3-5mm slices and a pathologist microscopi-

cally evaluates one 5 µmslice from each slice. Micron resolution is ideal. However,

it is challenging to achieve complete coverage of large ( 20 cm2) tumor margins with

micron resolution in a clinically reasonable time. Thus, a resolution comparable to
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the thickness of the bread loafed slices (several mm) would at least be on par with

the thickness of tissue pathologists samples from, though resolution on the order of

1mm would be preferable to very small foci associated with DCIS.

Based on the above criteria, a device with sensitivity of 80-100%and specificity

greater than that of the surgeon would enable many more women than just those at

high-volume breast centers to benefit from lowered re-excision rates without compro-

mising the purpose of the procedure, which is to conserve non-diseased tissue. The

device should be able to rapidly image margins as large as 20 cm2, with resolution

comparable to or better than that of pathologic assessment, i.e., several millimeters.

1.3.3 Quantitative Diffuse Reflectance Imaging

Quantitative diffuse reflectance imaging (QDRI) is an emerging modality that col-

lects and analyzes reflectance spectra produced as ultraviolet-visible (UV-VIS) light

propagated through a turbid medium to determine the absorption and scattering

properties of the medium. From the absorption spectra, tissue composition maps,

such the concentrations of oxy-hemoglobin (rHboxys) and deoxy-hemoglobin (rHbdes),

can be extracted, while the scattering map reflects the tissue morphological infor-

mation, such as nuclear size and density. Both tissue compositions and morpho-

logical information have been identified as useful biomarkers for cancer diagnostics.

QDRI has attracted growing interest for noninvasive tissue characterization in the

last decade. One, and maybe the most important, application of this technology is

for noninvasive detection of tumor margins during surgeries, such as breast conserv-

ing surgery (BCS) and brain surgery, where maximal preservation of normal tissue

or functionality is critical.

Prior to this work, several iterations of a multiplexed single point UV-VIS DRS

probe that has been extensively validated in multiple phantom and clinical stud-

ies23;24. The most recent embodiment consisted of an 8-channel (8ch) QDRI in-
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strument arranged in a 4x2 array. The 8ch QDRI system was capable of imaging

1-3 margins of a resected lumpectomy breast specimen at a resolution of 5mm at a

rate of 7-8 minutes per margin. The diffuse reflectance spectrum from each channel

was analyzed with a feature extraction algorithm based on a fast, scalable Monte

Carlo model developed by Palmer and Ramanujam (US 7,570,988) and licensed to

Zenalux, Inc., to quantitatively determine µa and µ1s. Brown et al. achieved a sen-

sitivity and specificity of 74% and 86% , respectively, in detecting close or positive

margins when the patients mammographic breast density (MBD) was considered a

priori. The spectral information is used as a surrogate for tissue morphology, afford-

ing contrast between benign and malignant tissue and the respective subtypes. This

strategy has provided a means to quickly survey 10s of cm2 tissue areas, quantita-

tively, on intra-operative time scales. The differentiating feature of QDRI is derived

from the ability to detect varying amounts of malignancy in the presence of benign

tissue (which is highly variable across patients). One way to achieve this is by quan-

tifying the margin landscape as a cumulative distribution function (CDF) of the

ratio of β-carotene concentration to the magnitude of tissue reduced scattering ([β-

carotene]{ xµ1syλ). The underlying premise formulates that malignancy perturbations

will skew the derived distribution in a given direction relative to a completely benign

distribution. The hypothesis that [β-carotene]{ xµ1syλ reports on the relative amount

of adipose to collagen, glands, and fibrous content, which is linked to the presence

of residual disease, is test in this work with new QDRI technology.

1.3.4 Emerging Technologies

A number of academic27;28 and commercial29;30 groups have worked on or are devel-

oping tools for intraoperative assessment of breast tumors. Dune Medical, an Israeli

company, has developed a pen-like probe called the MarginProbe, which uses radio

waves to measure the electromagnetic properties of breast tissue over a 7 mm diam-
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eter area and 1 mm deep volume. A sensitivity and specificity of 70%was reported

in 2010 based on 869 tissue measurement sites (165 cancerous and 588 nonmalignant

sites) in 76 patients from three medical centers31. The device sensitivity was found

to change from 56%to 97%as the cancer feature size increased from 0.7 mm to 6.6

mm. The MarginProbe System received a FDA approval in January 2013 based on

a 664 patient prospective, multi-center, randomized, double arm study.

Pioneering optical studies to detect breast tumor margins were carried out by

Bigio et al. where elastic scattering spectroscopy in the UV-visible range was used to

look at sites within the tumor bed in 24 patients (13 cancer and 59 normal sites). This

work was important in that it represented initial evidence of absorption and/or scat-

tering contrast in residual breast cancer. Keller et al. employed diffuse reflectance

and fluorescence spectroscopy to detect cancerous sites on excised breast tumor mar-

gins in 32 patients (145 normal and 34 individual tumor sites), and reported a sen-

sitivity and specificity of 85% and 96%, respectively, for classifying individual sites

(not margins). Raman spectroscopy was used by Haka et al. on freshly sliced lumpec-

tomy specimens in 21 patients (123 benign and 6 malignant tissue sites) to achieve

a sensitivity and specificity of 83% and 93%, respectively for classifying individual

sites. Nguyen et al. demonstrated that optical cohere%tomography (OCT) detects

ex vivo margin positivity in 20 patients (11 positive/close margins and 9 negative

margins), with sensitivity and specificity of 100% and 82%, respectively by exploit-

ing scattering associated with increased cell density. All these studies have shown

excellent sensitivity or/and specificity in detection of positive tumor margins, but

the devices used are mostly a single point device and restricted to sampling a very

small area of the margin.

Recently several groups have reported the development of a number of new imag-

ing systems based on quantitative UV-VIS DRS for intraoperative margin detection.

Gebhart et al. designed a spectral imaging system to perform diffuse reflectance
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imaging of brain tumor margins using a liquid-crystal tunable filter, and Keller

et al. tested this device for breast surgical margin analysis. LLue et al. devel-

oped a margin scanner that can cover a 10 cm 10 cm at high spatial resolution.

Brown et al.; Wilke et al.; Bydlon et al. have multiplexed a single-point fiber optic

probe into a 42 imaging array and conducted a clinical study at Duke University

Medical Center on over 100 patients.
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2

Wide-field Quantitative Margin Imaging

2.1 49-Channel QDRI System

The clinical utility of our spectral surveillance technique to detect shifts in histologic

landscapes motivated further improvement of this technology; we have developed

a new 49-channel (7x7 array) QDRI system, with a large coverage area (17cm2),

affording complete single-margin surveillance (surface area typically 8 - 25cm2) in a

single spectral snapshot.A full margin image nominally requires 14 seconds or less,

depending on the integration time necessary. The ability to simultaneously acquire

data from 49 sites allows us to optically assay considerably larger tissue areas than

previously possible; in most cases, the entire single margin can be coarsely surveyed

in a single frame.

2.2 Instrumentation

The QDRI clinical system shown in Fig.2.1 consists of a desktop computer (Dell, Inc.,

Plano, TX), a dual-channel high-power LED source (developed in-house), a thermo-

electrically cooled CCD and spectrograph (Andor iDUS, Oxford Instruments, PLC,
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Abingdon, UK), a custom raster-scanning imaging platform, and a custom 49-channel

multiplexed fiber-optic probe (Romack, Inc., Irving, TX). The imaging probe shown

in Fig.2.1(b) consists of a 7x7 array of fiber-optic channels spaced 6 mm apart,

each comprised of 8 illumination fibers surrounding a single detection fiber (NA

= 0.22, d = 200µm). The effective imaging area is 17cm2. The center to center

source-detector separation distance for each channel is 700µm. The illumination

fibers for each of the 49 channels are collected and subsequently bifurcated into

even and odd illumination bundles; the odd and even channels of the probe are

illuminated independently. Two self-calibration channels (SC1: odd calibration, SC2:

even calibration) are implemented to offset within measurement, intensity variations.

The 51 detection channels (49 sample + 2 self-calibration) are arranged in a linear

array and coupled to and imaging CCD and spectrograph. A detailed diagram of the

probe design is shown in Fig. 2.1(b). A sequential illumination pattern of the odd

and even channels is used to reduce inter-pixel crosstalk; two consecutive spectral

snapshots are required to obtain a full 49-channel frame as shown in Fig. 2.1(c).

2.2.1 Imaging Probe and Detector

A thermo-electrically cooled imaging spectrograph with a back-illuminated 512512

pixel CCD camera was utilized for multi-track spectra acquisition. The 49 detection

channels of the probe are routed to a single detection bundle wherein all 49 fibers

are arranged in a linear array and coupled to the entrance slit of the spectrograph.

Each channel corresponds to approximately 8 vertical pixels on the CCD that are

binned in software. Pixels corresponding to odd and even detection fibers are binned

in two sequential frames, respective to the illumination odd and even sequence, thus

reducing the crosstalk between adjacent channels on the CCD. The CCD crosstalk

between the adjacent tracks was measured experimentally by lighting up only every

other four detection fibers and measuring the counts in the center channel (inactive)
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between two adjacent active fibers. Fig. 2.1(c) correspond to three images acquired

with the 49-ch QDRI system under different illumination conditions. The first panel

(i) represents each of the 49 detection channels (in ascending order from top to

bottom) illuminated with fluorescent room light and imaged onto CCD showing

that all 49 detection fibers are imaged onto the 12.7x12.7mm CCD with minimum

smile distortion observed on the CCD. The dark area between two tracks is due

to the cladding of the fibers. The double peaks of the fluorescence lamp spectrum

at 542.4nm and 546.5nm can be resolved, indicating that the spectral resolution is

around 3-4 nm. The second and third panels (ii and iii) show the spectroscopic

images acquired from a flat-white reflectance target with all odd channels on (25

tissue channels plus a SC channel SC-1 at the center) or all even channels on (24

tissue channels plus a SC channel SC-2 at the center), respectively.

2.2.2 LED Light Source

A dual-channel LED source was developed to reduce total acquisition time and to

improve the light source efficiency. The light source design is shown and diagrammed

in Fig. 2.1(d). The source consists of two identical LED modules; each module

contains two cool-white high-power LEDs, a cyan LED (λc = 510 nm), and a blue

LED (λc = 470 nm)(Luxeon Rebel, Phillips Lumileds, San Jose, CA). These four

discrete LEDs were chosen to approximate spectrally flat white light from 420 nm to

600 nm; similar sources were not commercially available. The LED modules improve

the SNR of the system by obviating the use of a thermal source in which the intensity

can shift beyond 7%. Each of the 4 discrete LEDs in a single module is coupled to

a single illumination bundle on the probe with a polycarbonate concentrating lens

(Polymer Optics, LTD, UK). The first segment of each illumination bundle consists

of a liquid light guide (d = 5 mm) (Thorlabs, Inc., Newton, NJ) which serves to

create a uniform spatial distribution from each of the 4 LEDs. The spectral output
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of the source is shown in Fig. 2.1(e). A microcontroller based mechanical relay

control unit is used to interface the computer and selectively power each LED module.

The reproducibility of light intensity for this source was determined by acquiring 25

sequential measures using a 99%reflectance target at 10 separate integration times

corresponding to dynamic range of the CCD (2-58k counts). The maximum variation

observed was less than 2%.

2.2.3 Imaging Platform

A custom raster-scanning imaging platform was developed with the following goals in

mind: increasing the sensitivity to small focal positive regions on the margin through

sub-millimeter sampling, eliminating confounding user-specific error stemming from

the highly variable pressure when the probe is manually applied to the specimen, and

reducing false positives resulting from compression of the margin thickness during

measurements.

In addition to providing consistent contact pressure, the imaging platform is

outfitted with stepper motor-controlled translational axes in each spatial dimension

(xyz); this is utilized for sub-pixel sampling, implemented as a sequential raster-scan.

The imaging platform is diagrammed in Fig. 2.2(a). Pressure is measured as the

total force applied to a custom-made copper base plate on which the tissue rests. The

applied force is transduced by 4 discrete force sensors, each with a dynamic range

of 1-44 N, converted to pressure based on the area of the probe in contact with the

tissue. A board-level USB camera is embedded as an interchangeable accessory and is

utilized to capture digital images of the tissue for size estimation and co-registration

of optical data with tissue locations marked with ink for histopathological review.

The imaging platform and an exploded view of key components is diagrammed in

Fig.2.2(a), with the interchangeable arms and force sensors highlighted in red. The

interchangeable arms consist of a two-piece motif consisting wherein an accessory is
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Figure 2.1: Imaging Probe and System Design. a) A diagram of the integrated
system, b) Digital image and engineering sketch of the 49 channel QDRI probe design,
consisting of a 7x7 grid of fiber optic channels each comprised of 8 illumination
fibers and a single, central detection fiber (8 around 1). The aggregate collection of
illumination fibers are bifurcated into two fiber bundles (OC and EC) corresponding
to odd (red) and even channels (blue) on the probe face. The 49 detection fibers
are ordered in a linear array and imaged onto the CCD and spectrograph (collection
bundle)(CC). c) CCD images of i), all 49 channels in ascending order from top to
bottom, ii), reflectance image with all odd channels illuminated, and iii), all even
channels illuminated. The x and y axes correspond to wavelength and detector
fiber position, respectively. d) The LED source with a schematic of the illumination
strategy of the 4-LED module, e), the output spectrum of the LED source, and f),
a digital image of the raster-scanning imaging platform.
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fastened to a fixed length dovetail spacing arm. The goal in using this design is such

that the components can be frequently removed and replaced rapidly without tools.

As seen in Fig.2.2(b), the two dovetail protrusions at the distal end are arranged

perpendicularly; this arrangement ensures there is no wiggle of the arm in the xyz

directions while the entire module can easily be inserted or removed by the user.

Furthermore, the fixed length interchangeable segment provides a way to change

the geometry and extent of reach of attachments without requiring changes to the

clamping portion. The importance of this is made obvious in consideration of a

newer surgical protocol involving radioactive seeds; instead of using a placement

wire, some surgeons elect to insert a radioactive seed in the tumor to help guide

where the center of mass is and it is imperative that the seed is not lost during the

procedure, thus, the lumpectomy cannot be removed from a specialized (opaque)

container that it is placed in immediately after it leaves the patient, meaning that

the optical assessment must be performed while the specimen remains inside this

container. To achieve adequate probe contact with the specimen while inside this

container, a specialized angled arm is required; in cases where this is needed, the user

can swap the straight arm for the angled one without removing the probe or camera

from its respective clamp. Each clamp is designed to share an optical axis; this

reduces the number of components necessary to adapt to various clinical scenarios

as the clamp can be attached to any style arm and is guaranteed to share an optical

axis with other accessories. In Fig.2.2(c), a digital image of the platform is shown

with the USB-camera mounted in lieu of the PDA. To reduce clinical clutter, the

stock of arms and accessories are conveniently mounted to a storage rail located on

the backside of the imaging platform.

Each of the translational axes are custom-made leadscrew-based linear actuators

designed to provide fine incremental motion yet move rapidly as to not significantly

slow the raster-scanning acquisition process. The lateral translational axes (x, y)
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are connected to the pressure sensing stage and utilize a fine leadscrew (1:0.609

rev:mm travel, l “ 62 mm) fixed to dual phase NEMA 11 stepper motors with 1.80

angular resolution, providing the ability to move in increments as small as 3.3 µm.

These are used alongside wear-compensating nuts to reduce backlash resulting from

extended use. Positional uncertainty (backlash) is ď 10 µm upon direction reversal.

The x,y actuators are diagrammed in Fig. 2.2(a). The vertical axis (z) utilizes a

multi-start, fast-travel leadscrew with a travel distance ratio of 1:9.407 (rev:mm) to

move the probe and apply pressure quickly. The z-axis has over 200 mm of travel

to compensate for the previously mentioned specimen containers and the respective

angled arms. A NEMA 17 stepper motor (∆= “ 1.80) is used for increased holding

torque as the rail is load bearing and the probe must be locked into place to once the

target pressure is reached. The smallest ∆z for the z-axis is 47 µm; this corresponds

to a pressure resolution ∆P “ 0.6 mmHg for the typical clinical specimen.

The stepper motor system is powered by a custom-made 4-channel H-bridge driver

designed to output a constant current such that the voltage may fluctuate as the

speed of the motor is changed; the constant current output obviates the need to

add logic for acceleration/deceleration and provides the fastest mode of translation.

Each axis is equipped with a bumper-switch to indicate the end of travel and pro-

vide a calibration reference position such that the platform can move to a home

position on startup. The platform utilizes an Arduino based embedded system con-

trol similar the transimpedance amplifier, also leveraging a modified version of the

open-source LabVIEWTMinterface for Arduino. The mode of operation is designed

to be similar to most CNC machining tools; G-code like commands are sent to the

Arduino via LabVIEWTM. The pressure feedback loop and absolute xyz position

are managed entirely on the embedded system; these functions must be real-time to

avoid over-compression of the specimen and/or loss of position coordinates.The user

interface periodically (150 ms) polls the embedded system to retrieve current values
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Figure 2.2: Imaging Platform: a), Diagram of full imaging platform with close-up
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to swap components without tools. c), A digital image with the imaging platform
and 49ch adapter.

for position and pressure.

2.3 Characterization

2.3.1 SNR and Crosstalk

The crosstalk between neighboring probe pixels (at the distal end in contact with

tissue) due to scattering was simulated using a forward Monte-Carlo model developed

by Wang. The maximum observed crosstalk is expected for pixels positioned near the

center; these experience contributions from the largest number of neighboring pixels.

Simulated results were based on an adipose tissue sample (µ1s = 6.9 ccm´1, µa=

4.6 cm´1, (λ= 450-600nm)) previously determined to involve the highest clinically

observed crosstalk by Bydlon et al..

The SNR was determined using measurements taken on a 127x127 mm, 10% re-

flective Spectralon R© imaging target (Labsphere, Inc., North Sutton, NH) 25 times

in sequence (n=25). SNR reported in this work is calculated as 20 ¨ log10pIavg ˜ σ
2
I q,
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where I corresponds to the background corrected intensity. Maximum, minimum,

and typical SNR values were obtained by modulating the integration time such that

the measured average intensity across channels was approximately the highest value

within the linear range of the CCD ( 58k counts), the lowest value ( 2k counts), and

a value typically observed during a clinical measurement ( 30k counts), respectively.

The optical crosstalk of the system was found to be insignificant for both inter-

channel crosstalk and CCD crosstalk. The CCD crosstalk between adjacent tracks

was measured experimentally and determined to be less than 1%. This determination

was made by illuminating every 4th detection fiber and measuring the counts in the

central, inactive fiber. At the native probe resolution (6mm), the crosstalk observed

for center pixels was shown to be 2.4%or less and is observed in Fig. 2.3(a). The

crosstalk percentage is based on the percentage of signal that did not originate from

the pixel in question. Simulated results were based on an adipose tissue sample

previously determined to involve the highest clinically observed crosstalk by Bydlon

et al.. Figure 2.3(b) represents the average and standard deviation of the signal

to noise ratio (SNR) as a function of wavelength across each of the 49-channels.

The SNR was found to be greater than 40dB across all wavelengths when computed

on 10%reflectance standard measured at the integration time corresponding to the

measured intensity typical of that seen on clinical samples ( 30k counts).

2.3.2 Optical Property Extraction Accuracy

A set of 12 liquid tissue-simulating phantoms with known optical properties was

utilized to characterize the optical property extraction accuracy achieved with the

49-channel QDRI system. The tissue phantoms used in the phantom study were de-

signed according the methods and protocol described by Bender et al.; Palmer et al..

Tissue scattering and absorption were simulated using 1µmpolystyrene microspheres

(Polysciences, Inc.) and isolated ferrous hemoglobin (Hb) (Sigma-Aldrich, Inc.), re-
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Figure 2.3: SNR and Crosstalk Characterization. a) Simulated tissue crosstalk
comparison for three channel separation distances (5,6, and 7mm), the probe native
resolution (6 mm) is circled in red. b) The signal to noise ratio (SNR) as a function
of wavelength averaged over all 49 channels. The SNR was computed using the
equation 20 ¨ log10pIavg ˜ σ

2
I q on a 10%uniform reflectance standard.

spectively. Concentrated hemoglobin was added in ten increasing-volume aliquots to

a base non-absorbing phantom with an average reduced scattering coefficient (xµ1syλ)

= 9.73 cm´1(λ = 450-600nm), resulting in average absorption coefficient (xµayλ)

ranging 0 to 8.86 cm´1.

The optical property extraction accuracy was shown to be well within typical

error percentages obtained using previous generations of the device (ă10%). Using

multiple reference phantoms, values for µ1spλqand µapλq were determined to be 8.4

2.4% and 9.6 6.7% of the expected value for the entire span of phantoms measured.

Fig. 2.4 illustrates the optical property extraction accuracy with the extracted values

plotted as a function of the expected values.

2.3.3 Pressure Optimization

A layered tissue model was used to examine the effects of pressure at probe-tissue

interface as well as inform an optically valid range of pressures for clinical use. A
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study set. The diagonal line indicates perfect agreement.

clinical specimen was simulated using 2 mm thick slices of meat (bacon) with well-

defined adipose (scattering) and muscle (absorbing) regions as ‘margin’ layers, as

well as a highly absorbing slab of meat (beef steak) as a ‘malignancy’ at a specific

distance beneath the ‘margin.’ The experimental model is diagrammed in Fig.2.5.

The probe was oriented such that half of the pixels correspond to the absorbing half

of the top layer, while the other half was used to survey the scattering region. Diffuse

reflectance was recorded for 3 repeated measures over a range of applied pressures

in 2 mmHg increments up to 16 mmHg. These spectra were then inverted to obtain

the constituent optical properties (µ1spλq and µapλq) for each measured region. We

repeated this experiment for two margin thicknesses, 2 mm and 4 mm, achieved by

stacking multiple top layer samples.

The pressure applied at the probe tissue interface can substantially alter the

observed optical property values. These effects of pressure are well demonstrated

using the described meat model to simulate a margin-like sample. Fig. 2.6(a-b)

indicates that for the scattering region of the 2mm margin, there exists a narrow

pressure window in which the extracted optical parameters are valid. The change

between 5 and 10mmHg (Fig. 2.6(a)) represents the point at which contact was
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Figure 2.5: Pressure-testing Assay. Two margin thicknesses are simulated using
meat samples with a well-defined thickness. A high-absorption thick layer rests
beneath a half-scattering half-absorbing layer and serves as a source high contrast
to reveal compression of the top layer.

established while the change that occurs beyond 15 mmHg represents the point at

which the margin was compressed; the µ1spλqvalue decreases due to absorption that

occurs beneath the scattering margin. These changes are not as pronounced in the

absorbing region of the top layer (Fig. 2.6(b)) due to the inherent absorption of the

top layer; however, a marked increase in measured rHbT swas observed beyond 15mm

Hg, suggesting that the highly absorbing bottom layer can still be detected in the

presence of absorption in the top layer. The effects of compression are not obvious in

the thicker (4mm) top layer specimen within the range of pressures investigated due

to insufficient compression. For the clinical data detailed in this work, 10mmHg of

pressure was applied to each margin; specimen contact is likely established without

risk of compression of the natural, ex vivo margin thickness.

The nominal raster-scanning resolution was established using a printed 1951

USAF resolution target placed atop a Spectralon target and a pliable scattering

medium. The Spectralon target was used to simulate a best-case diffusive back-

ground while the pliable medium was used to determine the influence of motion

artifacts that may occur as pressure is applied. The pliable medium was tested in
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two embodiments: white Play-Doh R© and TiO2 infused PDMS. No discernible dif-

ference was revealed for measurements of the pliable media relative to each other or

to the Spectralon target. The target was then measured as a function of upsample

factor, hereafter referred to as ‘n ’; which is a measure corresponding to the number

of evenly spaced locations between neighboring pixels. For example, an n= 6 would

correspond to 36 (n2) placements of the entire probe in increments of 1 mm (6 mea-

surements between 6mm spaced channels) in both the x and y directions. Each of

the two samples were measured at n = (10, 8, 7, 6, 5, 4, 3, 2, 1).

2.3.4 Resolution Enhancements

The ability to discern small regions of contrasting optical properties is substantially

improved with increased sub-pixel sampling. The clear benefit of sub-pixel sampling

(n = 8) was demonstrated using a meat sample and is shown in Fig. 2.6(c), (d),

and (e). At the native probe resolution, only the regions of highest contrast, specif-

ically the regions of muscle against regions of fat, were distinguished. Conversely,

the regions of low optical contrast and small feature size were clearly observed in the

raster-scanned optical parameter map of the same sample. The optimum upsample

factor (n) was determined by examining the tradeoff between resolution and total

acquisition time, shown in Fig. reffig:res49c(f); we chose the highest resolution with

which two scans can be obtained (1 for each opposing margin) and the inking proce-

dure can be completed within a reasonable intra-operative time frame ( 25-35 mins),

as informed by our clinical collaborators. At n = 8, a full scan over the entire probe

area (17 cm2, typically lightly larger than a single margin face) can be acquired in

13.8 mins (1.23 cm2/min) at a resolution of 0.75 mm.

The enhancement of the probe resolution was shown to have an added benefit

in the clinical context; spatial features that would otherwise be volume averaged by

coarse sampling and interpolation are distinguished. The black box in Fig. 2.7(a-c)
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Figure 2.6: Optimization of Pressure and Resolution. The benefit of controlling
pressure shown as a), changes in the reduced scattering coefficient µ1s as a function
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increasing the resolution are shown by comparing c), a digital image of a meat sample
to d), a hyper-spectral reflectance image acquired using the native probe resolution
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0.75 mm from 64 (raster-scanned) native probe images. f) Images from an USAF
resolution target showing the trade-off between resolution and time as a function of
upsample factor, n.
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Figure 2.7: Clinical resolution enhancement of a tumor margin. a) Optical pa-
rameter map of [β-carotene]{ xµ1syλ at the native probe resolution (6 mm), b), at 1.5
mm resolution, c), at the best resolution of 0.75 mm. d), e), and f), correspond to a
zoomed-in version of site (black box) typically inked for pathological review.

delineates the area covered by a single pixel and corresponds to a single ‘site’; there

are 49 possible sites for a given margin level measurement. Fig. 2.7(d-f) represent a

zoomed version of the marked site in increasing upsample factor. As the figure illus-

trates, a site having mixed tissue involvement could easily be misclassified at lower

resolutions due to the masking effect of the predominant tissue type. At the lowest

resolution (6 mm) (Fig. 2.7(a, d)), the contribution of the low and high [β-carotene]{

xµ1syλ tissue appeared to be evenly split. Conversely, at the highest resolution (0.75

mm) (Fig. 8(c, f)), several regions of varying [β-carotene]{ xµ1syλ were observed. The

effect of resolution on site-level characterization is detailed in CH3.

2.3.5 Reproducibility

Clinical inter-scan reproducibility of the pressure/scanning system was determined

through repeated scans of benign reduction mammoplasty specimens. A series of
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raster-scanned [β-carotene]/µ1smaps of a high breast density reduction mammoplasty
specimen. Shown in d) is the mean and standard deviation of the cumulative dis-
tribution function of each image. The relative standard deviation between scans is
0.0092, or 0.9%.

three replicate raster-scans were acquired for three separate reduction mammoplasty

specimens intra-operatively at an upsample rate of 8 on a single margin (typically

posterior). Between scans, the probe was returned to the start position and cleaned

with a disinfectant to reduce the effects of tissue buildup on the probe. The relative

standard deviation (RSD) was determined as a percentage by dividing the standard

deviation of the three images by the mean of the images and taking the absolute

value (RSD = —σ{µ—).

Inter-scan measurement degradation was shown to have a negligible effect on

the measured optical properties. Using reduction mammoplasty specimens (9 total

margins), raster-scanned parameter maps were shown to be repeatable within 1%for

3 independent scans over 45 minutes. A representative series of independent [β-

carotene]{ xµ1syλ maps is shown in Fig. 2.8.

For this characterization study, clinical raster-scanned (n = 8) images were ac-

quired for 20 patients, resulting in 64 full-frame spectral images (3136 full-spectrum

pixels) for each margin imaged. Average collection time for each margin image was
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13.8 minutes including the inking procedure. Of the 6 possible margins, 2 were

measured (anterior/posterior) in most cases due to the flat shape of most specimens.

A representative benign margin is shown in Fig. 2.9. The sites labeled 1-10 were

inked and then individually assessed by an expert pathologist. Note the distinct

fibrous content in the lower right hand portion of the specimen in the digital image

of the margin (Fig. 2.9(a)). These types of features (increased fibrous content) are

observed as higher reflectance (Fig. 2.9(b)), higher scattering (Fig. 2.9(c)), and

lower [β-carotene] (Fig. 2.9(d)). The [β-carotene] to xµ1syλ ratio emphasizes these

changes; there is a multiplicative effect as the tissue transitions from high to low

adipose content. Stated another way; the ratio of [β-carotene] to xµ1syλ decreases

as the tissue changes from predominantly adipose to predominantly fibroglandular

tissue components. This relationship between optical parameters and benign breast

tissue composition is further detailed in CH3.

2.4 Summary

Analysis of our 20-patient pilot clinical data set suggest that the technological ad-

vancements leveraged in the C49 system presented here serve to help reconcile the

fundamental challenges in achieving rapid yet high resolution, wide field surveillance

of breast tumor margins. This is specifically achieved with the development of a wide-

field (17cm2), low resolution (6mm), 49-channel fiber-optic probe, further comprising

a custom raster-scanning imaging platform. The 700µmsource detector separation

distance for each channel of 49-channel probe reliably affords sensitivity to optical

property perturbations from 0-2 mm in depth, providing sensitivity to malignancy

not present at the surface of the excised specimen but within a range historically

correlated to breast cancer recurrence. The imaging platform precisely controls the

pressure at the probe-tissue interface, reducing the error introduced by the pressure

variations characteristic to the user manually applying the probe to the specimen,
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Figure 2.9: Representative Margin Image for a Breast Conserving Surgery. a) Dig-
ital photo showing sites inked for pathological review, b), raster-scanned reflectance
map averaged from 450-600 nm, c), hi-resolution optical property map of wavelength-
averaged µ1s, d), corresponding map representing [β-carotene], and e), corresponding
ratio map of [β-carotene] to µ1s. Sites labeled 1-6 contain mostly fat, sites 7-10 are
mostly fibrous tissue.

and affords sub-pixel sampling via incremental translation of the probe in the xyz

directions, improving the resolution to 0.75mm on intra-operative time scales. More-

over, the use of a custom imaging platform ensures precise placement of the probe

for every measurement and we have shown that the variation from scan to scan is

less than 1%. To offset the time required to incrementally acquire full-frame spectral

snapshots, a high-throughput dual channel LED source was developed, reducing sin-

gle frame acquisition by 10 seconds; thus, for a raster-scan with n = 8 (requiring 64

spectral snapshots), 640 seconds are saved, reducing total scan acquisition time to

13.8 minutes from 24.4 minutes, making the device more amenable to intra-operative

clinical use.
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3

Optical Morphological Landscape of Breast Tissue

3.1 Resolving Risk

The morphological features used to identify disease in histopathology can incidentally

be detected and distinguished on a macro-scale; this allows one to circumvent the

sampling limitations of a traditional microscope. Roughly speaking, the optical

degrees of freedom allows one to trade resolution and coverage area for speed and

accuracy, meaning that one could “zoom in” on trouble spots yet reasonably expect

to survey the entire tissue surface area in minutes. Most cancers originate in the

epithelium and the adult human breast is no different in that respect, however, unlike

most epithelial organs, the breast is complex and poses particular challenges to study

optically. The breast consists of a network of interconnected ducts and lobules with

adipose tissue heterogeneously interspersed. It is in these ducts and lobules where

cancer originates, however, unlike the layered epithelial structures characteristic to

most organs, the stromal network surrounding these infiltrations is poorly defined

and notoriously difficult to locate spatially. Moreover, the abnormal proliferation

of cells in the basement membrane of the ducts and lobules are not identifiable at
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the earliest stages: the cellular changes are minuscule relative to the size of the

breast, which may itself be densely fibrous, rendering it impossible to detect via

traditional mammography or palpation. Typically, carcinomas in situgo undetected

and it isn’t until the tumor cells invade the breast stroma to form a palpable mass

that a diagnosis is made. Unfortunately, it is at this stage that the cells may invade

the lymphatic system or surrounding vasculature, which can result in local or distant

metastases.

During breast conserving surgery, the surgeon is met with these exact challenges

when trying to discern if all malignancy has been removed; it is difficult to spot

dysplastic stroma and tentacle like infiltrations with the naked eye. A radiograph of

the resected tissue is obtained during surgery to ensure the central mass has been

removed, however, residual tumor cells that may be present at the tumor edge cannot

be identified using the resources available in standard clinical practice. Although

there are specialized facilities that can perform the pathological assessment during

surgery22, it is this critical gap in care we aim to advance with our technology.

3.2 Optical Contrast in Breast Cancer

The morphological and biochemical changes that occur during carcinogenesis man-

ifest in a manner that can be optically scrutinized, particularly with changes in

spectral absorption and scattering relative to non-disease tissue. Notwithstanding

many other epithelial cancers, increases in DNA extent as well as changes in nuclear

morphology result in increased scattering, an effect that is enhanced by the chang-

ing stroma outside the cell. Often the changing stroma results in increased fibrous

tissue which may also displace adipose tissue, resulting in decreased β-carotene con-

tent. Relative to the normal breast, there may also be adapted vascular formation,

resulting in modified hemoglobin dynamics via angiogenesis or vessel displacement.

While the optical absorbers and scatters comprising breast tissue are well known,
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the act of quantifying them for use as discrete diagnostic metrics is complicated by

the variations in breast tissue composition among women. Indeed, this poses a signif-

icant challenge for radiologists examining patient mammograms; these variations can

result in the same x-ray attenuation characteristics as dysplastic or malignant tissue.

Increases in connective and epithelial tissue manifest as a denser breast, which ap-

pears as radiologically dense and therefore light, while adipose tissue is radiologically

sparse and therefore dark16. The percentage of the breast that comprises connective

and epithelial tissue relative the remainder is what is used to determine mammo-

graphic breast density, typically graded on a scale of 1-4, with 4 being extremely

dense. As certain, mammographic breast density is more strongly associated with

breast cancer risk than any other demographic variable17.

3.3 Surveying Breast Tissue Morphology

The association of breast density and risk has led to the following hypothesis: quan-

titative measures of local breast density on tissue resected during breast conserving

surgery should indicate the likelihood of recurrence risk (see). Previously, we investi-

gated the hypothesis that the β-carotene concentration ([β-carotene]) was sensitive

to the relative amount of fat and that xµ1syλ reported on the amount of connective

and epithelial tissue19. Using histopathologically verified tissue samples, we found

that indeed the ratio of the two ([β-carotene]{ xµ1syλ) the relative amount of adipose

to collagen, glands, and fibrous content and that decreases in the ratio is strongly

correlated to the mammographic breast density26.

To understand the relationship of density in the context of focal residual dis-

ease, a 100 patient validation study was conducted using the technology described

in CH2 under the premise that controlled probe handling and improved resolution

should increase sensitivity to minute heterogeneities. This study was performed in

accordance with a protocol approved by the Duke University Institutional Review
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Board (Pro00007857). Patients over age 18 undergoing BCS granted written consent

under the approved clinical protocol. Patients undergoing BCS as well as breast

reduction surgery were recruited. Specimen orientation for lumpectomies (partial

mastectomies) was determined according to surgically placed reference features in-

cluding: a surgical wire inserted into the center of the tumor, colored sutures, and

surgical clips. Specimen faces were defined as the faces of a cube and labeled relative

to the specimen orientation in situ; the six measurable faces are hereafter referred

to as the superior, inferior, posterior, anterior, medial, or lateral margin. Reduction

mammoplasties do not have such a reference system; although several portions of the

removed tissue are sectioned and sent to post-operative pathology for assessment.

Immediately following tissue resection, partial mastectomy specimens were sent

to radiology for an intra-operative mammography to verify removal of the tumor

mass. Upon return, the specimen was placed onto the pressure-sensing base of the

imaging platform and oriented accordingly. It should be noted that in the majority

of cases the samples had a pancake-like shape and thus the largest opposing mar-

gins were imaged with the C49 system. The pancake-like shape of the specimen is a

prominent phenomenon for lumpectomy specimens; the nature of the surgical proce-

dure followed by specimen mammography often results in this shape42. Interestingly,

this is advantageous in the context of an optical margin assessment tool as roughly

50-85%of the specimen surface area comprises the measurable two opposing margins.

Following orientation, the raster-scanning procedure was initiated, capturing 0.75

mm spatial resolution full-margin diffuse reflectance spectra. The specimen was

then flipped to its opposing margin and the scan was initiated a second time. The

measurement order was determined ad hoc because it is not possible to measure

a margin multiple times due to time restrictions, nor is it possible to know with

certainty the margin that has the highest likelihood of positivity a priori.

Once the scanning procedure was completed, a ‘site-level’inking procedure was
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performed wherein 6- 10 sites were randomly marked using tattoo ink (typically

orange in color) with the aid of a co-registration structure that physically relayed

the central location of each optical channel to the respective point of contact with

the specimen. The co-registration plate was then removed and the four corners of

the margin were marked with ink of a different color (typically green). A single

margin was inked for post-operative pathological assessment in a uniformly spaced

diamond pattern. Margin inking was followed by the acquisition of a digital image

using an on-board digital camera mounted to the imaging platform. Tissue optical

property maps were reconstructed post-measurement using the inverse Monte-Carlo

model discussed previously. A board certified pathologist used these inked dots to

provide site-level (orange dots) and gross margin level (green dots) histopathology

to which the spectral endpoints at the margin level and site level are compared.

3.4 Substantiation through Data

The following characteristics were recorded for each patient (if available): radio-

graphic breast density, menopausal status, age, body mass index (BMI), (chemother-

apy or endocrine therapy), prior surgeries, full pathology, and surgical re-excision

status. For mammographic breast density (MBD), each patient was assigned a value

based on their pre-surgery mammogram: 1 (fatty), 2 (scattered fibrous), 3 (heteroge-

neously dense), or 4 (extremely dense). For the analyses in this paper an MBD score

of 1 or 2 was considered to be low density, while a score of 3 or 4 was considered to

be high density; the data was binned in this manner due to the fact that a majority

of the patients had scores of 2 or 3. A total of 30 patients were excluded due to

hardware failures and/or withdrawals from the study.
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Table 3.1: Patient/Margin Demographics.

Patients (#) 100

Patients Excluded (#) 30

Patients Included (#) 70

Age (range) 68 (58-92)

BMI (range) 33 (23-47)

Total Margins (#) 81

Negative Margins (#) 43

Close Margins (#) 33

Positive Margins (#) 6

Lymph Node -/+ (#) 53/10

ER -/+ (#) 9/67

PR -/+ (#) 16/62

With Oncotype (#) 34

Oncotype Low/Med/High(#) 18/14/2

3.4.1 Correlations of Optical and Clinical Variables

An empirical cumulative distribution function (eCDF)-based analysis was performed

on the 100-patient dataset at the full-frame margin level and at the site-level, where

parameter values solely correspond to regions marked for histological validation. To

verify the location of the regions inked with the optical parameter maps, the digital

camera was utilized post-operatively via specimen shape co-registration. The center

of the inked sites were manually selected on the digital photo, these locations where

then scaled to match the optical parameter map resolution and provide the true site

centers within the parameter map, as shown in Fig. 3.1. This method has shown to

be critical to accurately selecting the correct centers; the inking process is imperfect,

manually done, and subject to smearing and other sources of random error.

46



a) b)

Fat + FG
Fat

IDC 1.9mm 

FA + Epi

Fat + Vessels
FA
N/A

Figure 3.1: Site-level validation. a) Ink is applied to the specimen and a digital
photo is captured with a corresponding optical axis. b) The parameter map is then
used to co-register and locate the spots.

3.4.2 Whole Margin Imaging

Margin level optical parameter maps were segmented using MATLAB R©to remove

regions beyond the boundary of the margin face and was achieved using a simple

edge-detection kernel. The eCDF was computed in MATLAB R©by vectorising the

pixels corresponding to either a site-level region or a segmented margin parameter

map; these vectors served as inputs to the cdf function.

The resulting distribution represents a measure of the optical landscape; the op-

tical landscape serves as a surrogate to the morphological landscape of the tissue

data in question. The ratio of β-caroteneconcentration to the magnitude of tissue

scattering ([β-carotene]{ xµ1syλ) was used to characterize the margin landscape of be-

nign and malignant tissue types. A two-sided Kolmogorov-Smirnov (KS) statistic

p-value was used to determine if tissue-specific optical parameter distributions were
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Figure 3.2: Correlations with mammographic breast density. a), the quantile dis-
tributions for mammographic breast density across all measured margins stratified
by the high (ą2) and low (ă=2) categories. b), the data stratified by the radiolog-
ically given MBD, and c), representative optical parameter maps corresponding to
high(left) and low(right) MBD.

from a common parent distribution. Using this technique on the full margin param-

eter maps, only separations between high and low MBD margins were found to be

statistically significant (pă 0.05). Separation according to MBD is shown in Fig.3.2

Use of the ks-test excludes clinical variables outside of manual stratification of

the data as it is only suitable for comparing distributions. To utilize clinical variables

alongside optical distributions, each margin was reduced to three parameters by way

of curve fitting. The CDFs, as show in Fig.3.3, closely resemble the logistic function.

The form used here is given by:

fpxq “
1

1` e´apx´bq
` c (3.1)

where a, b, and c, are used to represent the entire distribution. The c term is not
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Figure 3.3: Example CDF Fit to Logistic Function.

part of the logistic function; it is added here as an offset because the distributions

are often not symmetric between 0 and 1.

Because the statistical nature of the relationship between the [β-carotene]{ xµ1syλand

clinical variables is unknown, a machine learning algorithm was used to augment the

analysis. Using a 20-node artificial neural network (NN) leveraging a non-linear

least squares (Levenberg-Mardquart) minimization algorithm. Several embodiments

of the NN were implemented to determine if certain features of the margin could

be adequately characterized by the [β-carotene]{ xµ1syλcumulative distribution. Each

model was trained on 75%of the respective data variable with 15%used as valida-

tion and the final 15%used as a test set. This modeling process is demonstrated in

3.4.(a-c) for the estimation of malignancy distance from the margin surface using the

site-level data.

Among the relationships explored, close attention was given to margins tradition-

ally considered as ‘close, ’where malignancy is not present at the rim yet is in the

vicinity, usually within 2mm of the edge. We hypothesized that, as the malignancy

gets nearer the edge, the morphological patterns should become more apparent.
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Figure 3.4: Machine Learning Optimization. a) The 20 node regression output
plotted against the target distance. b) The regression model fit to the validation
cohort of samples. c) The regression model fit to randomly selected test data, and
d), the overall regression model against all data. R2values are shown in the lower
right hand corner of each plot.

Shown in Fig.3.5(a), the distance from edge to malignancy was found to be sta-

tistically correlated to the overall [β-carotene]{ xµ1syλdistribution, though the R2was

roughly 0.9. Note the entire distribution for each observation was fed into the model.

Similarly, we investigated the correlation between [β-carotene]{ xµ1syλ distributions

and the overall tumor size (Fig.3.5(b), with the hypothesis that tumor types which

tend to be larger by the time of resection should have morphological manifestations
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Figure 3.5: Size and Distance Correlations. a) The actual distance of malignancy
to the margin edge plotted against the distance predicted by the NN model. Similarly,
b), the actual tumor volume plotted against the volume predicted by the NN model.
R2values of the model are shown on the respective plots.

detectable by our probe. Though a statistically significant correlation was found

(Wilcoxin rank sum test, p ă.05), the predictive power of the model was weak, the

overall R2was 0.54.

The NN model was leveraged to predict the breast tumor margin status, with

positive and close margins considered ‘positive ’ and all remaining considered ‘neg-

ative’, suggesting the risk of disease recurrence is low. Margin data was binned this

way largely due to the relatively minuscule number of truly positive margins (6 of the

81 usable margins measured). First, the model was trained using the [β-carotene]{

xµ1syλ a,b, and c parameters alone and resulted in the receiver operating character-

istic(ROC) curve shown in Fig.3.6(a), with an optimal sensitivity and specificity of

84%and 78%, respectively. We hypothesized that the addition of readily available

clinical variables alongside the [β-carotene]{ xµ1syλ data should increase the overall

information content and therefore increase the overall prediction power of the model.

Shown in 3.6(b) is the ROC curve obtained using leave-one-out logistic regression

with the NN output using the input variables are shown in Tab.3.2, excluding MBD.

MBD was excluded to investigate the relationship between optical variables and
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MBD; no improvement with the inclusion of MBD would suggest the optical data

contains the same information given by MBD. Shown in Fig.3.6(c) is the ROC curve

with all variables including MBD. As can been seen, it appears that although related,

the optical data is not redundant in the context of MBD. Parameters in the model

include, in addition to [β-carotene]{ xµ1syλ (a,b,c), the [β-carotene]{ xµ1syλ mean, me-

dian, and variance, the estrogen (ER) and progesterone (PR) receptor status, as well

as parameters that score the nature of invasion and cell division. The ROC curve

suggests that the combined information content of these variables is sufficient to ac-

curately determine the margin status intra-operatively, with a best sensitivity and

specificity of 100%and 90%, respectively.

Table 3.2: Optical and Clinical Variables

Variable Range

[β-carotene]{ xµ1syλ a 0-15 µM{ cm´1

[β-carotene]{ xµ1syλ b 0-15 µM{ cm´1

[β-carotene]{ xµ1syλ c 0-15 µM{ cm´1

[β-carotene]{ xµ1syλ mean 0-15 µM{ cm´1

[β-carotene]{ xµ1syλ median 0-15 µM{ cm´1

[β-carotene]{ xµ1syλ σ2 0-15 µM{ cm´1

ER Status 0/1

PR Status 0/1

Mammographic Density 1-4

Nottingham Grade 1-3

Tubule Score 1-3

Nuclear Grade 1-3

Mitotic Grade 1-3

The high fidelity of the NN model based on both optical and clinical variables

suggest that the parameter set could also be used to assess cancer associated risk

and help guide clinical decision making. The ability to predict lymph node positivity
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Figure 3.6: Margin Status ROC Curves. a) The ROC curve generated using
leave-one-out logistic regression on the output of the NN model trained on the [β-
carotene]{ xµ1syλ distributions alone. b) Similarly, the ROC curve generated using
additional clinical variables. The area under the curve (AUC) is indicated.
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Figure 3.7: Predicting Lymph Node Status. a) The ROC curve generated using
leave-one-out logistic regression on the output of the NN model trained on the [β-
carotene]{ xµ1syλ fit parameters and clinical variables, excluding MBD. b) Similarly,
the ROC curve generated using optical and clinical variables, including MBD. The
area under the curve (AUC) is indicated.

would be of great utility to surgeons as it can reduce exploratory components of the

surgery. Shown in Fig.3.7(a) is the ROC curve generated using all variables except

MBD. The addition of MBD in Fig.3.7(b) suggest that it is also a useful diagnostic

parameter in predicting lymph node positivity.

Several authors have shown that clinical variables alone perform as well Onco-

type Dx TM score, a commercially available reverse-transcriptase-polymerase chain
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reaction based assay that has demonstrated predictive prognostic information in ER-

positive lymph-node negative breast cancers. Reported as a recurrence score (RS)

(1-70), with higher numbers indicating a high likelihood of recurrence, many linear

regression models based on the clinical variables listed in Tab.3.2 reproduce the RS

with (54-66%) concordance (reported as R2values of linear regression models43;44;45.

Because the Oncotype Dx score depends on several genes and other factors, the sta-

tistical nature of the correlation is likely non-linear, suggesting the NN model should

lead to improved concordance compared to the linear regression models. Shown in

Fig.3.8(a, b) are the regression models trained on the optical data alone and the

clinical data alone, again excluding MBD, respectively. The high correlation of the

clinical variables alone exceed all currently reported concordance values, suggest-

ing these variables are related to the OncotypeDx score in a non-linear manner.

Figure3.8(c) includes MBD and appears to improve the correlation. Figure3.8(d) in-

cludes all variables, optical and clinical, improving the correlation further. Though

the sample size is limited to 35 in this data set (only 35 of the 81 obtained the

Oncotype Dx assay), these results seem to suggest a strong non-linear relationship

with the clinical variables that is non-trivially enhanced by the addition of optical

information.

3.4.3 Site-Level Analysis

Histopathological evaluation of small, co-registered regions of the tissue area affords

a robust mechanism to characterize each of the tissue subtypes circumstantiated by

pathologists. Furthermore, since the exact location measured is known, we hypoth-

esized that statistical analysis of the site level parameter map subsections should

reveal both the optimal ∆sas well as the most appropriate region of interest. It is

not directly known how distance from the center of a site that a tissue subtype typ-

ically extends, thus, modulation the area in consideration should reveal the nominal
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Figure 3.8: Oncotype Dx Regression Models. a) The NN regression model trained
on the [β-carotene]{ xµ1syλfit parameters of each margin, b), the regression model
trained on the clinical variables, not including MBD, c), the regression results for
the model trained on only clinical variables, including MBD, and d), the regression
model trained using both optical and clinical variables.

mm2 area to probe. Shown here as box and whisker plots (Fig.3.9), the distribution

changes as a function of sampling resolution (∆s) and ROI (spot-size) relative to

each tissue subtype is indicated. Figure.3.9(a) represents the smallest ROI (d = 0.75

mm) sampled at the finest resolution used (also 0.75 mm); note the lack of outliers in

the subtype distributions compared to the other figures. This occurs because 1), the

number of pixels considered is reduced, and 2), the region considered is comprised

of an area too small to capture any significant morphological variations. Because
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fibroglandular tissue is most likely to form near tissue dysplasia or malignancy, the

cumulative fibroglandular sites are used a ‘negative ’reference distribution to which

all other groups are tested against. Randomized kolmogorov-Smirnov(ks-test) statis-

tics are use to determine if, on average, any given site-level distribution for a tissue

subtype can be distinguished from the FG distribution. The ks-test is a robust

non-parametric test that accounts differences in the size and shape of any two given

distributions to determine if they are sampled from the same parent distribution,

which does not need to be a normal distribution. Rejection of the null hypothesis

(α “ 0.05) indicates that two distributions are sampled from two different parent

distributions. In Fig.3.9, distributions meeting this criteria against the FG distri-

bution are indicated with an asterisk. The frequency distribution of sites by tissue

type are laid out in Tab.3.3

Figure.3.9(b) retains the same sampling resolution as Fig.3.9(a), however, the

ROI diameter is increased to 3mm, resulting in statistically significant differences

between the FG group and the FG + Fat mix, the fibroadipose(FA) group, and the

near malignancy (NM) group (ă2mm). Increasing the spot size to 6 mm (Fig.3.9(c))

results in statistical significance of FG to all other groups, suggesting that indeed

the morphological landscape represents the underlying morphology as opposed to the

simple single point measurement. For comparison, Fig.3.9(d) represents the same 6

mm spot size, however, the sampling resolution reflects the traditional ∆s = 6 mm,

and all statistical delineation is lost.

The distribution trends as a function of ∆s and dROI were further explored using

the NN model in relation to distance from malignancy. We hypothesized the relative

distance from the measured site to malignant cells can be probed due to malignancy

specific morphological changes, and that the ability to resolve this would also rely

on the dROI as larger dROI risks sampling tissue regions not representative of the

underlying malignancy. Figure 3.10 shows the regressed NN model outputs for ∆s =
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Table 3.3: Measured Tissue Sites

Type n Description

Fat 173 Adipose Only

FG 20 Fibroglandular Only

FA 44 Fibroadipose Only

FG + Fat 102 Mixture of FG and Adipose

NDCIS 10 Near DCIS

NM 23 Near Malignancy

0.75 (a-c) and 6 (d) mm, with dROI = 0.75 (a), 3(b), and 6(c-d) mm. Interestingly,

the data reveals that again ∆s = 0.75mm and dROI = 6mm seems to capture the

right amount of information from which the distance to malignancy can be predicted

with 83% concordance.

These results at large suggest that tissue subtypes can be readily localized within

a 6 mm circle and furthermore, that the distance of cancer cells from the margin

surface can be estimated with reasonable accuracy. Combined with the margin level

results in Sect.3.4.2, the implication is such that in addition to the ability to accu-

rately assess the margin status, lymph node status, and recurrence risk; it may also

be possible to locate the specific region, within 6mm, that may put the patient at

risk of recurrence.

57



0

2

4

6

8

10

[
C

]/
<

s'>

Fa
t

FG FA FG
 +

 F
at

N
D

CI
S

N
M

0

2

4

6

8

10

[
C

]/
<

s'>

Fa
t

FG FA FG
 +

 F
at

N
D

CI
S

N
M

0

2

4

6

8

10

[
C

]/
<

s'>

Fa
t

FG FA FG
 +

 F
at

N
D

CI
S

N
M

0

2

4

6

8

10

[
C

]/
<

s'>

Fa
t

FG FA FG
 +

 F
at

N
D

CI
S

N
M

*

*

*

*

*

*

*

*

a) b)

c) d)

Figure 3.9: Effects of ∆sand ROI on Site Distributions. a) Box and whisker
plot indicating the [β-carotene]{ xµ1syλdistribution for each tissue subtype (Fat, FG
(fibroglandular), FA (fibroadipose), Fat and FG mix, DCIS (ductal carcinoma in
situ), and NM (site is near malignant cells)) at a ∆s =0.75 mm with ROI diameter
also = 0.75 mm. Similarly, b) indicates the distributions for ∆s = 0.75 mm and ROI
d = 3mm, c) the distributions for ∆s = 0.75 with ROI d = 6mm, and finally, d), the
distributions for ∆s =6 mm and ROI d = 6mm. Each (*) indicates a statistically
significant distribution from the relative FG group, the benign group most closely
resembling malignant tissue.
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Figure 3.10: Predicting Closeness at the Site Level. a) Regression model indicat-
ing actual vs. predicted distance to malignancy for ∆s =0.75 mm and dROI = 0.75
mm. Similarly, b) represents predictions for ∆s =0.75 mm and dROI = 3 mm, c),
for ∆s =0.75 mm and dROI = 6 mm, and d), for or ∆s = 6 mm and dROI = 6 mm.

59



4

Augmenting Clinical Adoption

4.1 Towards Economies of Scale

The cost and complexity of the 49ch fiber-based QDRI system presupposes its dis-

cordance with economies of scale, and thus, clinical translation, particularly in the

manufacture of a fiber probe that can be adapted to survey areas as large as 100 cm2.

The primary goal of our most recent development effort centers on transitioning from

a research-grade device towards a rapid, low-cost, portable, and easy to manufacture

tool that performs comparably to our first generation QDRI system as well as other

tools developed for intra-operative margin assessment.

Expanding on these considerations, the ideal solution would leverage low-cost,

mass-manufactured components, and would be designed such that reaching high-

volume production does not require atypical or specialized fabrication processes.

Furthermore, the technological approach should not capture ineffectual data, e.g.,

excessive wavelength or spatial resolution, and would be designed to meet the re-

quirements of the application in a bare-bones sense.
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4.2 Breast Margin Assessment Probe (BMAP)

In this chapter, we demonstrate an innovative technological approach to address

these challenges and establish a pragmatic, commercially viable solution to this im-

portant unmet clinical need. Specifically detailed is the performance and clinical

exemplification of a portable breast margin assessment probe (BMAP) that is both

cost-effective and commercially scalable. The BMAP provides sub-millimeter (0.75

mm) wide-field 256 mm2 surveillance (A = 256 mm2) in fewer than 10 minutes and

is reproducible to within 1%.

The imaging probe builds on a proof-of-concept probe design representing a prag-

matic strategy to reduce the size and cost; instead of optical fibers, an array of indi-

vidual Si photodetectors (PDs) with centralized illumination apertures were used46.

Using tissue simulating liquid phantoms, we demonstrated equivalent accuracy to

the 8ch QDRI system over a wide range of optical properties (µ1s = 14.8 -20.6,

µa = 0.5 7.0 cm´1). One limitation of this initial prototype stemmed from repur-

posing the commercial photodiodes; producing the illumination apertures involved

a drilling process that proved to be unreliable from a manufacturing standpoint due

to the brittle silicon detector. Furthermore, we found that pixel pitch was limited to

the physical size of available photodiodes and that high SNR (ą35dB) could not be

obtained due to silicon absorption losses that occurred as light passed through the

illumination apertures drilled into the thick (ą2mm) commercial photodiodes.

The BMAP system leverages a custom 16-channel wide-field (FOV = 256 mm2)

silicon based photodetector array (PDA), a custom 16-channel transimpedance inte-

grating amplifier, and a Xenon light source containing eight 10nm bandpass optical

channels, and a next gen imaging platform with adaptive pressure control. Com-

pressive sensing is achieved through optimized bandpass filter center wavelengths

[470, 480, 490, 500, 510, 560, 580, 600 nm] informed by a genetic algorithm analysis
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Figure 4.1: Diagram of the BMAP system; a), A xenon light source with an 8-
slot filter wheel containing narrow-band filters (BP = 10 nm) (λ “ [470(F1) 480 490
500 510 560 580 600] nm). Light is delivered to the backside of a photodiode array
(PDA) using a light guide (LG). The photodiode array is clamped to b), a custom-
made imaging platform enabling raster-scanning and controlled probe placement.
The light source, imaging platform, and PDA are connected to c), an amplifier box
containing an integrating data acquisition system (DAQ) and a USB hub to minimize
the cable burden, resulting in a single USB connection to d), a laptop computer. The
numerous USB connections are indicated by number (enclosed by a circle) for each
component. Note the use of a hub does not reduce the performance of the BMAP
system on for the integration time scale used (ě 25ms).

of previous clinical data47. The lamp, imaging platform, and amplifier system are

daisy chained to a USB hub within the amplifier box, allowing full system control via

laptop and a single USB connection. The control software was developed using the

LabVIEWTMG language; an object oriented framework was chosen to maintain scal-

ability and incorporate a hardware abstraction layer. The system design is described

in detail in the following sections and is diagrammed in Fig. 4.1.
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4.2.1 Photodiode Array Design

In contrast to traditional fiber-optic probes, which require careful weaving and place-

ment of glass fibers, the PDAs are constructed using standard silicon semiconductor

fabrication techniques. The feature sizes of the individual photodiodes do not require

highly specialized equipment and are achieved using photolithography. Moreover,

changes in photodiode density, size, and pitch, are easily achieved with additional

low-cost photomasks, affording a simple means to scalability. The specific details of

the PDA fabrication process flow, photodiode responsivity, SNR, and crosstalk con-

siderations are detailed in Ref. 48. Briefly, the imaging array consists of 16 annular

photodiodes formed on a n-type silicon epitaxial substrate and are arranged in a 4x4

array with 4.5 mm center-to-center pitch, resulting in a 256 mm2field of view. Each

of the annular photodiodes consists of a circular active area (d “ 2.46 mm) with an

etched central aperture (d “ 0.75 mm). The patterned silicon wafer is diced into a

rectangle and is epoxied and wire-bonded to a gold plated printed circuit board for

structural support and traces for photocurrent readout. An example board mounted

PDA with respective geometry is shown in Fig. 4.2(a).

On average, the annular photodiodes were observed to have visible light respon-

sivity greater than that of commonly available commercial silicon photodiodes. The

measured photodiode responsivity ranged from 0.13 A/W to 0.3 A/W for λ = 400-

600 nm. The SNR, defined as 20¨log10ppImean´Idkq{σq, was shown to be greater than

35 dB for channels across all wavelengths, limited by the Xenon lamp noise. The

SNR was determined by acquiring 10 repeated measures on a 10% Spectralon c© re-

flectance imaging target. The inter-pixel crosstalk for the central pixels is 10% in

the worst case scenario: tissue specific crosstalk is highest for specimens with albedo

(a “ µ1s {(µ
1
s ` µa)) near 1 (ě0.97). Previous clinical studies conducted by our

group indicate most breast tissue within an absorption range of [1.3 - 20.4 cm´1] and
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a scattering range of [6.5 - 11.3 cm´1]; average inter-pixel tissue crosstalk ď 4% in

these ranges.

The board-mounted PDA is fastened to custom-made plastic (ABS) components

designed to optimize free-space light delivery to the tissue (detailed in section 4.2.3).

The generalized light delivery and collection model is diagrammed in Fig. 4.2(b).

As indicated in the figure, light is launched from a simple light guide at the distal

end of an absorbing tube to the backside of the silicon PDA. The probe is attached

to the z-axis of the imaging platform () with a keyed circular clamp matched to the

absorbing tube. Light simultaneously passes through each of the 0.75 mm apertures

to the probe-tissue interface on the PDA front-side. When tissue is present, light

enters and is multiply scattered or attenuated by absorption, a fraction of which

will return to the front side of the PDA where it couples to one of the respective

16 annular photodiodes and converted to a small electric current (photocurrent).

The photocurrent is relayed to the transimpedance amplifier via two 20-pin ribbon

cables, as seen in Fig. 4.2(c). A cross-sectional view of the photon path from source

to detection is illustrated in Fig. 4.2(d), with an expanded view of a single annular

photodiode diagrammed in Fig. 4.2(e).

4.2.2 Photodiode Degradation

Routine clinical use revealed substantial PDA deterioration marked by severe degra-

dation of pixel responsivity. The use of germicidal cleaning agents and rubbing of

the surface caused physical degradation of the anti-reflection coating and patterned

metal contacts Fig. 4.3(a,b). As the contacts were degraded, the effective photodiode

active area was reduced, resulting in decreased optical response following each use.

The abrasive cleaning technique was necessary due to tissue proteins and the rapid

clotting of blood in direct contact with the PDA; removal of these substances required

substantial physical force. To address this challenge, a thin (60 µm) optically clear
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Figure 4.2: Photodiode array design: a), Photo of board-mounted photodiode
array from the bottom side with a corresponding diagram including dimensions and
an expanded view of the photodiode layout, b), illustration of light traversal from
the light guide to tissue, and c), photo of the BMAP during acquisition on a foam
resolution target. Note the near collimated beams within the sample emanating from
the apertures. d), A close-up cross-sectional view of the light traversal path including
thickness dimensions of the board and silicon wafer. Note: the photodiode active
area (shown in blue) has no thickness as these are just doped regions in the silicon
wafer. Finally, e), a close-up isometric view of a single photodiode as patterned
onto the silicon wafer. The leads for photocurrent readout are created by a metal
evaporation process and have negligible thickness.

adhesive backed TeflonTMfilm was adhered to the PDA (Fig. 4.3(c)). This coating

did not interfere with the measured optical signal. An additional TegadermTM(3M)

layer was used to protect and waterproof the printed circuit board surrounding the

PDA, as shown in Fig. 4.3(c). Note the Tegaderm layer is hole-punched in the

center to create a window for the imaging array. Utilization of the Teflon film was

shown to have a negligible effect on extracted tissue optical properties; the measured

optical intensity (Ipλq) compared with and without Teflon had a RMSD ă 0.01 and

extracted optical property accuracy remained the same (%error ă 10%). The influ-
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Figure 4.3: Prevention of photodiode damage: a), Digital image of an unused
PDA pixel, b), image of a damaged PDA pixel, and c), diagram of the protective
Teflon and Tegaderm films. The Teflon film (thickness = 60 µm) is applied directly
to the AR coated photodiode array. A windowed Tegaderm film is layered over
the entire surface of the probe bottom-side, leaving only the Teflon covered silicon
exposed; this provides protection against biological compounds and cleaning agents.

ence of the Teflon film was determined in simulation and verified using the phantom

study protocol discussed in Sect. 4.2.5.

4.2.3 Light Source and Amplifier Design

A 150W Xenon lamp (Asahi Spectra, Japan), is coupled to an absorbing spacer tube

(ID = 30 mm) using a hybrid light guide (NA = 0.57), as seen in Fig. 4.4(a,b). The

optimal length of the absorbing tube was determined to be 70mm as this provided

low crosstalk (4%) and nearly uniform illumination (center-pixel throughput ratio:

0.74)48. The absorbing tube is made of ABS plastic and is painted matte black on

the inner walls to absorb any stray light and prevent high-angle, reflected light from

entering the PDA apertures. Although the aperture throughput is roughly uniform,

the free-space light delivery design comes at the expense of overall throughput and

efficiency: the aperture throughput ranged from 17-22 µW per aperture while the

total output from the hybrid light guide ranged from 45-55 mW. Future iterations
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of the system can be replaced with energy efficient LEDs and guided light delivery.

A custom dovetail style mount (also ABS plastic) is fastened to the topside of the

printed circuit board and properly aligns the absorbing tube centrally to the surface

normal of the 16 0.75 mm etched apertures of the PDA (Fig. 4.4(c)); the 4-post

dovetail design ensures the absorbing tube cannot be angled or off-center. The

imaging probe is attached to the imaging platform via the absorbing tube; a small

protrusion on the tube sidewall matched to the platform clamp ensures the probe is

always aligned and level with the translational axes of the imaging platform. An 8-

slot filter wheel within the Asahi lamp houses 8 thin-film bandpass filters (BP = 10

nm) across the visible spectrum (λ “ r470 480 490 500 510 560 580 600s nm),

resulting in the power spectral density shown in Fig. 4.4(d). The maximum filter

switching rate is 300 ms per filter and is the rate limiting process in data acquisition.

A custom integrating transimpedance amplifier (ITIA) system was developed to

convert the raw photocurrent to easily measured voltage that can be read by a laptop

computer. The basic design is shown in Fig. 4.4(e). Note that direct photocurrent

measurements are not feasible nor cost-effective due to the necessary ammeter sen-

sitivity and dynamic range required to measure electric currents spanning 10´6 to

10´12 A. The amplifier design consists of a precision (16-bit) USB DAQ (NI-USB-

6212, National Instruments, Austin, TX) containing 16 separate analog voltage in-

puts, a custom-made 4-layer ITIA board (printed by Advanced Circuits, LLC) with

separate analog and digital ground planes to reduce EMI, an Arduino-based embed-

ded control unit providing the TTL timing signals based on the required integration

time, a standalone low-noise power supply with isolated +15V, -15V, and +5V rails,

and finally a USB hub connecting the Arduino, DAQ, and panel mount connectors to

receive USB signals from external components. A single USB (Type B) panel mount

connector is used to link the hub to the laptop computer. Custom firmware for the

ITIA system leverages a modified version of the open-source LabVIEWTMinterface
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for Arduino and allows a wide range of integration times (500 µs to ą100 s). The

smallest measurable change in intensity corresponds to a ∆IT = 10 µs with a noise

floor at 500 µs. Clinically, an IT = 50 ms is typically used.

Due to the difficulty in obtaining silicon wafers for University volume use, the

amplifier was designed to support and interface both pnp and npn style PDAs; there

are two inverting op-amp stages downstream each of the 16 ITIA ICs on the amplifier

board. The first op-amp stage scales the 0V to +13V output of ITIA IC to span 0

to -5V, the second inverts this output. Depending on the type of PDA used, a set of

jumpers can be switched to ensure the output is always 0 to 5V (Fig. 4.4(e)).

4.2.4 Data Collection and Processing

In standard practice, the probe is incrementally translated in either lateral direction

and subsequently translated downward to establish contact with the specimen rest-

ing on the pressure sensitive base. Within each placement, 16-independent measures

of diffuse reflectance are captured via the 16-annular photodiodes. The reflectance as

a function of wavelength is achieved by serially capturing the integrated intensity for

each bandpass filter (Ipλqs) and dividing this by the measured Ipλqc from a highly

stable Spectralon lambertian surface (%R “ 99) and adjusting for the respective

integration times. Before each clinical scan, a software-automated calibration se-

quence is executed which measures the Spectralon at three integration times (IT =

25, 50, 100 ms) and three light intensity levels (LI = 50, 75, 100 %): this sequence is

used to decouple the source of day-to-day variations in measured Spectralon Ipλq in

addition to the wavelength dependent source intensity. The system response can

vary due to light source degradation, changes in photodiode responsivity, scuffs on

the Teflon film, and ambient conditions. calibration is then performed according

to changes in the average slope of Ipλ, IT q and Ipλ, LIqas opposed to day-to-day

intensity levels. Note that a background measure is captured for each spectrum col-
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Figure 4.4: Light source and amplifier design: a), The Asahi xenon arc lamp with
an 8-slot filter wheel containing 10 nm bandpass thin-film optical filters. Center
wavelengths are indicated in order of capture for a single intensity spectrum. The
filtered light passes through a hybrid light guide and into b), an absorbing spacer
tube (AT), resulting in a uniform spatial distribution of light on the array backside.
The AT is inserted into c), an ABS plastic mount with four dove-tail protrusions that
ensure proper alignment of the tube and PDA. d), The radiant flux as measured at the
light guide output. e), The amplifier design, consists of an Arduino microcontroller
to clock the charge capture and release of integrating amplifier ICs, a NI USB analog
to digital converter to capture the voltage readout from the ITIAs, and a USB
hub to end the daisy chain of instruments and provide a single USB output for
communication with a laptop. f), The schematic of the ITIAs demonstrating the
suitability for both pnp and npn PDAs with dual stage inverting op-amps. The gain
of each stage is shown in the dashed red box.

lected and is used to subtract stray light contributions from the intensity spectrum

(Ipλqs = Ipλq -Ipλqbgd).

The result is a series of pressure bound multi-spectral images that are stitched

into a high resolution optical reflectance map (Rpλ, x, y, P q, where P is typically 10

mmHg). The highly reproducible pressure application at each point provides a rea-

sonably uniform surface and preserves the optical characteristics of the ex vivo tissue.
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Each clinical raster-scan typically consists of 36 separate placements conducted in a

zig-zag pattern where the placement pitch is 0.75 mm in x and y; resulting in 576

independent measures of reflectance for each 256 mm2 area, typically requiring 8

minutes or less, depending on the specimen stiffness/ elastic modulus. Each of the

576 reflectance spectra are run through a Monte-Carlo-based inverse model to obtain

constituent optical property values (µ1spλq and µapλq), as described in Refs.49;25;24.

Briefly, the inverse model utilizes a non-linear least-squares fitting routine to best

match a corrected reflectance spectrum to a Monte-Carlo-based reflectance look-

up table established for the source-collection geometry and known optical interfaces.

Absorber extinction spectra (εpλq) are tabulated for the known constituent absorbers

and are utilized as inversion priors, such that extracted absorber matrix coefficients

represent concentration. Reflectance spectra are scaled prior to inversion by cali-

brating to a previously measured reference known as a “reference phantom,” as

described in Sect.4.2.5.

4.2.5 Homogeneous Optical Property Validation

A set of 12 tissue simulating phantoms was used to inform the homogeneous optical

property extraction accuracy of the BMAP system. Each of the phantoms consisted

of lyophilized human hemoglobin (Sigma-Aldrich Co. LLC, St. Louis, MO, H7379)

and 1µm polystyrene microspheres (Polysciences, Inc, Warrington, PA, 07310-15) as

analogs for tissue absorption and scattering, respectively. The phantoms were mixed

in proportions to span optical property ranges: xµayλ = 0.5-5.5 cm´1and xµ1syλ = 2.9-

9.5 cm´1 (averaged across all 8 wavelengths used). The 12 phantoms were designed

to subtend the 25th-75th percentiles of xµayλ and xµ1syλ observed in breast tissue.

The Monte-Carlo model accuracy for the BMAP system was assessed by evaluating

the RMS errors between the extracted and expected phantom optical properties

as described in Ref. 25. The specific optical properties and phantom constituents
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are listed in Tab.4.1. In addition to pipetting, the mass of each constituent was

measured and recorded at each step of the phantom fabrication process to reduce

discrepancies in optical property estimation from theoretical values. Each phantom

was thoroughly mixed just prior to being measured to reduce the effects of solution

settling. Ten repeated diffuse reflectance spectra were collected for all channels for

each phantom. A leave-one-out cross validation analysis, or “phantom study,” was

performed using each of the 12 tissue simulating phantoms as a reference phantom

against the remaining 11. The reference phantom for clinical data inversion is selected

by finding the phantom that, when used to scale the remaining 11, results in the

lowest error in estimating µ1spλq and µapλq for the entire phantom set. Alongside

the Spectralon calibration measurement, the reference phantom captures the system-

specific response for the Rpλq Ñ [µapλq µ1spλq] isomorphism.

Table 4.1: Homogenous Liquid Tissue Simulating Phantoms.

Homogeneous Phantom Aliquot

Sample 1 2 3 4 5 6 7 8 9 10

xµ1syλcm´1 3.98 4.41 4.93 5.44 5.94 6.44 6.95 7.45 7.96 8.47

xµayλcm´1 0.16 0.82 1.18 1.54 1.91 2.26 2.61 2.97 3.34 3.71

[Hb]µM 2.65 13.6 19.6 25.5 31.5 37.3 43.2 49.1 55.2 61.4

4.2.6 Optical Property Extraction Accuracy

Using the 7th (middle) phantom (xµayλ = 3.5, xµ1syλ= 6 cm´1) as a scaling reference,

the average percent error across all phantoms and pixels in extracting µ1s and µa ,

was found to be 5.69˘1.88% and 8.91˘1.72%, respectively. The extracted phantom

values are plotted against the expected values in Fig. 4.5. These error ranges are

comparable to our current gold standard device, as shown in Ref. 50. The deviation of

the reference phantom measured reflectance from the expected reflectance produced
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Figure 4.5: Homogeneous optical property extraction error: a), Average percent
error in µ1s and b), average percent error in µa . The diagonal line indicates perfect
agreement. Error bars represent the standard deviation of the extracted values across
pixels. Wavelength averaged µ1s and µa for the phantom used as a reference were 6
and 3.5 cm´1, respectively. Note that the indicated error includes the use of the
Teflon film mentioned in sec. 4.2.1.

by the forward Monte-Carlo model is used to calibrate all measured spectra for

inversion and accounts for the system response not captured by the forward model,

as described in Ref. 25. Note that because the PDA geometry captures light near the

input source, the µ1spλq is sensitive to the scattering phase function, this is discussed

in additional detail in Sect. 4.4.

4.2.7 Resolution Characterization

The optimal scanning resolution was determined using a high contrast, custom res-

olution target (Fig.4.8(a)), similar to the procedure described in Sect.2.3.4. The

custom target was constrained by the probe footprint and foam rigidity; the very

small protrusions made by the wire-bonds from the silicon detector array to the

printed circuit board would prevent total surface contact for any rigid object larger

than 30x30mm, thus, a 25.4x25.4 mm target was designed. Furthermore, the target

was optimized to only contain features with size scales relevant to the clinical needs

of a margin assessment probe (0.25 - 3 mm). The target was scanned at multiple

raster-scan rates (∆s) and the time to complete the scan was automatically recorded
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for each scan.

While characterizing the resolution for high-contrast target helps optimize ∆s,

the question regarding the ability to resolve features with varying optical properties

in tissue naturally arises. To characterize the volumetric, diffuse contrast (and in

a sense, resolution), 3D Monte-Carlo simulations were conducted for tissues slabs

with contrasting perturbations of several sizes. These simulations were carried out

using the same compressive sensing wavelengths leveraged by the BMAP system

(λ “ r470 480 490 500 510 560 580 600s nm). The Henyey-Greenstein phase function

was assumed for µ1spλq. To incorporate the system response of the physical system

in the simulated data, the phantom study reference phantom was also simulated;

any wavelength dependent differences between the simulated reflectance and actual

reflectance can be used to scale all other simulated spectra. The large, semi-infinite

slabs were designed to have optical properties corresponding to the median value of

adipose tissue measured optical properties with our gold standard 49ch device (Tab.

4.2). The dimensions of the slabs are 25.4x25.4x20 mm (lwh), with a perturbation

region in the center of the slab that extends 3 mm in depth and has an en face

square surface with l = w = [0.25, 0.75, 1.5] mm. Similarly, the optical properties

of the perturbation were designed to match the median measured values of invasive

carcinoma tissue (cancer) (Tab. 4.2). To adequately characterize the diffuse contrast,

simulations were carried out for ∆s = [0.25, 0.75, 1.5, 4.5] mm for each perturbation

size. A diagram of the phantom design and the scan geometry is shown in Fig.

4.8(b).

4.2.8 Resolution Characterization

From a clinical timing perspective, an upsample factor of 6, or ∆s = 0.75 mm proved

to be ideal; additional gains in 2D feature resolution beyond this ∆s were minimal

due to the large illumination apertures (0.75 mm), while the total scan time was
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Table 4.2: Tissue Median Values.

Sample Adipose Reference Phantom Cancer

xµ1syλcm´1 7.12 6.78 13.7

xµayλcm´1 3.99 1.39 3.78

[Hb]µM 15.28 22.7 30.9

[β-C]µM 19.58 0.00 12.98

substantially increased (9.61 minutes to 13.1 minutes) (Fig. 4.6(a)). Note that

because the target is not completely opaque (there is some diffusion of light), the

feature resolution does not strictly follow the Whittaker-Shannon sampling theorem;

for a ∆s = 0.75 mm, 1 mm features are adequately resolved without aliasing.

In tissue, the smallest cancer-like heterogeneity we can reasonably expect to de-

tect and correctly classify is roughly 0.75 mm for a ∆s = 0.75 mm. As shown in

Fig. 4.6(b), for ∆s = 0.75 mm, the cancer-like heterogeneity has enough contrast

against the background (adipose-like tissue) to manifest as an area with [β-carotene]{

xµ1syλ ď 2, the utilized threshold differentiating likely-cancer from likely-normal tis-

sue in this work. Furthermore, the benefit of sub-pixel sampling via raster-scanning

is clearly presented in Fig. 4.6(b); the uncertainty (indicated by the error bars) in

the heterogeneity size, position, and optical property values decreases non-linearly

with decreasing ∆s. At the native probe resolution (∆s = 4.5 mm), it is only possible

to correctly classify the largest heterogeneity (∆b = 1.5mm) and the likelihood of

doing so is only 33%.

For the purposes of detecting residual disease at the tumor margin, it is sufficient

to merely detect its presence in a binary sense; the precise position, optical parameter

value, and size are not critical to determine as long as positive margins are not missed.

An expanded view of the expected contrast in tissue is shown in Fig. 4.7(a-c).

The possible values in estimating [β-carotene]{ xµ1syλ for 3 separate sized cancer-like
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Figure 4.6: BMAP resolution characterization: a), Reflectance measured on a high
contrast resolution target for a series of raster-scan rates with decreasing ∆s from
left to right. The time required for each scan is indicated below the respective
image. b) Line scans across simulated diffuse, tissue-like slabs each with an embedded
heterogeneity. The center position of the simulated photodiode is represented by χ.
Within each plot, line scans are shown as the extracted [β-carotene]{ xµ1syλ for three
heterogeneity sizes (∆b = [0.5 0.75 1.5] mm). Heterogeneities are centered at χ =
0. From left to right, ∆s is increased from 0.25 mm to 4.5 mm, depicting the loss
of contrast for each heterogeneity as a function of sampling rate. The error-bars
represent all possible [β-carotene]{ xµ1syλ estimates (uncertainty) derived from the
inverse model for the simulated spectra.

heterogeneities can be seen as a function of both ∆s and probe position (χ) for a

single en face line scan across the heterogeneity. The cancerous heterogeneities and

adipose slabs have a true value of [β-carotene]{ xµ1syλ = 0.9 and [β-carotene]{ xµ1syλ=

2.97, respectively, and the gray plane represents the [β-carotene]{ xµ1syλ = 2 threshold

utilized in this manuscript. As the figure shows, the 0.25 mm heterogeneity (∆b =

0.25 mm) (Fig. 4.7(a)) cannot be resolved with the current PDA geometry, even if

sampled at ∆s = 0.25 mm. For the 0.75 mm heterogeneity (∆b = 0.75 mm) in Fig.

4.7(b), it can be seen that there is only a small sub-region of ∆s that can adequately

differentiate the heterogeneity from the adipose background (the region below the
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Figure 4.7: Contrast in Tissue. a), Possible [β-carotene]{ xµ1syλ values for a line
scan (χ) across a rectangular volume (lxwxh = 0.25x0.25x3 mm) with cancer-like
optical properties surrounded by a semi-infinite adipose slab (the geometry is shown
in Sect. 4.2.7), shown as a function of ∆s. Similarly, b) and c) represent possible
[β-carotene]{ xµ1syλ values for perturbations in increasing size (0.75 and 1.5 mm,
respectively). The center position of the simulated photodiode is represented by
χ. The gray plane represents the threshold for which the heterogeneity would be
correctly classified as “likely-cancer.” In d) through f) the possible [β-carotene]{
xµ1syλ estimates are condensed in box-and-whisker plot format. The blue line rep-
resents the true [β-carotene]{ xµ1syλ value for the cancer-like heterogeneity and the
expected median value for the lower row of boxes. The dashed red line indicates the
threshold for which the heterogeneity would be correctly diagnostically classified.
The orange line represents the true [β-carotene]{ xµ1syλ value for the adipose slab
and the expected median value for the upper row of boxes.

gray plane). The effect of ∆s on the possible estimated [β-carotene]{ xµ1syλ values

is condensed in a box-and-whisker style plot in Fig. 4.7(e-f).

4.2.9 Pressure Validation

Clinically relevant pressure ranges found in Sect.2.3.3 were validated using a new set

of layered gelatin-based (60mg/mL) solid tissue simulating phantoms optimized the

have a stress/strain ratio (Youngs Modulus) comparable to that observed during rou-
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tine clinical use (0.08 - 11.3 kPa) and similar to those reported in literature51. Note

that because the imaging platform tracks the xyz position for each measurement, tis-

sue compression (via probe height) can be captured as a function of pressure during

each clinical measurement. Solid phantom slabs were designed to simulate clinically

relevant tissue geometry and optical properties: A 2 mm thick slab was designed to

have optical properties corresponding to purely adipose tissue to simulate a nega-

tive margin geometry, the 2 mm layer was placed on top of a larger 25.4x25.4x20

(l x w x h) mm slab with optical properties correlated to invasive breast cancer.

To corroborate changes due to pressure, the cancerous slab has an embedded defect

(4.5x4.5x4.5 mm) with optical properties designed to match the reference phantom

to provide a secondary source of contrast beneath the adipose layer (Fig. 4.8(c)).The

corresponding optical properties were informed using optical parameter distributions

from previously acquired data for each tissue subtype (histopathologically verified

by a practicing clinical pathologist). Note that the optical properties for the con-

structed solid phantoms deviate slightly from those in Table 4.2; the difference is

due to mixture uncertainty and intentional enhancement of contrast. As a result,

the cancer-like tissue has increased xµ1syλ and decreased [β-carotene], while the adi-

pose tissue has further increased [β-carotene] and decreased [Hb]. A summary of the

final optical properties can be observed in Tab. 4.3. To understand the effect of pres-

sure on extracted optical properties, the layered sample was raster-scanned 12 times

corresponding to pressures P = [3, 6, 9, 12, 15, 18, 21, 25, 33, 37, 43, 49] mmHg.

Similar to clinical use, the layered sample was raster-scanned with ∆s = 0.75 mm

(36 placements) using the zigzag pattern previously mentioned. The experimental

design and hypothesized effect are outlined in 4.8(d). Shown in Fig. 4.8(e) are pho-

tographs of the solid phantoms used in the study; the last photograph demonstrates

the phantom under load.

To preserve the integrity of the solid phantoms, each component was immersed
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Table 4.3: Solid Gelatin Tissue Phantoms.

Solid Phantom Components

Sample 2mm Layer (A) Heterogeneity (R) Slab (C)

xµ1syλcm´1 8.67 6.64 16.38

xµayλcm´1 2.49 1.11 1.54

[Hb]µM 2.51 16.7 16.7

[β-C]µM 24.1 0.00 4.45

[Gel] mg/mL 60.0 55.9 59.3

in food-grade mineral oil when not in use once completely cured. The immersion in

mineral oil prevents moisture from escaping the phantoms and drying them out, un-

predictably changing the optical properties. Note that because collagen (in gelatin)

is not soluble in any oil, nor any of the phantom constituents, this immersion also

prevents substantial penetration of the oil within the phantom. An additional benefit

of this immersion is the prevention of bacterial or fungal growth; the phantoms do

not mold or spoil over time. The major drawback of this immersion is the lack of

oxygen available to the phantoms, necessarily causing oxy-hemoglobin to convert to

deoxy-hemoglobin over time. To suspend the phantom oxygenation state, formalin

(1mL, 10% solution) was immersed into the the phantoms immediately after curing

(initial water volume was adjusted to account for the added formalin), causing the

hemoglobin protein to become fixed in an oxygenated state. The phantoms were cast

in a two stage process; first the phantoms where cast in a mold with a protrusion

based on the size of the defect, resulting in a homogeneous slab with a hole where

the defect should be. A thin layer of mineral oil is added to the exposed surfaces

to prevent unwanted mixing and loss of moisture. The defect (hole) is then filled

with the reference phantom-like gelatin based solution and allowed to cure, with

the formalin added immediately after and allowed to diffuse within the sample com-
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Figure 4.8: Pressure and Resolution Experimental Design: a) The resolution
target used in non-volumetric, high-contrast resolution characterization for clinical
∆s optimization. b) Diagram of the slab and perturbation geometry used to simulate
the expected diffuse contrast in tissue for a cancerous defect among a homogeneous
adipose slab. ∆b represents the vector of sizes used for length/width dimension of
the cancerous perturbations (each is 3mm in depth). ∆s represents the vector of
raster-scan sample rates used in the study. c) Diagram of pressure experimental
setup with layer and slab separated and d), the anticipated effect as the pressure is
increased; as the top layer is compressed, the distribution of photon paths include
the cancer-like slab below the adipose layer. e) Series of photographs of the physical
phantoms used in the study; from right to left: a top view of the slab and defect
without the adipose layer, a side view of both the slab an layer (inside a container
to maintain position), and finally, the phantom under compressive load.

pletely. After formalin diffusion, the completed phantom is immersed in mineral oil

and stored at 4C until used. The optical properties for the solid phantoms where

measured randomly during a 1 month period and no detectable changes (deviations

ą 5%) were observed. Finally, due to the fact that β-carotene is insoluble in water,

crocin (Sigma-Aldrich Co. LLC, St. Louis, MO) was used as an analog.
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4.2.10 Effects of Pressure

The pressure applied at the probe-tissue interface was observed to cause substantial

deviations in optical parameter estimates for the solid tissue phantoms. As shown

in Fig. 4.9(a), the estimated [β-carotene] at pressures below 5 mmhg was observed

to be wildly inconsistent, suggesting insufficient or partial contact with the layered

phantom, however, at pressures ě 15mmHg, the estimates for [β-carotene] begin

to decrease as the 2 mm layer begins to compress and the slab below is included

in the photon path; both regions below the adipose layer contain much less of the

β-carotene analog (crocin). A similar effect was observed for xµ1syλ and is shown

in Fig. 4.9(b). The optical changes suggest a window where optical property fidelity

is maintained, roughly between 6 and 15 mmHg. Thus, for routine clinical use, a

pressure of 10 mmHg was used.

The physical amount of compression was observed to be nearly 10 mm for the

greatest pressures used (ě = 15 mmHg) (Fig. 4.9(c)). Distributions of [β-carotene]{

xµ1syλ are shown in Fig. 4.9(d) and (e) for 4.5x4.5 mm regions of the parameter

maps in (a) and (b), indicated as box (1) and (2), corresponding to areas of the large

phantom slab containing optical properties representing the reference phantom (low

xµ1syλ and no [β-carotene]) and cancerous tissue (high xµ1syλ and low [β-carotene]),

respectively. As seen in (e), the [β-carotene]{ xµ1syλ values drop below the actual

value (2.97) at pressures beyond 15 mmHg, suggesting that the ”clear” margin would

not be read as purely adipose tissue, but perhaps with some fibroglandular content.

4.2.11 Clinical Data Collection

Diffuse reflectance spectra were collected from excised breast tissue specimens from

a total of 3 margins in 3 separate patients for the proof-of-concept data shown in this

manuscript. Specimen orientation for lumpectomies (partial mastectomies) was de-
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Figure 4.9: Pressure Induced Optical Parameter Deviations. a) Map of [β-
carotene] concentration of the layered phantom with a two region slab (high scat-
tering low beta, low scattering low beta (center region)). Likewise, b) shows the
wavelength averaged µ1s (cm´1) and reveals as similar trend as the center region has
a slightly reduced xµ1syλ(7 to 6.2). c) shows the amount of compression during the
experiment with the phantom diagrammed in the plot; yellow represents the adipose
layer, red the center region, and orange the remaining cancer slab. d) shows the
[β-carotene]{ xµ1syλtrend for the region over the center region and indicated by the
box labeled 1. The yellow line represents the expected value. e) Similarly shows
the trend for the region indicated by box 2 and not influenced by the center region.
Note the distinct drop in the [β-carotene]{ xµ1syλratio beyond 15 mmHg; this is due
the highly scattering nature of the cancer slab, having a xµ1syλof 15 cm´1.

termined according to surgically placed reference features including: a surgical wire

inserted into the center of the tumor, colored sutures, and surgical clips. Specimen

faces were defined as the faces of a cube and labeled relative to the specimen orienta-

tion in situ; the six measurable faces are hereafter referred to as the superior, inferior,

posterior, anterior, medial, or lateral margin. Immediately following tissue resection,

partial mastectomy specimens were sent to radiology for an intra-operative mammog-

raphy to verify removal of the tumor mass. Upon return, the specimen was placed

onto the pressure-sensing base of the imaging platform and oriented accordingly.

81



Following orientation, the raster-scanning procedure was initiated and the diffuse

reflectance spectra were collected. Once the scanning procedure was completed, a

site-level inking procedure was performed wherein 6- 10 sites were randomly marked

using tattoo ink (typically orange in color) with the aid of a co-registration structure

that physically relayed the central location of each optical channel to the respective

point of contact with the specimen. A single margin was inked for post-operative

pathological assessment. Margin inking was followed by the acquisition of a digi-

tal image using the previously mentioned (Sect. 2.2.3) USB digital camera assembly.

Tissue optical property maps were reconstructed post-measurement using the inverse

Monte-Carlo model discussed previously. To establish optical extraction equivalence

to previous generation devices, the samples in this work were measured using both

the BMAP system and our gold-standard 49ch system described in Sect. 4.1 and

Ref. 50. These measurements were performed by swapping the probes only; the

tissue specimen was not moved or realigned. The on-board positioning tracking of

the imaging platform was used to determine the corresponding regions measured by

each probe, which share a central optical axis as mentioned in Sect. 2.2.3.

4.2.12 Clinical Validation

Clinical specimens (3 total) measured using the BMAP system were found to exhibit

similar optical parameter distributions to those captured with the gold standard 49ch

system and were consistent with our previously published results50;26;40. The clinical

utility of the BMAP on a representative clinical specimen with a close but negative

margin is shown in Fig. 4.10(a-d). The labeled sites correspond to histopathology-

verified site-level data reviewed by an expert pathologist. The high resolution pa-

rameter maps (Fig. 4.10(d)) reveal a level of detail that is not apparent in the low

resolution reflectance image (Fig. 4.10(c)), demonstrating the importance of sub-

pixel sampling. Congruent with previously published results, areas corresponding
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to fibroglandular tissue (region 3) have markedly lower [β-carotene]{ xµ1syλ values

compared to regions of adipose tissue (region 4). Note that this stark contrast is lost

in the low-res parameter map (Fig. 4.10(c)). Region 5 corresponds to a site with

invasive ductal carcinoma 1.8mm distal (in depth) to the margin surface; the entire

region contains markedly lower [β-carotene]{ xµ1syλvalues relative to other sites; this

is aligned with a generally accepted notion of stromal modification near malignant

sites52;53;54. The mammographic breast density (MBD) for the sample was reported

to be high (MBD = 4). MBD scores are indicated as 1-fatty, 2-scattered fibrous tis-

sue, 3-heterogeneously dense, 4-extremely dense. High MBD has a known association

with increased breast cancer risk, particularly in pre-menopausal patients55;17. Fig-

ure 4.10(e-h) shows an additional clinical specimen with a high mammographic breast

density (MBD = 3). Note the overall lower distribution of [β-carotene]{ xµ1syλ val-

ues; again corroborating significant stromal involvement for dense, fibrous regions of

tissue due to extensive collagen involvement.

The similarity to the 49ch device described in CH2 is also demonstrated in Fig.

4.10(e-h). Figure 4.10(f) shows a full margin scan captured with the 49ch device

of a mammographically dense breast (MBD = 3); the region measured by both

devices is indicated by the dashed black box. A zoomed and cropped 49ch parameter

map of the black box region is shown in Fig. 4.10(g); note the similarity to same

parameter map captured with the BMAP system shown in Fig. 4.10(h). A similar

representation is shown on a low density breast (MBD = 2) in Fig. 4.10(i-l). As a

corollary to the previously mentioned hypothesis, the overall increased [β-carotene]{

xµ1syλ values indicate reduced fibroglandular extent and a greater percentage of fatty

tissue; indeed the measurement distribution shown here results from both increased

[β-carotene] and decreased xµ1syλ.

A summary of the extracted [β-carotene]{ xµ1syλ values for each of the 3 margins

is shown in Fig. 4.10(m) as cumulative distribution functions. For each margin, an
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additional cdf corresponding to the same region measured with our gold standard

49ch device is overlaid to demonstrate the equivalence in extracted optical parameter

value distributions. The similarity of these optical parameter distributions is alter-

natively quantified and shown in the form of box-and-whisker plots in Fig. 4.10(n).

4.3 Corroboration of Scalability

4.3.1 Increasing FOV

One advantage of the 49ch system over the BMAP system was the larger FOV

(17cm2 vs. 2.5cm2). To demonstrate the advantage of using standard semiconductor

manufacturing procedures; a larger FOV (10cm2) 8x8 format of the BMAP photo-

diode array was constructed. Shown in Fig.4.11 is a digital image of the prototype

large format device. The ease with which the photodiode array can be scaled offers

a distinct advantage over most imaging technologies as there are no optics, polishing

procedures, or otherwise expensive modifications necessary.

4.3.2 Wisconsin Study

An exact replica of the BMAP system was developed to be used in collaboration

with the University of Wisconsin to determine ease of use by clinical staff, the failure

and success rate of the technology in the field, and to observe optical differences

from a different patient demographic distribution. Moreover, deployment for use by

non-research staff makes clear the necessary simplifications of operation.

Software Design

One of the key challenges addressed prior to deployment was an extensive redesign

of the user interface. In order to maintain research development and simultaneously

provide a simplified user interface that runs on the same core code, a new software
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Figure 4.10: Clinical Margin Data: a) Digital image of a close margin (BMAP-
2) showing sites inked for pathological review, b) digital image with [β-carotene]{
xµ1syλ map overlayed, c), [β-carotene]{ xµ1syλ map with ∆s = 4.5 mm, and d), [β-
carotene]{ xµ1syλ map with ∆s = 0.75 mm with outlines corresponding to inked re-
gions. FA: Fibro-adipose, FG-Fibroglandular, IDC: Invasive ductal carcinoma. Sim-
ilarly: e) A digital image of an additional close but negative margin with, f), the cor-
responding wide-field [β-carotene]{ xµ1syλ map acquired with the 49ch gold-standard
clinical system. The black dashed box indicates the region also measured by the
BMAP system. g) A cropped and zoomed map of the co-registered region captured
with the 49ch device (49ch-1) and h), the corresponding [β-carotene]{ xµ1syλ map
captured with the BMAP device (BMAP-1). In i) through l) the digital, 49ch full
FOV, 49ch-cropped (49ch-3), and corresponding BMAP parameter map (BMAP-3)
are shown for a low-density margin (MBD = 2). In m), the [β-carotene]{ xµ1syλ cu-
mulative distributions for each of the 49ch/BMAP pairs with the median breast
density(MBD) indicated. Finally, n), the [β-carotene]{ xµ1syλ distributions of the
co-registered regions shown in a condensed box-and-whisker format.
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Figure 4.11: 8x8 Large Format PD Array

package was developed using LabVIEWTM. Unlike the traditional approach in a re-

search setting, the software required abstraction layers to handle the use of different

hardware components without needing to change identifiers with the code. Further-

more, in anticipation of using the 8x8 BMAP system and possibly entirely different

spectral imaging systems, the format of raw data readout also required abstraction.

To achieve these levels of abstraction, a relatively new object-oriented extension of

LabVIEWTM was used. The strategy to achieve the levels of abstraction necessary

was to create a class hierarchy such that the core engine always used the same par-

ent classes regardless of the actual child class dispatched at runtime. The common

theme across all spectral imaging setups at the highest level of abstraction is that

they are comprised of a ‘spectral imaging device’and ‘spectral data’. These two com-

mon components can be abstracted into their components. For example, a spectral

imaging device will always need a light source, a detector, a probe of some sort, a

means to calibrate, and may have any number of accessories, such as the imaging
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Figure 4.12: Software Design. The spectral imaging software comprised of several
layers of abstraction; the hardware abstraction layer is shown in red. Each component
in the red layer is expected during runtime, however, during runtime one of the child
class with hardware specific drives is dispatched, such that the system can function
generically.

platform. The core code was designed to always expect these, such that the physical

hardware used does not actually matter because it will always be a child class loaded

at runtime. This generalized hierarchy is diagrammed in Fig.4.12.

Spectral data is handled in a similar fashion, such that any device with any

number of channels can be reduced to what is common among all data captured for

this purpose. Briefly, at the top layer there exists an object with 1 or more images,

spectral or otherwise, which is a comprised of data collected over any number of

variables, such as pressure, position, integration time, etc. Each ‘scan’ is composed

of several of these ‘frames’, each frame represents a complete capture over a single
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Figure 4.13: UW Clinical Data: a) The ROC curve generated using the same
model inputs as those described in CH3, and b), the regression model and goodness
of fit for the UW data predictions.

index of all variables, including any repeated measures. The frame is comprised 1 or

more instances of ’raw data’which can always be reduced to a 2D Matrix. Generalized

in this way, data can be captured over any number of variables in any order the user

specifies. This allows the UW system to perform margin imaging while the local

BMAP system could be performing an experiment studying pressure without any

software changes.

4.3.3 Wisconsin Clinical Data

The UW group has collected data for 56 of 75 patients approved for the study. A

summary of the patient demographics is listed in Tab.4.4. The current data was

processed locally and, although not complete, was used to test the model developed

for the clinical study in CH3. The goal was to do a preliminary regression analysis

to assess whether or not the UW data is being captured successfully. Shown in

Fig.4.13 is the ROC curve on the 56 patient data set fit to a regression model using

the same inputs described in CH3.

The analyses suggest that the collect of inputs can assess the margin status

with high fidelity, the sensitivity and specificity were found to be 95%and 94%,
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Table 4.4: Patient/Margin Demographics.

Patients (#) 56

Patients Excluded (#) 26

Patients Included (#) 30

Age (range) 59 (81-24)

BMI (range) N/A

Total Margins (#) 52

Negative Margins (#) 40

Close Margins (#) 7

Positive Margins (#) 7

Lymph Node -/+ (#) 53/10

ER -/+ (#) 14/35

PR -/+ (#) 6/43

respectively.

4.4 Summary

Presented in this chapter is a margin assessment system designed to address some of

the key challenges in breast tumor margin assessment: detecting residual disease at

the time of surgery and providing a scalable platform that lends itself to clinical adop-

tion. Performance wise, the BMAP system strikes a FOV, resolution, and speed bal-

ance on par with research-grade instruments in a low-cost package. By comparison,

the 49ch QDRI clinical system consists of an astronomy grade CCD/spectrograph

and a bulky yet delicate fiber-optic probe. In CH3, it shown that the clinical QDRI

technology can accurately survey breast tumor margins rapidly with reasonable sen-

sitivity and specificity. Here it was shown that the BMAP system extracts the same

optical distributions. The problem with previous generation devices stems from the

difficulty in scaling the high-precision, research-grade components; there is no obvi-
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ous path to commercialization and mass-production, suggesting widespread clinical

adoption would be challenging and unlikely. Here, we sought to develop a pragmatic,

low-cost, bare-essentials system; these goals are the primary reason that almost every

system component is custom-made or a basic low-cost IC or hardware component.

The 3D-printed plastic pieces and off-the-shelf parts easily scale for mass-production

via injection molding, volume ordering, and simple assembly line style construction;

this approach requires nothing special of manufacturing firms, ultimately keeping

costs low. An 8x8 array was fabricated to demonstrate the minimal changes neces-

sary to scale to a larger FOV.

A second BMAP system was deployed at the University of Wisconsin to under-

stand the needs of use by clinical staff. Simplifying the user interface resulted in

the development of a powerful software package that can be utilized by any spec-

tral imaging device. Preliminary analysis of the UW data suggests that the clinical

analysis algorithm is robust and capable of distinguishing negative from positive or

close margins. In summary, the BMAP system represents a strategic step towards

a pragmatic solution to the margin assessment problem: the portability, accuracy,

and manufacturability provide a realistically translatable path for integration into

the clinical standard of care.
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5

Conclusions and Future Work

5.1 Discussion

The technology detailed in this work aims to reconcile the need to quickly survey

full breast tumor margin imaging areas (cm2) and the microscopic resolution needed

to identify residual disease. Statistical analysis of optical and clinical patient data

suggest that DRS-based techniques are sensitive to underlying tissue morphology and

that such sensitivity is important in accurately quantifying the underlying margin

landscape.

The BMAP system utilizes a new concentric ring source-collector photodiode

technology (d = 0.75, 2.46 mm) with a center-to-center spacing of 4.5 mm; this

reduces inter-pixel crosstalk and creates photon traversal paths that interrogate just

beyond 2mm in depth depending on µ1s and µa . A compressive sensing strategy is

leveraged to maintain the intensity (Ipλq) information content using a reduced set of

8 discrete wavelengths. The sensing strategy is motivated by the need to capture the

power spectral density in a serial fashion as the system does not utilize diffraction

gratings or prisms; the number of wavelengths dictate the minimum acquisition time

for a single spectral snapshot. The BMAP system uses a scalable Monte-Carlo model
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to invert measured reflectance into estimates of the absorption and reduced scattering

coefficient (µ1spλq and µapλq). Such an inversion that is applied to remitted flux at

a location near the point of entry is complicated by the influence of the scattering

phase function, as described in Ref. 56. In the case of the BMAP system, because the

distribution of optical properties contains more information than any single point,

circumstances where the Henyey-Greenstein phase function does not necessarily

apply can be ignored.

Routine clinical use consists of a sequential raster-scan during which the probe

cyclically establishes contact with tissue, measures Ipλq, returns to a safe clearance

height, and finally is translated in x or y according to the scan sequence. The cy-

cle repeats until the entire margin is surveyed at the desired sampling resolution

(∆s) in x and y. Within a clinical scan, each placement yields 16 simultaneous in-

dependent measures of Ipλq, resulting in 576 total spectra for each 36-placement

raster-scan. Comprehensive surveillance of the margin landscape is thus achieved

through 576 separate optical parameter estimates (via Monte-Carlo look-up table

inversions) modulated in position. This parameter-dense map is interpolated using a

bicubic spline to best represent the inherent optical property values: heterogenieties

beneath the most superficial layer will contribute to the estimates and interpolation

provides an effective average-like representation of the sensing volume, particularly

with decreasing ∆s. Stated differently, because information content is captured in

depth and a tomographic reconstruction algorithm is not employed, the BMAP sys-

tem can capture and accurately assess the disease status of features nearly equal to

∆s for ∆s ě 0.75 mm using an interpolated 2D representation of the margin in

typical circumstances.

One of the fundamental limitations of previous generation (pre-49ch) QDRI de-

vices addressed with this technology is the loss of sensitivity to small, heteroge-

neous regions of focal disease; previously, these areas could not be satisfactorily
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distinguished due to volume averaging of sparsely sampled data (5-10mm). The

raster-scanning implementation seeks to address this limitation by oversampling the

specimen such that small regions of heterogeneity are highlighted in the presence

of homogeneous counterparts. Although a 0.75 mm sampling resolution still does

not qualify as microscopy, it does provide a highly pragmatic technological inter-

section addressing the limitations of the native wide-field spectroscopy system and

microscopy, and provides a 3-fold improvement in terms of the amount of tissue re-

viewed during histopathology. Sampling of a full margin currently requires around 10

minutes, significantly longer than the 30 seconds required for a single, low resolution

spectral snapshot, however, this still is within the timing constraints for an intra-

operative tool: the amount of time elapsed between specimen removal and surgery

completion is typically between 25-35 minutes.

Resolution is particularly important in the context of DCIS, wherein small ten-

tacle like structures can protrude from a centered malignancy to the margin surface

with cross-section on the order of a few 100 µm. These types of positive margins

often go undetected even during histopathological review as clinical specimens are

sectioned at 3-4mm increments; the extent of DCIS involvement can be lost in the

sections of tissue not included for pathological assessment. The cells that make up

DCIS resemble invasive cancer both molecularly and pathologically, leading to the

hypothesis that if these lesions could be identified in the earliest stages, the overall

incidence of invasive breast cancer would be reduced. Leading to a push to find

smaller and smaller cancers, DCIS now accounts for 20-25%of breast cancer lesions;

previously DCIS only accounted for 3%of lesions57. Epidemiology studies have shown

that the removal of DCIS only regions has not reduced breast cancer incidence or

mortality58, suggesting that DCIS only cancers may not necessarily progress to in-

vasive disease. In the context the margin imaging technology, the regions of DCIS

we aim to identify are typically already associated with invasive disease, however,
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future studies could seek to demonstrate a distinction between DCIS only and DCIS

associated with invasive carcinoma, such that a positive DCIS margin with a DCIS

only optical signature could inform that a repeat surgery is not necessary.

The importance of resolution is substantiated in a similar emerging technology de-

veloped by Lue et al., utilizing a single channel scanner leveraging diffuse reflectance

and laser-induced fluorescence (LIFS) (MIT-Scanner). They reported proof of con-

cept on a single specimen and were able to demonstrate detection of a region of

DCIS ą 1 mm2 using [β-carotene] and collagen scattering as descriptor variables.

The point-scanning technology is fundamentally similar to our approach and demon-

strates what can be achieved in terms of spatial resolution when the specimen is

sampled at very small increments (0.25 mm). Though there is greater detail in the

images capture by the MIT-Scanner, the clinical analysis in the study presented here

suggests that, although resolution is important, the key to accurately determining

the margins status relies heavily on the distribution of information both at and near

the site, suggesting that the wide-field coverage area is an important distinction nec-

essary to rapidly survey the margin surface. High resolution information could then

be used to survey distributions with high probability of disease, making the BMAP

a more pragmatic tool to utilize intra-operatively. Additionally, the BMAP system

makes physical contact with the specimen; this is advantageous in the context of

the subtle pressure that is needed to flatten the surface of the specimen for imag-

ing. Surface contact also reduces the effects of inconsistent illumination geometry

and specular reflection from highly irregular surfaces such as those familiar to most

clinical breast specimens. The MIT-Scanner acquires images from the bottom of

the specimen which rests on a glass plate; this could lead to false positives if the

specimen compresses under its own weight, causing the malignancy to appear closer

to the surface that it truly is.

A study conducted by Kennedy et al. to examine the effects of tissue hetero-
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geneity on the sources of optical contrast described found no statistically significant

differentiation of tissue subtypes (fibroadipose (FA), fibroglandular (FG), adipose

(A), carcinoma, DCIS) at the site level using [β-carotene]{ xµ1syλ as a descriptor

variable. This shortcoming was attributed to patient demographics, specifically

menopausal status59. Significant differentiation was achieved for benign tissue types

when xµ1syλ was considered alone, due to fibrous content, again contending that this

relationship is likely related to patient demographics. Interestingly, it was found that

the total hemoglobin concentration rHbT s, exhibited the highest diagnostic power.

We chose to exclude rHbT sfrom this study due to the post-excisional kinetics of

freshly resected tissue specimens as it has been shown to be unreliable in previous

studiesKennedy et al..In this work, we found statistically significant differences at

the site level for all benign tissue subtypes (FA, FG, A) using only [β-carotene]{

xµ1syλ distributions as a descriptor variable. It was shown that the ability to dis-

tinguish subtypes can be obscured at the native probe resolution and is likely the

reason the study by Kennedy et al. did not observe these differences; all diagnostic

information was determined by a single, volume averaged pixel.

The control of pressure was shown to be important to prevent user-associated

error stemming from variable probe placement and pressure at the probe-tissue in-

terface, preventing artifacts in extracted optical properties that may result in false-

positives from tissue compression or insufficient contact. The elaborate effort to con-

trol and measure pressure at the probe-tissue interface partly stems from an evolving

clinical standard-of-care; radioactive localization seeds are now routinely used and

the ramifications of a misplaced seed require the tissue remained confined to a spe-

cialized container accessible only from the top-side, suggesting a technique such as

that employed by the MIT-Scanner could not be used in these cases. Furthermore, as

demonstrated on gelatin-based multi-layer solid tissue simulating phantoms, as well

as animal tissue, it was found that the window in which optical parameter estimates
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remain valid is narrow, spanning 6-15 mmHg.

Spatial frequency domain imaging (SFDI) is an existing wide-field technique that

can obtain tissue optical properties by measuring the intensity of diffusely reflected

light without making physical contact with the specimen60;61;62;63. SFDI offers a

distinct advantage in estimating tissue optical properties as it is possible to accu-

rately decouple µapλq and µ1spλq from one another at different depths using multiple

spatial frequencies and an analytical model for photon migration. Most SFDI-based

approaches leverage a diffusion approximation to the radiative transport equation,

as detailed in Ref. 64, resulting in fast, computationally efficient optical property

estimates. The primary limitation of current SFDI systems relates back to clini-

cal translatability; most utilize large, research-grade CCD cameras similar to our

previous generation QDRI systems, however, transitioning to a commercially low-

cost sensor equivalent would be non-trivial as high-resolution, sensitive cameras are

needed to capture the high frequency intensity variations specific to SFDI.

In addition the the clinical analysis shown here, extension of the BMAP device to

the University of Wisconsin provided evidence that a mix of that mix of optical and

clinical variables could be a very robust set of diagnostic inputs. β-carotene con-

centration and µ1sare used as sources of optical contrast in combination with the

mammographic breast density, the nottingham grade, mitotic grade, tubule forma-

tion grade, and the nuclear grade; the combination of these inputs likely separate

borderline cases related to MBD, i.e., the complementing information of the opti-

cal data is enough to characterize the margin morphology. The algorithm employed

here utilizes a non-linear least squares optimization method as it was found that

simple logistic regression did not adequately separate margin status or factors that

are surrogates for risk, such as the OncotypeDx assay. This non-linear dependence

is interesting as there isn’t an easily recognized physical basis for this. Nonlinear

machine learning algorithms can over-fit data; steps taken to avoid this were using
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very few nodes and training on only a subset of data, however, to fully understand

the power of the model, ensuing studies will investigate the performance using fewer

still (nodes), and systematically removing both optical and clinical variables. . In

summary, quantitative optical imaging may provide a pragmatic avenue to improve

the current clinical standard of care for breast tumor margin assessment. The porta-

bility and accuracy of the BMAP tool could be the stimulus for wide-spread clinical

adoption of optical imaging: the tool can used intra-operatively as an adjunct to

help discern focal regions of disease, determine the margin status, and perhaps pro-

vide a metric to help histopathology decision making regarding the need for second

surgeries.

5.2 Future Strategies

5.2.1 LED Based Light Delivery

The overall portability of the BMAP system is limited by the large 8 channel Xe arc

lamp (470, 480, 490, 500, 510, 560, 580, 600nm) (dimensions = 196(W) x 345(D)

x 302(H) mm, weight = 12.5kg). The lamp output power fluctuates as much as

5%over time, limiting the total system SNR to approximately 45 dB. Since the lamp

optical noise is a function of the total power, increasing the output power does not

increase the SNR. Moreover, the high cost of the lamp does not lend the system to

seamless clinical translation. An 8-channel LED-based system is a practical solution

to this issue; high-power LEDs are relatively cheap ( 3´30) and have an inherent

small form factor (typically 1-3 millimeters in each dimension. Figure 15 illustrates

a simple design approach that preserves the overall illumination strategy and does

not require any additional hardware customization; the illumination systems can

easily interchange by simply swapping out the light guide. The challenge in using

LEDs the low power density characteristic to white LEDs in the green wavelengths,

in the case of our chosen bandpass filters, the 500 and 510 nm channels. Preliminary
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Figure 5.1: LED system design. Strategic LED/Filter pairs are attached to a
rotating wheel.

testing revealed that using a single, white LED in combination with an 8 slot filter

wheel similar to the one contained within the Xe lamp is not feasible due to this lack

of power (12µW). Early system characterization revealed that at least 22 µW per

illumination channel is necessary to obtain SNR valid for clinical use. The apparatus

proposed here utilizes a 8 LED + filter pairs with the LED color matched to the

filter bandpass. Preliminary testing of LED/filter pairs showed that, on average, the

LED output 5mW more than the Xe lamp, suggesting the design can achieve power

equivalent or greater than the Xenon lamp.

5.2.2 Non-Contact Device

Although the photodiodes are sensitive at low integration times (25ms), the time

required to stabilize the applied pressure varies (typically 50-2500ms) for each place-

ment during the raster-scanning procedure. One potential solution to this issue

could involve removing contact pressure altogether; a contact-free embodiment uti-

lizing small, cross-polarized relay lenslets could image the photo-detector geometry
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Figure 5.2: Photodiode array design: a), Photo of board-mounted photodiode
array from the bottom side with a corresponding diagram including dimensions and
an expanded view of the photodiode layout, b), illustration of light traversal from
the light guide to tissue, and c), photo of the BMAP during acquisition on a foam
resolution target. Note the near collimated beams within the sample emanating from
the apertures. d), A close-up cross-sectional view of the light traversal path including
thickness dimensions of the board and silicon wafer. Note: the photodiode active
area (shown in blue) has no thickness as these are just doped regions in the silicon
wafer. Finally, e), a close-up isometric view of a single photodiode as patterned
onto the silicon wafer. The leads for photocurrent readout are created by a metal
evaporation process and have negligible thickness.

directly onto the surface of the specimen. Note the array design is quite amenable to

this; the freespace illumination geometry allows for the polarization of the incoming

light prior to passing through the illumination apertures. Likewise, the detectors

could utilize a polarizing film oriented 90 from the illumination polarizer in lieu

of the Teflon film, affording a cost-effective way to block any specular reflection.

Bish et al. demonstrated the feasibility of a cross-polarized non-contact point probe

leveraging visible spectroscopy and achieved optical property extraction accuracy

similar to that shown here(%error µa=3.46; µ1s= 8.42). The proposed probe design

is detailed in Figure 5.2.
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