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Abstract 

In 2011, an estimated 230,480 new cases of invasive breast cancer were diagnosed 

among women, as well as an estimated 57,650 additional cases of in situ breast cancer 

[1].  Breast conserving surgery (BCS) is a recommended surgical choice for women with 

early stage breast cancer (stages 0, I, II) and for those with Stage II-III disease who 

undergo successful neo-adjuvant treatment to reduce their tumor burden [2, 3].  Cancer 

within 2mm of a margin following BCS increases the risk of local recurrence and 

mortality [4-6].  Margin assessment presents an unmet clinical need.  Breast tissue is 

markedly heterogeneous which makes identifying cancer foci within benign tissue 

challenging.  Optical spectroscopy can provide surgeons with intra-operative diagnostic 

tools.  Here, ex-vivo breast tissue was evaluated to determine which sources of optical 

contrast have the potential to detect malignancy at the margins in women of differing 

breast composition.  Then, H&E images of ex-vivo breast tissue sites were quantified to 

further deconstruct the relationship between optical scattering and the underlying tissue 

morphology.     

 

Diffuse reflectance spectra were measured from benign and malignant sites from 

the margins of lumpectomy specimens.  Benign and malignant sites were compared and 

then stratified by tissue type and depth.  The median and median absolute deviance 
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(MAD) was calculated for each category.  The frequencies of the benign tissue types 

were separated by menopausal status and compared to the corresponding optical 

properties.   

 

H&E images were then taken of the malignant and benign sites and quantified to 

describe the % adipose, % collagen and % glands.  Adipose sites, imaged at 100x, were 

predominantly fatty and quantified according to adipocyte morphology. H&E-stained 

adipose tissue sections were analyzed with an automated image processing algorithm to 

extract average cell area and cell density.  Non-adipose sites were imaged with a 2.5x 

objective.  Grids of 200µm boxes corresponding to the 3mm x 2mm area were overlaid 

on each non-adipose image.  The non-adipose images were classified as the following: 

adipose and collagen (fibroadipose); collagen and glands (fibroglandular); adipose, 

collagen and glands (mixed); and malignant sites.  Correlations between <µs′> and % 

collagen were determined in benign sites.  Age, BMI, and MBD were then correlated to 

<µs′> in the adipose and non-adipose sites.  Variability in <µs′> was determined to be 

related to collagen and not adipose content.  In order to further investigate this 

relationship, the importance of age, BMI and MBD was analyzed after adjusting for the 

% collagen.  Lastly, the relationship between % collagen and % glands was analyzed to 

determine the relative contributions of % collagen and % glands <µs′>.  Statistics were 
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calculated using Wilcoxon rank-sum tests, Pearson correlation coefficients and linear fits 

in R.  

 

 The diagnostic ability of the optical parameters was linked to the distance of 

tumor from the margin as well as menopausal status.  [THb] showed statistical 

differences from <µs′> between malignant (<µs′>: 8.96cm-1±2.24MAD, [THb]: 

42.70µM±29.31MAD) compared to benign sites (<µs′>: 7.29cm-1±2.15MAD, [THb]: 

32.09µM±16.73MAD) (p<0.05).  Fibroglandular (FG) sites exhibited increased <µs′> while 

adipose sites showed increased [β-carotene] within benign tissues.  Scattering 

differentiated between ductal carcinoma in situ (DCIS) (9.46cm-1±1.06MAD) and invasive 

ductal carcinoma (IDC) (8.00cm-1±1.81MAD), versus adipose sites (6.50cm-1±1.95MAD).  

[β-carotene] showed marginal differences between DCIS (19.00µM±6.93MAD, and FG 

(15.30µM±5.64MAD).  [THb] exhibited statistical differences between positive sites 

(92.57µM±18.46MAD) and FG (34.12µM±22.77MAD), FA (28.63µM±14.19MAD), and A 

(30.36µM±14.86MAD).  Due to decreased fibrous content and increased adipose content, 

benign sites in post-menopausal patients exhibited lower <µs′>, but higher [β-carotene] 

than pre-menopausal patients. 

 

Further deconstructing the relationship between optical scattering and tissue 

morphology resulted in a positive relationship between <µs′> and % collagen (r=0.28, 
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p=0.00034).  Increased variability was observed in sites with a higher percentage of 

collagen.  In adipose tissues MBD was negatively correlated with age (r=-0.19, p=0.006), 

BMI (r=-0.33, p=2.3e-6) and average cell area (r=-0.15, p=0.032) but positively related to 

the log of the average cell density (r=0.17, p=0.12).  In addition, BMI was positively 

correlated to average cell area (r=0.31, p=1.2e-5) and negatively related to log of the cell 

density (r=-0.28, p=7.6e-5).  In non-adipose sites, age was negatively correlated to <µs′> in 

benign (r=-0.32, p=4.7e-5) and malignant (r=-0.32, p=1.4e-5) sites and this correlation 

varied significantly by the collagen level (r=-0.40 vs. -0.13).  BMI was negatively 

correlated to <µs′> in benign (r=-0.32, p=4e-5) and malignant (r=-0.31, p=2.8e-5) sites but 

this relationship did not vary by collagen level.  MBD was positively correlated to <µs′> 

in benign (r=0.22, p=0.01) and malignant (r=0.21, p=4.6e-3) sites.  Optical scattering was 

shown to be tied to patient demographics.  Lastly, the analysis of collagen vs. glands 

was narrowed to investigate sites with glands between 0-40% (the dynamic range of the 

data), the linear model reflected an equivalent relationship to scattering from % glands 

and the % collagen in benign sites (r=0.18 vs. r=0.17).  In addition, the malignant sites 

showed a stronger positive relationship (r=0.64, p=0.005) to <µs′> compared to the benign 

sites (r=0.52, p=0.03). 
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The data indicate that the ability of an optical parameter to differentiate benign 

from malignant breast tissues is dictated by patient demographics.  Scattering 

differentiated between malignant and adipose sites and would be most effective in post-

menopausal women.  [β-carotene] or [THb] may be more applicable in pre-menopausal 

women to differentiate malignant from fibrous sites.  Patient demographics are therefore 

an important component to incorporate into optical characterization of breast specimens.  

Through the subsequent stepwise analysis of tissue morphology, <µs′> was positively 

correlated to collagen and negatively correlated to age and BMI.  Increased variability of 

<µs′> with collagen level was not dependent on the adipose contribution.  A stronger 

correlation between age and <µs′> was seen in high collagen sites compared to low 

collagen sites.  Contributions from collagen and glands to <µs′> were independent and 

equivalent in benign sites; glands showed a stronger correlation to <µs′> in malignant 

sites than collagen.  This information will help develop improved scattering models and 

additional technologies from separating fibroglandular sites from malignant sites and 

ultimately improve margin assessment. 

 

 

  



 

 

ix

 

 

 

 

 

To my family 



 

 

x

Contents 

Abstract ......................................................................................................................................... iv 

List of Tables ................................................................................................................................ xv 

List of Figures ........................................................................................................................... xvii 

Symbols/Abbreviations ............................................................................................................. xxi 

Acknowledgements ................................................................................................................ xxiii 

1 Background and Significance ............................................................................................... 1 

1.1 The Breast: Benign Composition and Morphology ................................................ 1 

1.2 The Breast: Malignant Composition and Morphology .......................................... 3 

1.3 The Clinical Motivation: Breast Cancer and Margin Assessment ........................ 5 

1.4 Current Technologies for Margin Assessment ........................................................ 9 

1.5 Biophotonics ............................................................................................................... 10 

1.6 Absorption .................................................................................................................. 12 

1.6.1 Breast Composition and Absorption .................................................................. 13 

1.7 Scattering .................................................................................................................... 15 

1.7.1 Inelastic Scattering ................................................................................................ 15 

1.7.2 Elastic Scattering.................................................................................................... 16 

1.7.3 Breast Composition and Scattering .................................................................... 18 

1.8 Emerging Optical Solutions for Margin Assessment ........................................... 20 

1.9 Specific Aims and Organization of Chapters ........................................................ 23 

2 Proof of Concept: DRS for Margin Assessment ............................................................... 26 



 

 

xi

2.1 Methods ...................................................................................................................... 26 

2.1.1 Patients .................................................................................................................... 26 

2.1.2 Optical Spectral Imaging Procedure ................................................................... 27 

2.1.3 Diffuse Reflectance Spectroscopy and Modeling of Photon Propogation .... 29 

2.1.4 Inverse Monte Carlo Model ................................................................................. 31 

2.1.5 Pathology ................................................................................................................ 34 

2.2 Results ......................................................................................................................... 35 

2.3 Discussion ................................................................................................................... 45 

3 Optical Signatures from Heterogeneous Breast Tissue ................................................... 50 

3.1 Methods ...................................................................................................................... 50 

3.1.1 Clinical Protocol .................................................................................................... 50 

3.1.2 Histopathology ...................................................................................................... 53 

3.1.3 Clinical Measurements of Diffuse Reflectance Spectra .................................... 55 

3.1.4 Extraction of Tissue Optical Properties .............................................................. 58 

3.1.5 Statistical Analysis ................................................................................................ 59 

3.2 Results ......................................................................................................................... 60 

3.2.1 Optical Contrast: Malignant vs. Benign ............................................................. 61 

3.2.2 Optical Contrast: Benign Heterogeneity ............................................................ 62 

3.2.3 Optical Contrast: Malignant vs. Benign Variants ............................................. 63 

3.2.4 Optical Contrast: Menopausal Status and Benign Variants ............................ 66 

3.3 Discussion ................................................................................................................... 69 

3.4 Conclusions ................................................................................................................ 76 



 

 

xii

4 Using Breast Tissue Histology to Understand Optical Signatures and Improve 

Optical Margin Assessment ....................................................................................................... 78 

4.1 Methods ...................................................................................................................... 82 

4.1.1 Patient Population and Measurement Procedure ............................................. 82 

4.1.2 Imaging and Quantification of Detailed Morphological Composition of 

Breast Tissue Histological Sections .................................................................................. 85 

4.1.2.1 Adipocyte imaging ....................................................................................... 85 

4.1.2.2 Imaging of all Other Breast Tissues ........................................................... 86 

4.2 Results ......................................................................................................................... 89 

4.2.1 Representative Data and Summary Variables .................................................. 89 

4.2.2 Patient Characteristics in sites with Low and High Percentages of Collagen

 91 

4.2.3 Scattering vs. Collagen in Benign Sites .............................................................. 93 

4.2.4 Effects of Patient Characteristics and Adipocyte Morphology on Scattering

 94 

4.2.5 Effect of Patient Characteristics on Scattering vs. Collagen ............................ 95 

4.2.6 Scattering, Collagen Density and Menopausal Status ..................................... 97 

4.2.7 Relative Contributions of Collagen vs. Glands to Scattering .......................... 98 

4.3 Discussion ................................................................................................................. 100 

4.4 Conclusion ................................................................................................................ 105 

5 Conclusions and Future Directions.................................................................................. 106 

5.1 Conclusions .............................................................................................................. 106 

5.2 Future Work ............................................................................................................. 111 



 

 

xiii

5.2.1 Determining the relationship between demographic and optical variables

 112 

5.2.1.1 Hypothesis: Positive/close margins can be better separated by 

including both breast density and age (menopausal status) as descriptive 

variables in statistical models. .................................................................................... 112 

5.2.1.2 Hypothesis: The relationship between optical measurements and breast 

density would be more accurately identified with one consistent radiologist 

reviewing the patient mammograms. ....................................................................... 113 

5.2.2 Improving the current technology to further understanding the relationship 

between µs′ and morphology .......................................................................................... 114 

5.2.2.1 Hypothesis: Collagen and glands have independent contributions to 

<µs′> that can be better stratified using different scattering models ..................... 114 

5.2.2.2 Hypothesis: The sensitivity of the current model to collagen and glands 

could be improved by accounting for a larger distribution of particle sizes. ..... 115 

5.2.3 Implementing methods to resolve collagen and glandular structures and 

relate them back to scattering ......................................................................................... 117 

5.2.3.1 Hypothesis:  Improved quantification of H&E images can more 

accurately describe tissue morphology and relate density and percentage back to 

scattering. ...................................................................................................................... 117 

5.2.3.2 Hypothesis:  Scattering changes occur due to changing particle sizes, 

the number of scatterers, and the refractive index mismatch between the scatter 

and the surrounding medium.  High resolution imaging and quantification of 

these parameters can determine the relationship between scattering and collagen 

structure. 119 

5.2.3.3 Hypothesis:  Imaging and quantification of in-vivo biopsy sections will 

provide a more accurate description of tissue morphology and definitive 

relationship to optical signatures............................................................................... 120 

5.2.4 Understanding the role of collagen cross-linking, scattering and age ........ 122 



 

 

xiv

5.2.4.1 Hypothesis: Fluorescence can be used to identify the extent of collagen 

cross-linking to help understand how <µs′> changes with increasing non-

enzymatically driven cross-links. .............................................................................. 122 

References .................................................................................................................................. 124 

Biography ................................................................................................................................... 137 

Publications ................................................................................................................................ 137 

 



 

 

xv

List of Tables 

Table 1: Frozen section and touch-prep cytology sensitivity and specificity ranges as 

found in literature. ...................................................................................................................... 10 

Table 2: Patient characteristics vs. optical properties in previous studies.  Increases and 

decreases are indicated as a direction of change with patient characteristics.  For 

example, scattering decreases with increasing age and BMI.  θ = no significant finding, a 

= scatter amplitude, b = scatter power...................................................................................... 23 

Table 3: Characteristics of the study population. ................................................................... 36 

Table 4: Prediction accuracy of cross-validated algorithm for margin classification on 55 

margins from 48 patients.  Sensitivity is also given for path positive margins separated 

by cancer subtype, as well as by positive versus close margin status. ................................ 42 

Table 5: Classification of the ex-vivo sites for benign and malignant tissue types.  The 

malignant sites are stratified according to disease type (IDC, DCIS, ILC, or LCIS) and by 

depth.  Malignant sites at 0mm are considered positive; sites from 0+-1mm or 1+-2mm 

are considered close. ................................................................................................................... 61 

Table 6: Sample sizes, mean values and standard deviations for the optical and 

histological variables by tissue type.  The mean and range of values demonstrate that FA 

has the highest % adipose, FG has the highest quantified collagen and µs′, and Malignant 

have the highest quantified glandular parameters. ............................................................... 91 

Table 7: Summary table for the non-adipose H&E images and corresponding spectra.  

The data is separated to show the number of data points above and below the median % 

collagen. The summary shows the number of sites, MBD, age, menopausal status, tissue 

type, cancer stage and invasive grade.  Sites with a high percentage of collagen were 

mostly from MBD of 2 or higher.  FG sites had at least 56% or higher collagen. .............. 93 

Table 8: <µs′> was not correlated to patient characteristics or adipocyte morphology in 

adipose sites; n=213, all p > 0.05.  β-carotene was positively correlated with log(average 

cell density) (ACD).  MBD was negatively correlated to age, BMI and average cell area 

(ACA) and positively correlated to cell density (log(ACD)).  Cell area is positively 

correlated and cell density is negatively correlated with BMI. ............................................ 95 

Table 9: Each characteristic was fit as an independent variable with <µs′> as the 

dependent variable using Pearson’s correlations and linear fits to establish relationships.  



 

 

xvi

Age and BMI were found to be independently associated with <µs′>.  <µs′> decreased 

with both age and BMI but exhibited a stronger negative relationship to age in sites with 

a high percentage of collagen.  MBD was positively correlated with <µs′> but not 

independent of Age and BMI. ................................................................................................... 96 

Table 10: Examining the dynamic range of the data include restricting sites to % glands 

<40%.  Here, the % glands and % collagen were found to independently contribute to 

<µs′> in both benign and malignant sites.  <µs′> increased with both collagen and glands; 

<µs′> exhibited a stronger positive relationship to glands in malignant sites. ................... 99 

Table 11: Diffuse reflectance spectral imaging (DRSI) satisfies clinical requirements for 

margin assessment technologies.  Fluorescence spectroscopy (FL SPX), Raman 

spectroscopy (Raman SPX), optical coherence tomography (OCT), high resolution micro-

endoscopic imaging (HRME), and molecular imaging do not satisfy all of the necessary 

criteria. ........................................................................................................................................ 107 

 

 



 

 

xvii

List of Figures 

Figure 1: Example figures of benign breast histology showing A) adipocytes, B) collagen 

and C) the double layered glandular epithelium. .................................................................... 2 

Figure 2: H&E images of A) a benign mixed site and B) a close invasive ductal carcinoma 

(IDC) site and C) a higher magnification of IDC. The scale bar on A&B represents 1mm 

while the scale bar on C represents 100µm.  Tissues exhibit combinations of adipose, 

collagen, and glands but the malignant sites exhibits the characteristic markers of 

neoplasia in the highlighted region. ........................................................................................... 3 

Figure 3: Flowchart demonstrating an example of the clinical management for breast 

cancer.  Through mammograms, suspicious regions or masses are identified and then 

biopsied for a diagnosis.  In Stage II-III cancers, the tumor size may first be reduced 

through neo-adjuvant therapy.  The patient will undergo breast conserving surgery 

where the lump and a surrounding 2mm rim of benign tissue is removed.  

Histopathology is performed to verify the can is 2mm or further from the margin.  

Following surgery, radiation therapy is often used to destroy the remaining cancer cells.  

If the 2mm benign rim of tissue is not achieved, the patient may need to return for 

additional surgeries. ..................................................................................................................... 6 

Figure 4: Light can provide biological information and be used for cancer diagnostics of 

various organ sites, and monitoring changes in chemo/radiotherapy, intraoperative 

tumor margin assessment.  Depending on the application, high resolution information 

can be acquired but is limited in the penetration depth; deeper regions can be probed 

but there is a corresponding loss of resolution. ...................................................................... 11 

Figure 5: Molar extinction coefficients of the 4 primary breast absorbers in the visible 

wavelength rangel deoxygenated hemoglobin (HbH), oxygenated hemoglobin (HbO2), 

β-carotene, and Lymphazurin™ [41]. ...................................................................................... 13 

Figure 6: A diagram demonstrating the scattering directions of Rayleigh and Mie 

scattering.  Rayleigh scattering is appropriate for particles much smaller than the 

wavelength of the incident light and produces isotropic scattering.  As the particle size 

increases, Mie scattering dominates in the more forward scattering direction. ................ 17 

Figure 7: Reproduced from Gelse et al [56] demonstrating the 300nm long collagen fibril 

monomers and the 40nm gaps giving collagen I the characteristic banded appearance.  



 

 

xviii

Each monomer is cross-linked to an adjacent molecule through both enzymatic and non-

enzymatic pathways [56-58]. ..................................................................................................... 19 

Figure 8: Margin areas seen across 125 margins were seen up to 30cm2 motivating the 

need for a technology that can quickly survey areas.  The surface area was approximated 

as a square and may be dependent upon institution. ............................................................ 21 

Figure 9: A) Photograph of the portable optical spectral imaging device, and B) 

photograph of a mock-up of a lumpectomy specimen being imaged by the handheld 

imaging probe of the device. ..................................................................................................... 28 

Figure 10: Block diagram of the inverse Monte Carlo developed by our group [54, 76].  A 

– absorber concentration, µa(λ) - the wavelength-dependent absorption coefficient, µs(λ) 

- the wavelength-dependent scattering coefficient, R(λ) - reflectance. ............................... 32 

Figure 11: Maps of [β-carotene]/<µs′> for A) negative margin, C) margin positive for 

DCIS, E) margin positive for IDC.  Site-level pathology for the margins indicated that the 

blue areas generally corresponded to cancer-free areas, whereas the red areas 

corresponded to regions with residual disease.  Corresponding frequency histograms 

are given to the right of each map (B, D, F, respectively), and depict the distribution of 

[β-carotene]/<µs′> values present in each image.  The vertical dashed line indicates the 

threshold on [β-carotene]/<µs′> values used in the predictive model to separate positive 

from negative margins; the percentage of image pixels below the threshold is given in 

the histogram inset. ..................................................................................................................... 37 

Figure 12: Boxplots of A) percentage of pixels < 6 µM-cm [β-carotene]/<µs′>, and B) 

percentage of pixels < 8 µM-cm [THb]/<µs′>, stratified by margin status (negative: blue, 

positive/close: red).  P-values from Wilcoxon rank-sum tests are indicated in the plots. 40 

Figure 13: ROC of the two predictors....................................................................................... 41 

Figure 14: Maps of [β-carotene]/<µs′> (A, C) for margins positive for IDC but falsely 

classified as negative by the predictive model from 2 different patients.  Corresponding 

frequency histograms are given to the right of each map (B and D, respectively), and 

depict the distribution of [β-carotene]/<µs′> values present in each image; the percentage 

of image pixels below the threshold is given in the histogram inset. .................................. 43 

Figure 15: Photograph of an actual margin after imaging and pathological 

methodology. (A) The six orange dots provide the location of inked sites and the four 

green dots denote the boundaries of the margin used for pathologic co-registration and 



 

 

xix

diagnoses. Four margin dots (green) denote the corners of the measured margin while 

the eight orange dots denote the research dots (B). A transverse slice is taken from the 

specimen with the margins inked for orientation (C). Each research dot is embedded in a 

paraffin block from routine processing (D). A 5 µm section is taken from the paraffin 

block, stained and examined under a microscope by a specialized breast pathologist (E).

 ....................................................................................................................................................... 55 

Figure 16:  Boxplots of the extracted parameters for malignant versus non-malignant 

tissues.  (A) <µs'>, (B) β-carotene concentration, and (C) total hemoglobin concentration. 

To improve visualization of the distributions of the extracted parameters, the boxplots 

were scaled to a maximum of 20 cm-1 for <µs'>, 50 µM for [β-carotene] and 150 µM for 

[THb]. The p-values are displayed for the Wilcoxon Rank Sum tests. ................................ 62 

Figure 17:  Boxplots of (A) <µs'>, (B) [β-carotene], and (C) [THb] for benign and 

malignant tissue subcategories. Benign tissue consists of fibroglandular (FG), 

fibroadipose (FA), and adipose (A); malignant tissue consists of invasive ductal 

carcinoma (IDC) and ductal carcinoma in situ (DCIS). All malignant tissues were 

stratified according to depth: positive (0 mm), close within 1 mm (0+ to 1 mm), close 

between 1 and 2 mm (1+ to 2 mm). DCIS (0 mm) is not shown due to its small sample 

size (n = 2). .................................................................................................................................... 63 

Figure 18:  Histograms of the percent composition of the three main benign tissue types. 

The fibroglandular (FG), fibroadipose (FA) and adipose (A) sites were stratified 

by (A) pre-menopausal sites and (B) post-menopausal sites. ............................................... 67 

Figure 19:  Boxplots of the extracted parameters from benign sites (n = 553). The optical 

properties (A) <µs'>, (B) [β-carotene], and (C) [THb] previously shown in Figure 2 now 

stratified according to menopausal status. Post-menopausal patients exhibited lower 

<µs'> and [THb] (panels A. and C.) but higher [β-carotene] (panel C.) than pre-

menopausal patients. .................................................................................................................. 68 

Figure 20: Spectral images showing maps of [β-carotene]/<µs′> for a negative and a 

positive/close margin.  This parameter has been used in previous publications to 

algorithmically prospectively diagnose margins. .................................................................. 80 

Figure 21: A flowchart demonstrating the process of optically measuring tissue sites and 

extracting the corresponding optical properties, then obtaining the corresponding H&E 

images and quantifying detailed morphological composition (A- adipose, C – collagen, 

G – glands). .................................................................................................................................. 84 



 

 

xx

Figure 22: A 50x bicubic interpolated image of (A) [β-carotene] and (B) <µs’>.  The 

corresponding mean absorption coefficient (<µa>) and mean reduced scattering 

coefficient (<µsꞌ>) are shown in (C) and (D) respectively.  The corresponding histology 

images for the fiborglandular (FG), adipose (A), and mixed (fibroglandular + fat) are 

shown in (E-G) corresponding to the spectra (1-3).  This figure demonstrates adipose 

tissue contributes to β-carotene absorption but it is unclear whether glands or collagen 

contribute more to scattering. ................................................................................................... 90 

Figure 23: <µs′> is expected to be related to collagen and glands (nuclei and sub-nuclear 

components).  When considering benign sites (FA, FG, Mix), <µs′> shows a positive 

correlation to the % collagen. The sites with collagen greater than 44% exhibit greater 

variability in <µs′> that cannot be explained by the % adipose tissue. ............................... 94 

Figure 24: Sites from post-menopausal patients with low and high percentages of 

collagen exhibited the lowest scattering values.  High collagen sites from pre-

menopausal patients exhibited the highest scattering values.  The difference in <µs′> 

values for malignant and benign sites would be greater in post-menopausal patients. .. 98 

Figure 25: Statistical modeling was used to determine that both % collagen and % glands 

independently related to scattering in a positive direction with no relationship to one 

another.  The relationship between scattering (A) % collagen and (B) % glands in 

malignant sites demonstrated a slightly stronger dependence upon glands. .................. 100 

 

 



 

 

xxi

Symbols/Abbreviations 

A – adipose 

BMI – body mass index 

CCD – charge coupled device 

DCIS – ductal carcinoma in situ 

DR – diffuse reflectance 

DUMC – Duke University Medical Center 

ECM – extracellular matrix 

FA – fibroadipose 

FG – fibroglandular 

Hb – hemoglobin 

HbH – deoxy-hemoglobin 

HbO2 – oxy-hemoglobin 

HbSat – hemoglobin saturation 

H&E – hematoxylin and eosin 

HRME – high resolution microendoscope 

IDC – invasive ductal carcinoma 

ILC – invasive lobular carcinoma 

LCIS – lobular carcinoma in situ 



 

 

xxii

LZ - Lymphazurin™ 

Mal – malignant 

MBD – mammographic breast density 

Mix – mixed tissue types 

n – sample size 

n – index of refraction 

NA – numerical aperture 

Q-DRI – Quantitative diffuse reflectance imaging 

R - reflectance 

THb – total hemoglobin 

UV – ultra-violet 

VIS – visible 

λ - wavelength 

µa – absorption coefficient 

µs – scattering coefficient 

µs’ – reduced scattering coefficient 

<µa> - wavelength averaged absorption coefficient 

<µs’> - wavelength averaged reduced scattering coefficient 

[ ] – concentration 

  



 

 

xxiii

Acknowledgements 

I’d like to thank my family and friends for providing love and support 

throughout my time in grad school.  I’d also like to thank my advisor, Nimmi 

Ramanujam, for helping me learn the true value of good research and encouraging me 

to never stop asking questions.  I’d also like to thank our collaborators and my 

committee members, Joseph Geradts, Lee Wilke, and Bill Barry, for their scientific input, 

insight and direction learning about medicine, pathology and statistics.  And to Gregg 

Trahey and Tuan Vo Din for their scientific guidance and support in the forms of the 

NIH medical imaging training grantee program and the Fitzpatrick Institute of 

Photonics.  I’d like to thank all of the past and current members of the TOpS lab for 

supporting me by helping with paper editing, experiments, or just lending a friendly 

ear.  I’d like to especially thank my roommate and colleague from the very beginning, 

Torre Bydlon; without her, I would not have made it this far.  Our patient accrual and 

research was made possible through the hard work of Jennifer Gallagher as well as the 

Surgical Pathology staff, the Ambulatory Surgery Center nurses, and all the other breast 

surgeons at Duke.  Thank you to all of the patients who consented for the researched.  

Lastly, I’d like to thank God for helping me get through the tough times, I truly am 

blessed to have been able to work with everyone.  



 

 

1

1 Background and Significance 

1.1 The Breast: Benign Composition and Morphology 

The breast is composed of epithelium and stroma and primarily consists of dense 

fibrous connective tissue mixed with adipose tissue [7].  The ducts and lobules are 

composed of a variety of epithelial cells.  Adipose tissues are largely composed of 

adipocytes and loose connective tissue.  The adipocytes contain a lipid droplet 

surrounded by a layer of cytoplasm.  The nuclei are flattened along the periphery of the 

cell.  Fibrous tissue is composed of collagen and elastin fibers. Collagen is the main 

protein in connective tissue while elastin fibers are bundles of proteins found in the 

extracellular matrix.     

 

Glandular tissue is found within lobules in the breast.  Biologically speaking, the 

breast lobule comprised of ducts and acini is surrounded by loose connective tissue, is 

the basic functional unit of the glandular breast.  These lobules vary from 0.5 to 3 – 5mm 

in mature, pre-menopausal women depending on their hormonal status [8].  Intralobular 

ducts (clusters of lobules) empty into larger extralobular ducts forming 15-25 lobes that 

are each drained by one lactiferous duct.  Dense collagenous tissue supports these 

lobular components.  The lobular ducts are lined by a two-cell layer glandular 

epithelium: an outer layer of myoepithelial cells with an inner layer of cuboidal 

epithelial cells.   
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Figure 1: Example figures of benign breast histology showing A) adipocytes, 

B) collagen and C) the double layered glandular epithelium.  

 

It is well known that the specific arrangements and relative contributions of these 

tissue types are patient specific and that the composition of the human breast is highly 

variable from person to person.  The relative prevalence of fibrous, glandular, and 

adipose tissue in a given breast is inextricably linked to genetics, age, pregnancy, parity, 

lactation history, and menopausal status [9, 10].  In pre-menopausal women, the 

stratified epithelial ducts and surrounding stroma undergo menstrual cycle changes 

such as epithelial cell enlargement and stromal edema [8].  In the post-menopausal 

breast, lobules tend to atrophy with a general increase in adipose tissue; some women 

will have predominantly fatty breast while others retain variable amounts of adipose, 

collagen and glandular epithelium. 
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1.2 The Breast: Malignant Composition and Morphology 

Malignant breast tissue retains these dominant tissue types (adipose, collagen, 

and glandular tissues) but is characterized by hallmarks of neoplasia that typically affect 

the glands or epithelial portion of the tissue.  The hallmarks of neoplasia typical of 

malignant transformation are marked by some of the following morphologic changes: 

pleomorphism or variability in nuclear size and shape; hyperchromatism or extremely 

dark histological staining due to an abundance of DNA; an increased nuclear-to-

cytoplasmic ratio; clumped chromatin; and loss of polarity or disturbed orientation [7].  

In situ carcinomas are contained by the basement membrane of the ducts, while invasive 

carcinomas invade into the surrounding stroma.  Examples of a benign and malignant 

H&E are shown in Figure 2 with the region of malignancy highlighted in red.   

 

Figure 2: H&E images of A) a benign mixed site and B) a close invasive ductal 

carcinoma (IDC) site and C) a higher magnification of IDC. The scale bar on A&B 

represents 1mm while the scale bar on C represents 100µm.  Tissues exhibit 

combinations of adipose, collagen, and glands but the malignant sites exhibits the 

characteristic markers of neoplasia in the highlighted region. 

 

Breast cancers can either be in situ or invasive.  In situ carcinomas exhibit 

epithelial ducts with markers of neoplasia, yet are confined to the ducts and have not 

invaded through the basement membrane.  In this dissertation, we measured two types 
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of in situ carcinomas: lobular carcinoma in situ (LCIS) and ductal carcinoma in situ 

(DCIS).  DCIS is the most common form of in situ carcinoma with a prevalence of 1 in 5 

new breast cancer cases.  Invasive carcinomas are mostly grouped into invasive ductal 

carcinoma (IDC) and invasive lobular carcinoma (ILC).  IDC accounts for approximately 

75% of the infiltrating carcinomas diagnosed in the United States.  IDC differs from the 

in situ carcinomas in that it invades through the basement membrane and into the 

surrounding stroma.  From here, the cancer can then metastasize to other parts of the 

body.  Invasive lobular carcinoma (ILC) is the second common type of infiltrating 

carcinoma that can also metastasize [1, 11]. 

 

Research [12-14] has shown that the morphology of the different tissue 

constituents play a significant role in promoting tumor growth.  The extracellular matrix 

(ECM) and the organization of collagen can aid tumor invasion.  Lysyl oxidase (LOX) is 

an enzyme that cross-links collagen.  With increased concentrations of LOX, the collagen 

aligns in a linear manner, allowing the tumor cells to migrate.  This increase in cross-

linking can also increase the collagen matrix stiffness.  The stiffness of the collagen 

matrix may also prompt tumor growth by altering the integrins and their adhesion 

interactions allowing tumor cells to migrate easier [15].  These studies indicate that the 

surrounding micro-environment has a significant impact on tumor invasion and that the 

tumor micro-environment has a dependence on the types of benign surrounding tissues. 
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1.3 The Clinical Motivation: Breast Cancer and Margin 

Assessment 

According to the American Cancer Society, in 2011, an estimated 230,480 new 

cases of invasive breast cancer were diagnosed among women, as well as an estimated 

57,650 additional cases of in situ breast cancer [1].    Treatment for breast cancer involves 

a multi-disciplinary approach incorporating surgery (lumpectomy, mastectomy and/or 

removal of axillary lymph nodes), chemotherapy, directed biologic therapy and/or 

radiation therapy.  Breast conserving surgery (BCS), also known as a lumpectomy or 

partial mastectomy, is generally considered to be the recommended surgical choice for 

women with early stage breast cancer (stages 0, I, II) and for those with Stage II-III 

disease who undergo successful  neo-adjuvant treatment to reduce their tumor burden  

[2, 3].  Breast Conserving Therapy (BCT) refers to BCS followed by radiation therapy.  A 

flowchart demonstrating an example of breast cancer management is shown in Figure 3. 
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Figure 3: Flowchart demonstrating an example of the clinical management for 

breast cancer.  Through mammograms, suspicious regions or masses are identified 

and then biopsied for a diagnosis.  In Stage II-III cancers, the tumor size may first be 

reduced through neo-adjuvant therapy.  The patient will undergo breast conserving 

surgery where the lump and a surrounding 2mm rim of benign tissue is removed.  

Histopathology is performed to verify the can is 2mm or further from the margin.  

Following surgery, radiation therapy is often used to destroy the remaining cancer 

cells.  If the 2mm benign rim of tissue is not achieved, the patient may need to return 

for additional surgeries. 

 



 

 

7

The rate of BCT versus Mastectomy is regionally variable and dependent on the 

patients’ breast to tumor size ratio. On average, between 50% and 75% of patients with 

breast cancer receive BCT [16, 17].  Traditionally, analyses of multiple randomized 

clinical trials comparing patients who received BCT to those with mastectomy have 

shown equivalent long-term survival [18].  Recently, however, the meta-analyses by the 

Early Breast Cancer Trialists group has shown that for every four women who develop a 

local recurrence after BCT there is one potential mortality; evidence supporting the need 

to reduce the risk of local recurrence through complete tumor excision [19, 20]. 

 

In BCS, the surgeon attempts to excise the cancerous area along with a margin of 

benign tissue while conserving as much breast volume as possible.  Generally, the 

specimen is viewed as a cube with 6 margins: anterior, posterior or deep, medial, lateral, 

inferior and superior.  At Duke University Medical Center (DUMC), the surgeon, 

immediately upon removal of the tissue uses surgical clips and/or sutures to orient the 

specimen for pathology.  The excised tissue and any additional margin shavings are sent 

to surgical pathology for inking which further delineates the 6 margins followed by a 

thorough microscopic evaluation.   

 

A lumpectomy is sent to surgical pathology where the specimen is placed in 

formalin for fixation.  Fixation is used to terminate cell metabolism, prevent enzymatic 

degradation of cells and tissues by autolysis, kill pathogenic microorganisms, and 
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harden the tissue as a result of either cross-linking or denaturing protein molecules [21].  

The specimen is breadloafed at approximately 3mm intervals and then cut into 

appropriately sized tissue blocks.  The tissue sections are then dehydrated to remove 

water, cleared with an organic solvent, and infiltrated with paraffin.  The blocks are cut 

and 5µm thick paraffin sections are mounted onto slides.  The slides are stained with 

hemotoxylin and finally counterstained with eosin.     

 

An expert pathologist microscopically examines the slides to determine the 

presence and distance of disease from the specimen surface (i.e. margin status).  

Hemotoxylin stains tissue components that are basophilic and tend to carry a net 

negative charge while eosin stains tissue components such as ionized amino groups of 

proteins and cationic groups in tissues.  Nuclei stain with hemotoxylin and appear blue 

under microscopic examination.  Eosin stains most cytoplasmic filaments, intracellular 

membranous components and most extracellular fibers, which appear pink under 

microscopic examination [21]. 

 

At DUMC, a margin is denoted as positive if malignant cells are found within or 

on the ink used by the pathologists; close if malignant cells are found within 2mm of the 

margin, and negative if there are no malignant cells within 2mm of the margin.  The 

definition of a clear margin is highly debated in the literature and differs from country 

to country and surgeon to surgeon; reported definitions range from 0-10mm [4].  Despite 
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this large range, the final surgical margin status is a determinant of local recurrence. 

Thus, patients are advised to have a re-excision lumpectomy if disease is found within 

2mm of the margin [4, 22].  The quoted rates of second surgeries vary in the literature 

and range from 12% to as high as 60% [2, 20, 22, 23].  Thus, intra-operative margin 

assessment represents a significant unmet clinical need. 

 

1.4 Current Technologies for Margin Assessment 

Currently, surgeons generally do not have adequate intra-operative assessment 

tools to ensure that the cancer has been completely removed at the time of first surgery.  

A select few hospitals such as the Moffitt Cancer Center in Tampa, FL and the MD 

Anderson Cancer Center in Houston, TX) routinely perform intra-operative cytologic or 

pathologic analysis of tumor margins.  Pathologic touch preparation cytology and frozen 

section analyses have been shown to have limitations motivating the clinical need for 

improved intra-operative margin assessment tools [24].  Touch-preparation (touch-prep) 

cytology is a technique in which cells on the surface of the tissue are transferred to glass 

slides by touching the specimen to the glass and are then stained for pathologic 

observation.  Touch-prep cytology allows for evaluation of the whole lumpectomy 

margin but produces a wide range of sensitivities (38-100%) and specificities (83-100%) 

[4, 25-31].  Touch-prep cytology requires an on-site trained pathologist and can only 

detect tumor cells extending all the way up to the surgical margin; it is unable to identify 

close margins [4, 27, 29].  Frozen section analysis is a method by which a tissue section is 
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frozen and sliced using a cryotome.  A few of the thin sections are microscopically 

analyzed by a pathologist.  The sensitivity of frozen section analysis ranges from 59-91% 

[22, 32-34].  This technique also requires an on-site trained pathologist, performs poorly 

with fatty breast tissue, and typically samples only a very small portion of the surgical 

margin [35].  Table 1 shows the reported sensitivities and specificities for these intra-

operative techniques.   

Table 1: Frozen section and touch-prep cytology sensitivity and specificity 

ranges as found in literature. 

 Frozen Section (%) Touch-Prep (%) 

Author - Year Sensitivity Specificity Sensitivity Specificity 

Olson - 2007 [32] 73.1 99.6   

Cendan – 2005 [33] 59 100   

Sauter – 1994 [36] 90 97   

Weber – 1997 [22] 91 100   

Noguchi – 1995 [37] 83 86   

Pleijhuis – 2009 [34] 65-78 98-100   

Cabioglu – 2007 [38] 78 92   

Komenaka - 2010 [39] 74 100   

Fukamachi - 2010 [40] 78.6 100   

Cox - 1991 [27]   100 96.6 

Creager - 2002 [25]   80 85 

Valdes – 2007 [29]   75 82.8 

Klimberg – 1998 [30]   100 100 

Johnson – 2001 [31]   96.4 100 

Saarela – 1997 [28]   37.5 85.1 

Komenaka - 2010 [39]   61-79 100 

 

1.5 Biophotonics 

Biophotonics represents the application of photonics to biological and medical 

problems.  There is an inverse relationship between resolution and penetration depth as 

shown in Figure 4.  For example, cellular structure can be examined using electron 
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microscopy, where shallow penetration depths are acceptable and high resolution is 

needed.  In the event whole organ or whole body imaging is necessary, technologies 

sacrifice resolution to obtain deeper penetration depths and wider fields of view.  Breast 

margin assessment requires a technology that can probe depths up to 2mm.  

Spectroscopy is perfectly positioned to fill this clinical need.    

 

Figure 4: Light can provide biological information and be used for cancer 

diagnostics of various organ sites, and monitoring changes in chemo/radiotherapy, 

intraoperative tumor margin assessment.  Depending on the application, high 

resolution information can be acquired but is limited in the penetration depth; deeper 

regions can be probed but there is a corresponding loss of resolution.  

 

When light is launched into tissue, the photons can undergo one of three events: 

1) absorption 2) scattering 3) fluorescence.  The optical properties of the tissue determine 

the extent to which these events happen, and the optical properties are dependent upon 

the underlying tissue morphology.  The work in this dissertation is focused on the 
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diffuse reflectance signal produced by absorption and scattering events in 

heterogeneous breast tissue.   

 

1.6 Absorption 

The energy transfer and behavior incident photons encountering absorbers can 

be described using the Beer-Lambert law.  In this mathematical description of 

absorbance, the concentration of the absorbers can be easily derived from the absorption 

coefficient (Equation 1), where ε is the molar extinction coefficient, A is the absorbance, 

and l is the path length.   

����� = �. 	
	����� 

Equation 1: Beer-Lambert equation where ε – extinction coefficient, A – 

absorbance, l – path length, µa – absorption coefficient, and λ – wavelength.   

 

The primary absorbers in the breast in the spectral region of interest are 

oxygenated hemoglobin, deoxygenated hemoglobin, β-carotene, and Lymphazurin™ (a 

blue dye used to map sentinel lymph nodes).  The molar extinction coefficients of these 

absorbers are shown in Figure 5.   
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Figure 5: Molar extinction coefficients of the 4 primary breast absorbers in the 

visible wavelength rangel deoxygenated hemoglobin (HbH), oxygenated hemoglobin 

(HbO2), β-carotene, and Lymphazurin™ [41]. 

 

1.6.1 Breast Composition and Absorption 

As previously stated, breast tissue is predominantly composed of collagen, 

glands and adipose tissues.  These components can absorb or scatter incident light to 

different degrees based on parameters such as concentration of absorbers or scattering 

particle size.  In the UV-VIS range however, the predominant absorbers in excised breast 

tissue are [β-carotene] and hemoglobin.  Beneath the skin, glandular tissue and 

supporting fibrous tissue stroma intermixes and is surrounded by adipose tissue.  Due 

to the accumulation and storage of β-carotene in the lipids of adipocytes, adipose tissue 

is bright yellow and is expected to show increased absorption in the UV-VIS range.  

Adipocytes filled with stored lipid are typically 70-120 microns in diameter (but may be 

up to five times larger in obese people) [42]. 
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The breast also has a rich supply of blood which contributes to optical absorption 

with more vessels found in glandular tissue than fibrous and adipose tissue.  The 

density of blood vessels has been found to change for a variety of reasons, most 

commonly blood vessel density decreases with age [8].  In addition, malignant 

transformation is associated with angiogenesis or the formation of new, leaky 

vasculature [43].  Typical vasculature diameters range from >1cm for large elastic 

arteries, 2-10mm for medium muscular arteries, 0.1-2mm for small arteries, 10-100µm 

for arterioles, and 4-10µm for capillaries [21].  Depending upon the type and 

concentration of these vascular components, tissues will absorb more or less of the 

incident light.   

 

Other tissue components that are expected to absorb light include melanin and 

water.  However, in the 450-600nm wavelength range absorption from melanin and 

water is negligible.  Exogenous absorbers can include Lymphazurin™, the blue-dye 

used by some surgeons for the detection of sentinel lymph nodes.   The concentrations of 

absorbers can be easily calculated from diffuse reflectance spectra using Beer’s law and 

known extinction coefficients after extracting the reduced absorption coefficient.  The 

scattering produced by breast tissue is more challenging to deconstruct.         
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1.7 Scattering 

The treatment of absorption and scattering by small particles is considered 

within the realm of electromagnetic theory.  Bohren and Huffman [44] demonstrate the 

use of Maxwell’s equations for the macroscopic electromagnetic field for the 

determination of absorption and scattering properties of electromagnetic waves by 

particles.   

 

1.7.1 Inelastic Scattering 

Electromagnetic waves can be scattered either inelastically or elastically.  One of 

the main types of inelastic scattering for tissue is Raman scattering.  When photons 

encounter a molecule or scatterer, most of the photons are elastically scattered with the 

same energy and wavelength as the incident photons.  A small proportion of the 

incident photons (producing a weak signal) are inelastically scattered with a frequency 

different than the incident photons.  The Raman effect corresponds to the absorption 

and emission of a photon with either lower energy (Stokes) or higher energy (Anti-

stokes) than the incident photon.  Unlike fluorescence, which occurs at a specific peak, 

Raman peaks maintain specific separation from the excitation frequency as related to the 

chemical composition.  Raman spectroscopy has been used by many groups to diagnose 

breast tissue based on chemical composition but has depth limitations due to the signal 

weakness [45-49]. 
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1.7.2 Elastic Scattering 

When considering elastic scattering, two different types of problems can be 

analyzed: the forward or direct problem and the inverse problem.  The Monte Carlo 

model developed by our group utilizes modeling of the forward problem to solve the 

inverse problem.  The forward problem involves calculating the resulting 

electromagnetic field outside of a particle with known properties such as size, shape and 

index of refraction.  The inverse problem back calculates the properties of the scattering 

particle based on the relationship between the incident and detected electromagnetic 

waves.       

 

Bohren and Huffman [44], and van de Hulst [50] provide a thorough description 

of scattering by small particles.  Elastic scattering can be formulated in two ways: one is 

the theory of Rayleigh scattering that is applicable to small, dielectric (non-absorbing), 

spherical particles; the second is the theory of Mie scattering that is valid for the general 

spherical scattering solution (absorbing or non-absorbing) without a particular bound on 

particle size.  Both Rayleigh and Mie theories model the scattering of a plane 

monochromatic optical wave as it is diffracted by a single particle with an effective cross 

section [51].  For large particles, Mie theory converges to the limit of geometric optics 

and may therefore be used for describing most spherical particle scattering systems.  For 

small particles, Mie theory converges to Rayleigh scattering theory, is less complex and, 

therefore, typically preferred if applicable.  The type of scattering is related to the size of 
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the scatterer relative to the incident wavelength.  If a size parameter, a, is defined as 

shown in Equation 2, where πD corresponds to the circumference of a particle, λ0 refers 

to the incident wavelength in vacuum, and n denotes the refractive index of the 

surrounding medium, when a~1, Mie scattering will dominate whereas when a<<1, a 

Rayleigh approximation can be used. 

� =
���

��
 

Equation 2: Dimensionless size parameter a, where πD corresponds to the 

circumference of a particle.  The relationship between the circumference and the 

wavelength, λ defined as the incident wavelength in vacuum (λ0) divided by the 

refractive index of the surrounding medium (n), determines the appropriate scattering 

model.  When a~1, Mie scattering dominates while when a<<1, Rayleigh scattering 

dominates [44].  

  

Rayleigh and Mie theory are solutions to Maxwell’s equations.  For incident light 

in the 450-600nm range, particles much smaller than ~100nm will scatter light as 

approximated by Rayleigh theory while particles on the order of or larger than 190nm 

will scatter light in a more forward direction as approximated by Mie theory (Figure 6).     

 

Figure 6: A diagram demonstrating the scattering directions of Rayleigh and 

Mie scattering.  Rayleigh scattering is appropriate for particles much smaller than the 

wavelength of the incident light and produces isotropic scattering.  As the particle 

size increases, Mie scattering dominates in the more forward scattering direction. 
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The scattering of light occurs when there is a refractive index mismatch.  The 

refractive index describes the degree to which the wavelength and velocity of incident 

radiation is reduced by a material compared to a vacuum.  When photons encounter a 

particle, the scattered intensity and direction depends on a number of variables 

including the difference in refractive index between the medium and the particle as well 

as the size and shape of the particle.  Typical membrane bound cell scatterers include 

nuclei (on the order of 6-8µm in benign tissues up to ~10µm in malignant tissues), 

mitochondria (~ 1µm), and secretory vacuoles (1-10µm) [8, 52].  Mie theory is thus, an 

appropriate scattering model to use for breast tissue.   

 

1.7.3 Breast Composition and Scattering 

Previously, scattering has been attributed to collagen, nuclei, and intracellular 

components [20, 53, 54].  According to Thomsen & Tatum, all cellular and extracellular 

components of breast tissue contribute to scattering but the relative magnitude of each 

contributing component has not been measured [8].  Nuclei are said to be on the order of 

5-10µm (6-8µm in benign breast epithelial cells [55]), while mitochondria, lysosomes and 

peroxisomes exhibit smaller diameters on the order of 1-2µm [56].  Fibroblasts fall 

within the 10-15µm diameter range [42].  Collagen fibrils are approximately 300nm long 

and aggregate into quarter-staggered fibril-arrays with diameters ranging from 25-

400nm and exhibit a characteristic D-period of 65-67nm [56] (Figure 7).  

 



 

 

19

 

Figure 7: Reproduced from Gelse et al [56] demonstrating the 300nm long 

collagen fibril monomers and the 40nm gaps giving collagen I the characteristic 

banded appearance.  Each monomer is cross-linked to an adjacent molecule through 

both enzymatic and non-enzymatic pathways [56-58]. 

 

 

Determining the dominant source of scattering in tissue can lead to improved or 

more accurate light scattering molecules.  Many groups have sought to answer the 

question of what features contribute to scattering, but most have limited their analysis to 

single scattering events in cell cultures rather than multiple scattering events in tissues.  

The membrane bound subcellular organelles can contribute to scattering due to 

refractive index mismatches at the membrane boundaries [8].  Ramachandran et al 

determined that proliferative status of Rat1 fibroblast cells was an influencing factor on 

light scattering [59].  They suggested that changes in subnuclear microarchitectural 

features led to changes in the resulting scattering.  This study and others done by this 

group were performed in cell monolayers [59-63].  In an effort to identify the relative 

scattering efficiencies of specific cellular components, Marina et al examined the source 

of light scattering in rat fibroblast cells and human SiHa cells cultured as monolayers 
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[60].  The nucleus was shown to be an efficient side scatterer that contributed to ~45% of 

the side scattering in SiHa cervical carcinoma cells and ~30% to the MR1 fibroblast cells.  

This was contrasting to their previous study that attributed the dominant sources of 

scattering to mitochondria [64].  

 

Collagen is the predominant scatterer in the stromal portion of the breast but 

studies examining monolayers of cells cannot address the interplay between the two 

tissue components in relationship to scattering.  Arifler et al used  finite-difference time-

domain (FDTD) method, which numerically solves Maxwell's equations, to model light 

scattering from heterogeneous collagen networks [65].  Confocal images of oral cavity 

biopsies were used to generate collagen network phantom images which were then 

analyzed using the FDTD.  Neoplastic fiber networks exhibited smaller scattering cross 

sections compared to benign collagen fiber networks [65].   

 

1.8 Emerging Optical Solutions for Margin Assessment 

Optical spectroscopy is a promising tool for breast cancer diagnosis, therapeutic 

monitoring, and margin assessment as it can be modified to examine a wide range of 

areas and sensing depths.  There are a range of margin sizes, as shown in Figure 8, 

motivating the need for a technology that can quickly survey the area while probing 

2mm deep into the tissue.  Optical techniques represent viable solutions for quick and 

non-invasively diagnosing variably sized margins. 
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Figure 8: Margin areas seen across 125 margins were seen up to 30cm2 

motivating the need for a technology that can quickly survey areas.  The surface area 

was approximated as a square and may be dependent upon institution. 

  

Several groups are working on optical techniques for breast tumor margin 

assessment.  Pioneering optical studies to characterize breast tumor margins were 

carried out by Bigio et al [66] in which they used reflectance spectroscopy in the UV-

Visible range to evaluate   sites within the tumor bed in 24 patients (13 cancer and 59 

benign sites).  They showed, using hierarchical cluster analysis, that cancer and benign 

sites could be separated with a sensitivity of 67% and a specificity of 79% [66].  This 

work provided the initial evidence of the importance of absorption and/or scattering 

contrast in breast malignancies.  Keller et al published on the ability of diffuse 

reflectance and fluorescence spectroscopy to detect cancerous sites on excised breast 

tumor margins in 32 patients (145 benign and 34 individual tumor sites); they reported a 

sensitivity and specificity of 85% and 96% respectively for classifying individual sites 

(not margins)[67].  Haka et al utilized Raman spectroscopy of tumor sites on freshly 
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sliced lumpectomy specimens in 21 patients (123 benign and 6 malignant tissue sites) 

and exploited fat and collagen contrast to achieve a  sensitivity and specificity of 83% 

and 93%, respectively for classifying individual sites [46].  Their previous retrospective 

study showed 94% sensitivity and 96% specificity for ex vivo measurements of frozen 

samples [45].  Volynskaya et al demonstrated the ability of diffuse reflectance 

spectroscopy and intrinsic fluorescence spectroscopy to differentiate various benign and 

malignant tissues in breast biopsies from 17 patients (95 benign and 9 malignant sites) 

resulting in a sensitivity of 100% and a specificity of 96% [68].  Nguyen et al 

demonstrated that optical coherence tomography, using scattering contrast, can detect 

tumor margin positivity in 20 patients (9 positive and 11 negative margins) with a 

sensitivity and specificity of 100% and 82%, respectively [69].  Nachabe et al [70] used 

diffuse reflectance spectroscopy to acquire spectra from 102 ex-vivo samples that 

consisted of adipose, glandular, fibroadenoma, invasive carcinoma, and DCIS.  Using a 

K-nearest neighbor algorithm, malignant and non-malignant samples were separated 

with a sensitivity of 94±4% and a specificity of 98±2%.   

 

Groups have also investigated the relationship between optical properties and 

patient characteristics as seen in Table 2.  Most of these studies examined optical 

properties in the NIR region.  In order to interpret the changes in the NIR parameters the 

values must be compared relative to the background properties.  The relationship to 

tissue type and relative composition of adipose, collagen and glands, was not included 
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in these analyses.  It will be important to extend these analyses to include how diagnoses 

and specific compositions affect these relationships.  Optical technologies are clearly a 

viable emerging solution for differentiating benign from malignant breast tissue.  With a 

wide range of margin sizes, it is important that this technology continues to move 

forward in both capitalizing upon optical contrast from true tissue margins, while 

extending the coverage area.   

Table 2: Patient characteristics vs. optical properties in previous studies.  

Increases and decreases are indicated as a direction of change with patient 

characteristics.  For example, scattering decreases with increasing age and BMI.  θ = no 

significant finding, a = scatter amplitude, b = scatter power. 

 

 µµµµs’ a b Lipid Content 

Menopausal Status (Pre� Post) �[71]  �[72] �[72] 

BMI �[73] �[73] �[73] �[74, 75] 

Age �[71]  �[73] �[75] 

Breast Density  (low � high)  �[9] �[9, 73]  

 

1.9 Specific Aims and Organization of Chapters 

There is a significant unmet clinical need for intra-operative assessment tools to 

ensure all of the cancer has been removed during the first operation.  In our initial study 

[20], we showed that diffuse reflectance optical spectral imaging can be used to 

differentiate negative from close/positive margins with a sensitivity of 79.4% and a 

specificity of 66.7%.  The optical parameter used to achieve these diagnostic results was 
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[β-carotene]/< µs ′>.  The main goal of this work was to determine the effects of patient 

characteristics and breast tissue morphology on optical properties.  For example, in 

previous studies, <µs′> has been attributed to light scattering by epithelial cell nuclei, 

organelles and collagen [20, 53, 54, 76, 77].  However, these bulk tissue properties are not 

completely understood as they relate to patient characteristics or tissue morphology.  

Understanding this relationship can help deconstruct tissue scattering and lead to 

improved margin assessment.  Future work could then be designed around using these 

findings to tailor existing technology or develop new technology or models to leverage 

optical contrast between benign and malignant tissue for the purposes of breast tumor 

margin assessment.  The work in this dissertation tested the following hypotheses: 

Hypothesis 1: Heterogeneity of the breast affects optical contrast. Optical contrast 

is affected by differences in benign tissue types, malignant tissue types, and 

depth of malignancy.  In addition, the optical properties of benign tissue types are 

intrinsically linked to menopausal status. 

 

Hypothesis 2: Optical scattering signatures can be deconstructed using 

histological tissue morphology and patient characteristics.  Scattering is affected 

by collagen and glandular content, which are linked to age, BMI and breast 

density. 

 

The following chapters are organized to address these hypotheses.  Chapter 2 

describes the clinical and technical methodology involved in the initial margin-level 

patient study.  [β-carotene]/<µs′> was identified as a predominant source of contrast.  

The underlying sources of margin level contrast were not understood, thus a site-level 

analysis of breast heterogeneity and optical contrast was performed.  Chapter 3 
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describes how site-level data was collected from ex vivo breast specimens (specifically 

lumpectomy specimens), how co-registered histological diagnoses were obtained for 

each site, and how the diffuse reflectance data was analyzed.  It also discusses the 

changes in optical signatures with tissue type (benign and malignant) as well as with 

depth of disease.  Furthermore, it describes how menopausal status can affect breast 

heterogeneity and therefore influence margin level contrast.     

 

The relationship between optical signatures and breast heterogeneity is further 

broken down in Chapter 4.  Specifically, the influences of tissue morphology and patient 

characteristics on the mean reduced scattering coefficient, <µs′>, are investigated to 

understand how different tissue components (adipose, collagen and glands) correlate to 

<µs′>.  In addition, adipose and collagen content are examined relative to age, BMI, and 

BMD to determine how they are modulated by patient populations.   A subset of data 

from Aim 1 (Chapter 3) was quantified using high resolution images of the H&E tissue 

sections from each site and is used for this analysis.   
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2 Proof of Concept: DRS for Margin Assessment 

In order to more accurately characterize breast tumor margins intra-operatively 

and thereby reduce the re-excision and local recurrence rate, we have developed a 

device which utilizes optical spectral imaging to characterize differences in tissue 

composition of excised breast specimen margins.  Currently, our technology capitalizes 

upon the absorption and scattering events undergone by incident light in the UV-VIS 

range to characterize the underlying tissue composition.  The sources of intrinsic optical 

contrast were broadly classified as morphological (β-carotene, cell density) and 

physiological (deoxygenated and oxygenated hemoglobin and total hemoglobin 

content). It is fortuitous that a number of these biomarkers are hallmarks of 

carcinogenesis [53, 68].  We sought to determine whether these tissue compositional 

features could be exploited to rapidly identify malignant cells within the margin (0-

2mm) of partial mastectomy specimens in women with invasive and non-invasive breast 

malignancies.  

 

2.1  Methods 

2.1.1 Patients 

The study was approved by the Institutional Review Board (IRB) at Duke 

University in accordance with assurances filed with and approved by the Department of 

Health and Human Services.  Informed consent was obtained from eligible participants 
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(women > 18 years of age) undergoing primary BCT for an invasive or non-invasive 

breast malignancy.  A sub-group recruited to this study had undergone neo-adjuvant 

endocrine or chemotherapy prior to their surgical procedure.  Operations were 

performed by 5 breast surgical oncologists at the Duke University Ambulatory Surgery 

Center.  Each surgeon performed the lumpectomy according to their standard practice.  

The tissue was assessed grossly and via specimen mammography.  The surgeons 

removed additional breast tissue based on their assessment of the margins. The surgeons 

did not perform routine immediate re-excision of each of the 6 margins.   Frozen section 

and touch prep analyses were not performed on these specimens.  In this study, 

demographic data including patient age, tumor size and subtype, margin status and re-

excision rate, receptor status, and presence of neo-adjuvant endocrine or chemotherapy 

was recorded for each participant.   

 

2.1.2 Optical Spectral Imaging Procedure 

The optical spectral imaging device consists of a Xenon lamp coupled to a 

monochromator, a handheld optical spectral imaging probe interfaced to an adjustable 

tissue specimen box, an imaging spectrograph, and a charge coupled device (CCD) 

camera. A photograph of the device and the specimen box are shown in (Figure 9). The 

optical spectral images collected with this device are processed using a feature 

extraction algorithm based on a scalable inverse Monte Carlo model of reflectance to 

create maps of tissue composition for each margin that is imaged up to a sensing depth 
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of 2 mm.  A description of the underlying instrumentation and algorithm is described in 

previous publications [53, 54, 76]. 

 

 

Figure 9: A) Photograph of the portable optical spectral imaging device, and B) 

photograph of a mock-up of a lumpectomy specimen being imaged by the handheld 

imaging probe of the device. 

 

Once the surgeon had completed his/her review of the margins, the specimen 

was placed into the box and interfaced with the imaging probe for assessment of the 

breast tumor margins (Figure 9b). The engineering team was informed of the margins 

most likely to contain malignant cells based on the surgeon’s assessment.  Optical 

spectral images were obtained from 1-2 margins per specimen. Each placement of the 

probe covered an area of 3 x 1 cm and multiple placements were made if the margin was 

larger than the area covered by the probe. The spectral images recorded from each 

margin were entered into the feature extraction algorithm, which computes at each pixel 

(picture element), parameters related to light scattering (wavelength averaged reduced 
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scattering coefficient (<µs′>) and light absorption (total hemoglobin [THb], and [β-

carotene]) [77].  These parameters were combined to create additional parameters, 

specifically, [THb]/<µs′> and [β-carotene]/<µs′>.  In summary, two parameter maps were 

created per margin: a map of (1) [THb]/<µs′> and (2) [β-carotene]/<µs′>. Data acquisition 

and image processing took approximately 25 seconds per placement of the imaging 

probe. After imaging, specimens were marked with ink at each margin corner and with 

ink at each of 10 random optically measured sites, and were then fixed in formalin and 

sectioned according to standard protocols with subsequent routine pathologic review of 

margin-level pathology.   The randomly inked sites were included in the margin 

sections.  They were separately scored by the study pathologist (JG).  The surgeons were 

blinded to the results of the optical data throughout the study.   

 

2.1.3 Diffuse Reflectance Spectroscopy and Modeling of Photon 

Propogation 

Diffuse reflectance occurs when photons interact with a surface, such as a 

particle, and are scattered at a variety of different angles.  Specular reflection, on the 

other hand, describes a photon that is reflected at one angle equivalent to the incident 

angle.  The diffuse reflectance signal cannot easily be deconstructed in the number of 

absorption and scattering events without the use of photon propagation models.  The 

photon propagation for diffuse reflectance can be modeled analytically with the energy 

balance equation termed the Radiative Transfer Equation (RTE) [77] or numerically with 
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Monte Carlo models.  The RTE accounts for losses due to divergence, plus absorption 

and scattering away from the incident beam, as well as gains due to the light source and 

scattering directed towards the beam.  Because the RTE cannot be solved analytically, 

assumptions must be made to provide approximations.  The diffusion approximation is 

applicable when the source-detector separation is large enough and the absorption is 

much lower than the scattering, as would be expected in the near-infrared (NIR) 

wavelength region [78].  It is an analytical approximation to the RTE using boundary 

conditions and assumptions that the source is quasi-isotropic, and that the time 

variation of the source is slow relative to the mean photon collision time [51].   

 

Monte Carlo is a numerical modeling technique for photon propagation, which is 

valid for a larger range of wavelengths and optical properties than the diffusion 

approximation but can be computationally complex.  The tissue is illuminated with a 

broadband light source in the visible spectral region (450-600nm) and the returning 

photons are collected as a function of wavelength.  The magnitude and shape of the 

spectrum is reflective of the absorption and scattering properties of the tissue.  A robust, 

fast, and scalable inverse Monte Carlo model [54, 76] has been developed by our group 

to quantitatively extract the wavelength-dependent absorption and reduced scattering 

coefficients of the tissue (µa and µs’ respectively) from diffuse reflectance spectra.   

 



 

 

31

2.1.4 Inverse Monte Carlo Model 

The robust, fast, and scalable inverse Monte Carlo model was developed in order 

to extract for the wavelength-dependent reduced scattering coefficient and absorption 

coefficient (and concentrations of absorbers) from measured diffuse reflectance spectra.  

The combined influence of the absorption and scattering events is difficult to interpret 

since a change in measured diffuse reflectance can result from a change in absorption, or 

scattering, or both.  This inverse model was based on an earlier model of light transport 

in multi-layered tissues described by Wang et al [79]as shown in Figure 10.  The 

concentrations of absorbers, scatterer size and scatterer density are considered the 

adjustable (free) parameters while the extinction coefficients (ε) of the absorbers and the 

refractive indices (n) of the medium and scattering material, comprise the fixed 

parameters.  The absorption coefficient (µa(λ)) is calculated, using Equation 1, from the 

concentrations of the various absorbers (A) and their extinction coefficients (ε).  The 

scattering coefficient (µs(λ)) is given by Mie theory for a specific scatterer size and 

scatterer density.   
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Figure 10: Block diagram of the inverse Monte Carlo developed by our group 

[54, 76].  A – absorber concentration, µa(λ) - the wavelength-dependent absorption 

coefficient, µs(λ) - the wavelength-dependent scattering coefficient, R(λ) - reflectance. 

 

In order to model the photon trajectory through a medium such as tissue, 

millions of photons are launched and tracked.  The path of each photon is recorded and 

the photons that exit the tissue into a collection fiber of a fiber optic probe will make up 

the modeled diffuse reflectance spectrum.  A forward Monte Carlo model of photon 

propagation can be simplified as follows [79]: 

i. A photon is launched into tissue with an initial weight of 1 

ii. A random number is drawn to determine how far the photon will travel for one 

path-length 

iii. The weight of the photon is adjusted by how likely the photon is to be absorbed  

a. ��������� =	�������� ∗
"#

"#$"%
 

iv. A 0 or 1 is randomly drawn to determine if the photon will scatter 
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a. If a 0 is drawn, the photon will be absorbed and this process stops 

b. If a 1 is drawn, the photon scatters and the direction of deflection is 

randomly sampled 

v. If the weight of the photon is below a specified threshold, the photon is given a 

chance of surviving 

vi. If the photon survives or the weight is above the threshold, this process is 

repeated starting at Step 2 

 

This process can be computationally intensive.  Thus, a modeled diffuse 

reflectance spectrum (R(λ)) was created for unique sets of µa(λ) and µs(λ) using a scaling 

approach to this forward Monte Carlo simulation, the Henyey-Greenstein phase 

function to describe the scattering angle of each scattering interaction, and convolution 

to numerically integrate for the probe geometry [76].  In addition, to reduce the 

computation time, the diffuse reflectance values for a range of optical properties was 

determined a priori to create a lookup table and cubic splines were used to interpolate 

between table values [76].   

 

A calibration spectrum from a reference phantom with known optical properties 

was used to correct the experimental spectrum for system throughput and wavelength 

dependence.  The reference phantom allowed the measured diffuse reflectance spectrum 

to be scaled to the modeled diffuse reflectance spectrum.  Day-to-day variations in 
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optical throughput were accounted for by dividing the measured diffuse reflectance by a 

diffuse reflectance standard measurement.   

 

The inverse Monte Carlo model uses an initial set of free parameters that is input 

into the forward Monte Carlo model, then iteratively solves for absorber concentrations, 

scatterer size and density by minimizing the sum of the squared error as determined by 

the Gauss-Newton nonlinear least-squares algorithm in MatLab.  This process (shown in 

Figure 10) is repeated several times for each sample with a different, randomly chosen 

set of starting parameters to ensure convergence.     

 

2.1.5 Pathology 

Two levels of optical-pathology concordance were performed.  For the first, 

referred to as margin-level, the pathologic status of the entire imaged margin (positive, 

close, or negative) within the four inked corners  as well as the type of residual 

carcinoma found at the margin, if any, was recorded and compared to summary 

measures derived from the two parameter maps of each imaged margin (as described 

below).  A diagnosis of a margin as either positive (cancer extending to the edge of the 

inked margin) or close (cancer within 2 mm of the inked margin) were both considered 

as “positive,” since re-excision of the margin is usually performed for either case.  The 2 

mm distance of the tumor from the nearest margin represents the consensus definition 

of a “close” margin at the Duke University Medical Center and typically has the same 
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therapeutic implication as a positive margin. Other medical centers have adopted the 

same definition of a close margin [6].   If there was no residual carcinoma within 2 mm 

of the inked margin, the margin was classified as “negative.”  For the second, referred to 

as site-level, the pathology from the randomly inked sites (diagnosed according to the 

same criteria described above) was used on a qualitative level to interpret the features in 

the parameter maps of the imaged margins.   

 

2.2 Results 

From December 2007 to September 2008, 54 patients were enrolled in this study.  

Optical spectral imaging data from 6 patients were not utilized in this analysis as the 

pathological outcomes could not be accurately co-registered with the specified margins.  

From the remaining 48 patients, 55 margins were evaluated with the optical spectral 

imaging device.  Table 3 contains a summary of the patient and margin characteristics 

for the participants in this study.  Twenty one patients had negative margins, and 15 had 

a positive margin on the main specimen which was analyzed with the optical probe with 

additional margin specimens taken by the surgeons at the original surgery to obtain 

negative margins. Of the 48 patients, 12 had to have a re-excision lumpectomy. 
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Table 3: Characteristics of the study population. 

Characteristics of the Study Population  

Age (average) 57 (Range 30-78) 

Patient Tumor Histology 

    Invasive Ductal 

    Ductal Carcinoma in Situ 

    Combined Invasive Ductal/DCIS 

    Other  

    No Tumor Present/Negative 

                     

8 (17%)                                                                     

3 (6%)                                           

24 (50%)                                      

10 (21%)                                       

3 (6%) (post chemotherapy) 

Estrogen Positive 

HER-2/neu Positive 

38 (79%) 

6 (13%) 

Node Positive 13 N1 (27%)  

Surgical Re-excision Rate 12 (25%) 

Neo-adjuvant Therapy Chemotherapy 6 (13%);  

Endocrine 2 (4%) 

Lumpectomy Volume (average) 513 cm3 (Range 93-2237 cm3) 

Margins Assessed Anterior 14 (25%); Posterior 15 (27%);  

Superior 12 (22%); Inferior 3 (5%) 

Medial 7 (13%); Lateral 4 (7%) 

 

The majority of patients (73%) enrolled had invasive and/or in-situ ductal 

carcinomas in the lumpectomy specimen.   The remaining patients had a variety of 

histologic subtypes including lobular (invasive and in-situ), tubular, and papillary 

carcinoma.  Three of the patients in this study had a complete pathologic response to 

their pre-operative chemotherapy. For each patient enrolled in this study, only 1-2 

margins were assessed with the optical spectral imaging device.  As such, the re-excision 

rate and device outputs could not be compared to determine what outcome could have 

occurred had the device results been revealed to the surgeons.    
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Figure 11: Maps of [β-carotene]/<µs′> for A) negative margin, C) margin 

positive for DCIS, E) margin positive for IDC.  Site-level pathology for the margins 

indicated that the blue areas generally corresponded to cancer-free areas, whereas the 

red areas corresponded to regions with residual disease.  Corresponding frequency 

histograms are given to the right of each map (B, D, F, respectively), and depict the 

distribution of [β-carotene]/<µs′> values present in each image.  The vertical dashed 

line indicates the threshold on [β-carotene]/<µs′> values used in the predictive model 

to separate positive from negative margins; the percentage of image pixels below the 

threshold is given in the histogram inset. 
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Figure 11 contains representative parameter maps of -carotene concentration to 

wavelength-averaged reduced scattering coefficient ([β-carotene]/<µs′>) (A, C, E) and 

corresponding histograms which graphically represent the distribution of values within 

each image (B, D, F) for a margin negative for residual disease (A, B), a margin positive 

for ductal carcinoma in-situ (DCIS) (C, D) and a margin positive for invasive ductal 

carcinoma (IDC) (E, F).  -carotene is a dietary carotenoid known to be stored primarily 

in adipocytes, and is thus reflective of the amount of fat present in the sensing volume.  

<µs′> is a measure of the amount of light elastically scattered in the tissue, with higher 

scattering coefficients associated with more dense arrangements of cells and their 

subcellular scatterers such as organelles and membranes (scatter density) as well as with 

changes in the distribution of sizes of these scatterers (scatter size) [64].  Since malignant 

tissues are expected to have less fat (due to displacement of adipocytes by carcinoma 

cells) and higher scattering (due to increased cell density and changes in nuclear 

morphology), [β-carotene]/<µs′> is expected to be decreased in cancer tissue relative to 

benign breast tissue.  Color maps in the images of Figure 11 are set such that lower 

values of [β-carotene]/<µs′> appear red, whereas higher values appear blue.  As seen in 

the images, the negative margin (Figure 11A) is characterized by a higher proportion of 

blue pixels, whereas the positive margins (Figure 11C and Figure 11E) are characterized 

by increased proportions of red pixels. Site-level histology of these margins indicated 

that generally, the blue areas were indicative of cancer-free regions of the margin, 
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whereas the orange-red areas indicated regions of the margin containing residual 

disease.   

 

In order to build predictors for margin-level assessment from the parameter 

maps, a threshold value for pixel intensity was determined (e.g., 6 M-cm for [β-

carotene]/<µs′>) and the percentage of pixels below that threshold was computed (as 

illustrated in Figure 11 (B, D, F)).  A Wilcoxon Rank Sum test was carried out to 

determine if the percentage of pixels below that threshold was statistically different 

between positive and negative margins. The optimal threshold was determined by 

repeating the Wilcoxon tests across the full range of threshold values, the results of 

which showed that 6 M-cm for [β-carotene]/<µs′> showed the greatest degree of 

association with pathology (p < 0.002, Figure 12A). A similar process was applied to 

[THb]/<µs′>, such that the percentage of pixels below a threshold value of 8 M-cm 

resulted in the statistically most significant differences between positive and negative 

margins for that parameter (p < 0.01 Figure 12B). 
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Figure 12: Boxplots of A) percentage of pixels < 6 µM-cm [β-carotene]/<µs′>, 

and B) percentage of pixels < 8 µM-cm [THb]/<µs′>, stratified by margin status 

(negative: blue, positive/close: red).  P-values from Wilcoxon rank-sum tests are 

indicated in the plots. 

 

Next a multivariate predictive model was developed for classifying a margin as 

positive or negative based on the predictors shown in Figure 12 (A, B).  A tree-based 

approach was taken to build the two-parameter model, such that a margin was classified 

as positive if the percentage for the [β-carotene]/<µs′> OR [THb]/<µs′> parameters were 

above their respective thresholds; otherwise it was classified as negative. The 

percentages shown on the y-axes in Figure 12A and Figure 12 B were each varied across 

the complete set of different threshold values (for example, 98% in Figure 12A and 72% 

in Figure 12B), and the sensitivity and specificity was then calculated against margin 

assessment by pathology. The optimal pair of threshold values was determined by a 

receiver operator characteristic analysis (ROC, Figure 13) and the Youden index, in 

order to maximize the sensitivity and specificity in an additive manner.  Then, a leave-

one-out cross validation scheme was used to obtain an unbiased estimate of the 

operating characteristics of the predictive model using the same guiding principles as 
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above, and resulted in a sensitivity and specificity of 79% and 67%, for the two 

parameter decision tree [80].  The percentage pixel thresholds in the final model for [β-

carotene]/<µs′> and [THb]/<µs′> were 98% and 72%, respectively. 

 

 

Figure 13: ROC of the two predictors. 

 

Table 4 contains the prediction accuracy resulting from the decision-making 

model described above.  Of the 34 path-confirmed positive/close margins in the dataset, 

the predictive model correctly identified 27 of them as positive, yielding a sensitivity of 

79.4%.  In addition, of the 21 path-confirmed negative margins, the predictive model 

correctly identified 14 of them as negative, yielding a specificity of 66.7%.  The 

performance of the model in predicting path-positive/close margins is also shown as a 

function of type of cancer found at the margin.  For margins that were positive for IDC 

only, the predictive model correctly identified 11 out of 14, or 78.6% of positive margins.  

For margins that were positive for DCIS only, the predictive model correctly identified 8 
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out of 9, or 88.9% of positive margins.  In the current dataset, in 6 of the positive margins 

the type of cancer tissue present at the margin was not specified, whereas a further 5 

margins were positive for less common malignancies (lobular, mixed DCIS/IDC, and 

tubular).  Of these “other” positive margins, the predictive model correctly identified 8 

of 11, or 72.7% of positive margins.    The margins were equally weighted with respect to 

the number of close margins (n = 17) and the number of positive margins (n = 17).  The 

performance of the predictive model was also not biased significantly toward either 

positive or close margins, with positive margins being correctly predicted only slightly 

more frequently (14/17 or 82.4% sensitivity) than close margins (13/17 or 76.5% 

sensitivity). 

Table 4: Prediction accuracy of cross-validated algorithm for margin 

classification on 55 margins from 48 patients.  Sensitivity is also given for path 

positive margins separated by cancer subtype, as well as by positive versus close 

margin status. 

 

 

Although only 7 of 34 positive margins (from 6 patients) were misclassified as 

falsely negative, it is important to understand why these margins may have been 

misclassified. Within this patient group were 2 patients who received neo-adjuvant 

therapy; one with endocrine therapy and the other with chemotherapy.  Figure 14A/B is 
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imaged from the margin (posterior margin pathologically positive for IDC) of the patient 

who underwent neo-adjuvant endocrine therapy.  This patient had a significant decrease 

in proliferation rate between her pre- and post-therapy biopsies which may have 

decreased the scattering coefficient, which in turn could have resulted in a more flat 

histogram, which is typical of negative margins. In the second patient who had received 

neo-adjuvant therapy, the device incorrectly called the posterior margin diagnosed with 

IDC at 2 mm as negative. The device likely called this margin negative because the 

residual disease was at a depth that was just at the 2 mm sensing depth of the device.  

 

Figure 14: Maps of [β-carotene]/<µs′> (A, C) for margins positive for IDC but 

falsely classified as negative by the predictive model from 2 different patients.  

Corresponding frequency histograms are given to the right of each map (B and D, 

respectively), and depict the distribution of [β-carotene]/<µs′> values present in each 

image; the percentage of image pixels below the threshold is given in the histogram 

inset. 
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Of the remaining 5 patients, Figure 14C/D is imaged from a patient with IDC just 

beneath her nipple where there is greater ductal tissue and less fat. The histogram in this 

particular case looks like that of a positive margin but was just above the percentage 

pixel cutoff for margin positivity. This is an example of a near-miss.  Another of the false 

negative cases had DCIS which was misclassified as negative by the optical spectral 

imaging device.  The final pathology showed close margins anterior-inferiorly and 

anterior-laterally with additional shaved anterior, lateral and inferior margins negative 

for DCIS.  This tumor specimen was large with a volume measuring greater than 1200 

cm3.  In this case, although the majority of the margin is reflective of benign tissue, there 

are some relatively small areas of very low [β-carotene]/<µs′> values, which are 

suggestive of the presence of residual disease.  However, in the current method of 

automated image analysis, the contribution of these pixels to the overall pixel 

distribution was small, due to the very large size of these margins.  This resulted in 

misclassification of the margin, since the percentage of pixels below the threshold was 

small.  This is a weakness of the current paradigm for automated image analysis, in that 

error may be introduced when the area of suspicious pixels is small compared to the 

overall margin size. 
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2.3 Discussion 

The majority of women with early stage breast cancer can undergo BCT.  As the 

number of women who are treated neo-adjuvantly with endocrine or chemotherapy 

increases, the eligible population for BCT will continue to grow.  Recognizing, however, 

that anywhere from 16% to 60% of patients with BCT require a second surgery, a rapid, 

non-invasive, readily available technology is necessary to reduce this inability to detect 

tumor at the edge of a breast specimen in the operating room [24, 32, 38, 81, 82]. 

 

This study highlights the potential for optical spectral imaging to evaluate the 

tissue composition of breast lumpectomy specimen margins intra-operatively. In this 

preliminary patient population, 79% of the pathologically positive margins were 

accurately identified by the device.  This group of correctly identified margins included 

all the variant pathologies including one lobular cancer, several mixed in-situ and 

invasive carcinomas including lobular carcinoma in-situ, and a tubular cancer. Prior 

studies have shown that patients with lobular cancers have a higher likelihood of re-

excision and/or mastectomy [81, 83, 84].  This study continues to accrue patients to 

improve the optical devices’ sensitivity and specificity and will focus in future patient 

subsets on those with lobular cancers.  This device showed an excellent ability to 

identify DCIS at the margin of a BCT specimen.  DCIS has been identified as a tumor 

characteristic likely to increase the margin positivity and re-excision rate [18].  Future 
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studies will also enrich for DCIS patients to ensure that the device can adequately 

identify DCIS at the margin of a BCT specimen.   

 

In addition to specimens with lobular carcinoma or DCIS, an intraoperative 

margin device must also recognize the heterogeneous changes caused by exposure to 

neo-adjuvant chemotherapy or endocrine therapy.   Neo-adjuvant therapies are 

increasingly used for the treatment of breast cancer.  Two recent studies analyzed the re-

excision rate for patients undergoing BCT post chemotherapy.  The group from Yale 

found in a retrospective study of 156 patients with original cancer sizes of 2-4cm, that of 

the 47 patients who underwent neo-adjuvant therapy and for the 31 who were eligible 

for BCT only 6% required a re-excision lumpectomy [85].   In a similar chart review of 

478 breast cancer patients treated in Montreal, Canada, 76 had neo-adjuvant 

chemotherapy and there was no difference in re-excision rates (21 versus 18%) between 

the pre-and post-surgical groups [86].  In our study, of the 8 patients who received neo-

adjuvant therapy, 50% had their margins correctly assessed by the optical device.  As the 

number of these cases increases in our clinical subset, it is likely that additional optical 

parameters will be added to account for the physiologic and metabolic changes 

encountered in specimens with complete responses and those that leave microscopic 

deposits within the tumor bed.   
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 This study utilized the pathologically confirmed margin diagnosis to identify 

the tissue compositional parameters most likely to differentiate positive from malignant 

tissues.  The ratio map of [β-carotene]/<µs′> showed the most significant difference 

reflecting a decrease in adipose content and an increase in cell density within malignant 

margins.  Prior work by our group and others has shown that scattering, -carotene 

content and total hemoglobin are good parameters with which to differentiate malignant 

from benign tissues [86-89].    Results from the current study are consistent with earlier 

findings where optical measurements were made from tumor and benign biopsies. 

 

It has been noted earlier that there are several reasons why a margin may be 

misclassified as false-negative including the fraction of the margin occupied by the 

tumor (DCIS example) and changes in tumor cellularity or proliferation rate (tumor 

treated with endocrine therapy). There are factors that could also contribute to a false 

positive, for example, the “pancake” phenomenon which has been previously described 

as a difficulty in margin assessment [90].  The “flattening” of the immediately excised 

specimen for specimen radiograph could alter the tumor to margin ratio, and/or affect 

the inking leading to a “false positive” pathology read on a margin that was truly 

negative for residual disease [91].  In the future we plan to use the device on the excised 

specimens prior to intra-operative specimen radiography to attempt to reduce the 

“pancake” phenomenon on the optical outputs and thereby potentially reduce the false 

positive readings.   
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During the past 3 years, over 50 journal articles have been written about the 

methodology of breast lumpectomy margin assessment or the patient characteristics 

most likely to result in a positive specimen margin [2, 23, 92, 93].   Three groups have 

shown a reduction in their re-excision rate to between 10-20% with the use of frozen 

section analysis [22, 32, 38].  This reduction is important for those patients who benefited 

from the availability of these resources.  However these intra-operative margin 

assessment tools of frozen section and touch prep analysis are not widely available and 

are not routinely utilized even in high volume centers.  At Duke University we currently 

do not use either of these technologies for intra-operative margin assessment because of 

the need for an onsite pathologist or cytopathologist at an ambulatory surgery center 

which is not located within the main hospital.  As this optical technology is refined, we 

hope to provide comparable and potentially improved results to frozen section and 

touch prep analyses for a broader patient population.   Future clinical trials will be 

performed at medical centers that routinely perform intraoperative frozen sections or 

touch prep cytology for lumpectomy margin assessment, and the performance of our 

optical imaging device will be directly compared to intraoperative pathologic 

evaluation. 

 

The routine removal of “shaved margins” has also been proposed to reduce the 

re-excision rate for patients undergoing breast conservation therapy.  In two recent 
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papers, the authors were able to reduce the number of patients going back to the 

operating room by 50%, yet 18-20% still required either a re-excision or mastectomy 

based on final pathological review [94, 95].  It should be noted that these extra excisions 

are likely at the expense of the patient’s cosmetic outcome due to the increase in volume 

excised.  Currently the optical device has a specificity of 67% and thus could 

significantly reduce re-excision while preserving cosmesis.   

 

Breast conservation therapy remains a mainstay in the treatment of patients with 

breast cancer.  As new minimally invasive technologies such as cryosurgery, 

radiofrequency ablation and intra-operative radiation become more widely available, an 

intra-operative tool to assure complete resection of a breast malignancy is necessary. 

This preliminary subset of patients whose BCT specimens were assessed with optical 

spectral imaging device validates the early potential of this novel technology.  As the 

number of patients and tumor types increases within this study, the accuracy and 

applicability of this non-invasive technique is expected to show significant promise for 

women with breast cancer who are candidates for breast conserving therapies. 
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3 Optical Signatures from Heterogeneous Breast Tissue 

Residual cancer following breast conserving surgery increases the risk of local 

recurrence and mortality.  Benign breast tissue is markedly heterogeneous, which makes 

distinguishing small foci of cancer within the spectrum of benign tissue potentially 

challenging.  This is further complicated by the heterogeneity as a function of 

menopausal status.  The goal of the work presented here was to evaluate the site level 

optical properties of pathologically confirmed benign and malignant ex-vivo human 

breast tissue sites, and to determine which sources of optical contrast have the potential 

to detect malignancy on margins in women of differing benign and malignant breast 

composition.  Our data shows how ex-vivo optical properties of positive and close sites 

on breast tumor margins are strongly dependent on breast tissue composition and 

patient demographics which should be accounted for in developing classification 

algorithms.  These results provided an understanding of the optical signatures of both 

benign and malignant breast tissue types. 

 

3.1 Methods 

3.1.1 Clinical Protocol 

An ex-vivo study using diffuse optical spectroscopy to evaluate partial 

mastectomy specimens in patients undergoing surgery for breast malignancies was 

approved by the Institutional Review Board at Duke University as detailed in previous 
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publications [20, 96].  Informed consent was obtained from eligible patients undergoing 

a partial mastectomy (lumpectomy).  The surgeries were performed on 104 patients 

byollaborating surgeons at the Duke University Ambulatory Surgery Center. The optical 

study was performed post excision and did not alter the standard operating procedures.  

The surgeons performed sentinel lymph node dissection in addition to the partial 

mastectomy on a subset of patients.  For sentinel lymph node dissection, 

Lymphazurin™ was injected into the subareolar or peri-tumoral area in order to identify 

the draining lymph nodes for the respective cancers.  In these cases, the Lymphazurin™ 

was also found within the lumpectomy margins in varying degrees, the presence of 

which was recorded for each consented patient.  Patient demographics were recorded, 

including menopausal status.  Women were designated as post-menopausal if they had 

one of the following: either a bilateral salpingo-oopherectomy or lack of a menstrual 

cycle for greater than 1 year.   

 

In each partial mastectomy case, the surgeon removed the specimen, then placed 

clips and sutures to orient the specimen for pathological assessment. This clinical 

protocol and margin level pathologic processing is described in more detail in a 

previous publication by Wilke et al [20].  Diffuse reflectance (DR) spectral imaging was 

performed on the margins of the lumpectomy specimens between 10 and 20 minutes 

after excision. Margins were selected based on specimen mammograms and surgeon 

recommendations for potentially positive margins.  Typically, spectroscopic data was 
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measured from 1 margin per case and when time permitted, measured from up to 5 

margins before the end of the operation.  For a more detailed analysis of tissue contrast 

with respect to different breast tissue types, an additional 6-10 sites were randomly 

inked orange (Figure 15A) on one of the imaged margins.  In a few instances, sites were 

inked on 2 margins.  Tissue composition at those specific sites was determined via a 

separate microscopic evaluation by the study pathologist (JG).  The margins with inked 

research dots were processed as seen in Figure 15 and as described in the Histopathology 

section below.   

 

Of the 854 sites from 105 margins (104 patients), the pathologist was unable to 

microscopically identify the inked site to generate a diagnosis for 91 sites.  From the 

remaining 763 sites, 94% (715) were benign and 6% (48) were positive or close for 

malignant disease. 17% (120) of the benign sites and 21% (10) of the malignant sites were 

excluded.  Reasons for exclusion included excess Lymphazurin™, a missing diagnosis, 

unknown distance of tumor from the margin, or poor optical signal to noise resulting in 

extreme outliers which were more than three times the inter-quartile (IQR) range below 

the 1st quartile or above the 3rd quartile of all sites.  Sites were considered to have too 

much Lymphazurin™ if intensity of the diffuse reflectance spectrum at 600nm was 

lower than the intensity at 450nm, indicating that Lymphazurin overwhelmed the 

hemoglobin absorption.  Removing these samples resulted in 595 benign sites and 38 

malignant sites from 101 margins (100 patients) retained for the final analysis.  The first 
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stage of the analysis to show high level tissue contrast was performed between all 

malignant and benign sites from 101 margins (100 patients).  The second stage of the 

study to look at the effect of tissue type and disease depth examined only the retained 

sites with a predominant tissue type as described below in Histopathology; this excluded 

one patient and one margin that contained heterogeneous sites leaving 100 margins 

from 99 patients (32 malignant and 408 benign sites).  Patients without a known 

menopausal status or who were peri-menopausal (7 margins, 6 patients) were excluded 

from the third stage of the analysis which only included pre- and post-menopausal 

benign samples.  This resulted in 94 margins from 93 patients (553 benign sites).  The 34 

malignant sites with a known menopausal status (17 margins from 17 patients) were not 

included in this part of the analysis.  

 

3.1.2 Histopathology 

Routine histopathology was performed on each of the specimens.  In Figure 15A 

& B, the green margin dots and orange research dots are shown on a margin.  To obtain 

the site level histology, each specimen underwent transverse sectioning into 3mm thick 

slices.  Figure 15C shows a 3mm section containing two research dots (1 & 2).  The 

transverse slice has ink on the borders corresponding to the specimen’s surgical 

orientation.  Each slice was further sectioned so that a dot was contained in an 

approximately 20x10x3mm piece of tissue, which was then embedded in paraffin wax 

(Figure 15D).  A 5µm thick slice was then taken from the embedded specimen, stained 
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with hemotoxylin & eosin (H&E) and microscopically evaluated by the study 

pathologist (JG) (Figure 15E).  A site level diagnosis was generated for each inked 

location.  Because the theoretical sensing depth of the probe ranged from 0.5-2.2mm, the 

study pathologist also provided a quantitative measure of the distance of malignancy 

from the margin ranging from 0mm to 2mm.   Malignant sites were classified by the 

distance of malignant cells from the surgical margin (“positive” = cancer at surface, 

“close” = between 0-2mm from the surface) as well as the type of cancer present.  For 

‘close’ sites, the actual distance of the malignant cells from the surgical margin was 

recorded.  The type of cancer was specified as IDC, invasive lobular carcinoma (ILC), 

DCIS, or lobular carcinoma in situ (LCIS).  Benign tissues were classified according to 

the predominant tissue type present.  Due to the heterogeneity of breast tissue, the 

benign sites were broken down into fibroglandular (FG), fibroadipose (FA), adipose (A), 

fibro-cystic change (FCC), fibrous (F), fat necrosis (FN), or sites with mixed tissue types 

(Mx).  Samples with a predominant tissue type and unusually prominent vessels or 

hemorrhage were categorized as vessels (V). 
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Figure 15: Photograph of an actual margin after imaging and pathological 

methodology. (A) The six orange dots provide the location of inked sites and the four 

green dots denote the boundaries of the margin used for pathologic co-registration 

and diagnoses. Four margin dots (green) denote the corners of the measured margin 

while the eight orange dots denote the research dots (B). A transverse slice is taken 

from the specimen with the margins inked for orientation (C). Each research dot is 

embedded in a paraffin block from routine processing (D). A 5 µm section is taken 

from the paraffin block, stained and examined under a microscope by a specialized 

breast pathologist (E). 

 

3.1.3 Clinical Measurements of Diffuse Reflectance Spectra 

This study utilized instrumentation from Jobin-Yvon HORIBA (Edison, NJ) that 

included a 450 W Xenon arc lamp, a double excitation monochromator (Gemini 180), an 

imaging spectrograph (TRIAX 320) and a Peltier-cooled CCD (Symphony).  This study 

was performed using an in-house designed multi-channel fiber-optic probe 

manufactured by RoMack, Inc. (Williamsburg, VA).  The multi-channel probe had 8 

individual channels, where each channel consisted of a core of 19 hexagonally packed 

illumination fibers and 4 collection fibers arranged at the corners of the illumination 

core.  All fibers were 200µm in diameter with a numerical aperture of 0.22.  The breast 

specimen, once excised, was oriented in a plexi-glass box using the clips and sutures to 

maintain orientation with the surgeon and pathology.  The channels of the probe were 
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then interfaced with the plexi-glass box via an aluminum adaptor.  The holes in the 

plexi-glass box were spaced 5mm apart (center-to-center), which means that the tissue in 

the box was imaged with a 5mm spatial resolution.  Diffuse reflectance spectra were 

measured simultaneously from 8 holes (or pixels) for each placement of the multi-

channel probe in the plexi-glass box.  To ensure that the entire margin was sampled, the 

multi-channel probe was manually moved over the surface of the specimen such that 

one spectrum was eventually obtained from each hole of the box.  To ensure that there 

was no optical cross-talk between adjacent probes during any single measurement of 8 

pixels, the channels were arranged in a 4 x 2 array with a center-to-center spacing of 

10mm for each channel.  This overall procedure ensured that data were collected 

uniformly and repeatably over the tissue surface, with minimal cross-talk between 

channels.  The average margin was covered with 64 holes (or pixels), which means that 

on average the entire margin surface was sampled with 8 placements of the multi-

channel probe.  A custom LabVIEW application was used to control data collection and 

keep track of the original spatial locations of each diffuse reflectance measurement on 

the tissue surface, so that accurate spatial maps of the tissue could be reconstructed after 

completion of imaging.  The imaging procedure is described in detail in our previous 

publications [20, 88, 96].  After imaging, 6-10 tissue sites (or pixels) were randomly 

chosen and inked with a wooden dowel inserted through the plexi-glass box holes for 

the detailed pathological analysis described in Histopathology.  The sensing depth of the 

multi-channel probe was previously simulated.  These simulations were carried out 
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using a weighted photon Monte Carlo model, previously described by Liu et al [97] and 

Zhu et al [98].  The theoretical sensing depth was determined using the weighted 

visiting frequency as a function of depth as described by Bydlon et al[96].  Based on the 

simulations over the wavelength range of 450-600nm, the sensing depth of the multi-

channel probe varied with tissue type: 0.5 to 1.5mm in positive tissues, 0.7 to 2.2mm in 

adipose tissues, and 0.6 to 1.5mm in fibroglandular tissue [96]. 

 

We have also evaluated the reproducibility and accuracy of these diffuse 

reflectance measurements.  Bydlon et al reported the coefficient of variation (σ/µ) 

calculated from 10 repeated measurements for the system [31].  The median coefficient 

of variation was calculated and was found to be less than 0.11 for all extracted 

parameters ([β-carotene], <µs′>, THb, [β-carotene]/<µs′>, THb/<µs′>, and [β-

carotene]/THb) indicating little deviation from the mean in all measurements.  Using 

tissue mimicking phantoms, accuracy for determining the underlying tissue 

compositional features was found to be 5.57±3.89% for [THb], 14.99±13.6% for Crocin 

(similar absorption to [β-carotene]), and 9.81±6.89% for <µs′> [96]. These errors in 

extraction accuracy for [THb], [Crocin] and <µs′> were less than the percent difference 

observed between positive vs. adipose tissue; the errors in [THb] and <µs′> were less 

than the percent difference observed between positive vs. fibroglandular tissue [96]. 
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After spectral imaging was completed, calibration measurements were made on 

a Spectralon reflectance standard (Labsphere, North Sutton, NH) to account for the 

wavelength dependence and throughput of the system, as described in greater detail in 

previous studies [20, 87, 98].  The spectral imaging system is also further described in 

previous publications by our group [20, 88, 96]. 

 

3.1.4 Extraction of Tissue Optical Properties 

Optical properties of the measured tissue were extracted from the diffuse 

reflectance spectra using a fast, scalable Monte Carlo inverse model[76]. The Monte 

Carlo model was used to analyze the diffuse reflectance spectra from 450-600nm.  The 

strongest intrinsic absorbers in this range were assumed to be oxygenated and de-

oxygenated hemoglobin, as well as [β-carotene].  Lymphazurin™ was included as an 

extrinsic absorber in the model as previously described [53].  An arbitrary absorber was 

included by modeling the extinction as a Gaussian with a center mean wavelength of 

515nm and a standard deviation of 10nm, and was used to account for the difference in 

shape between the tabulated absorption of   [β-carotene] and the absorption of β-

carotene in tissue [53, 54].  This deviation in fit was seen between 500 to 530nm.  The 

magnitude of the Gaussian function was previously found to be highly correlated 

(Pearson’s correlation coefficient of 0.9) to [β-carotene].  In this previous study, the 

addition of the Gaussian function improved the fits but did not significantly affect the 

conclusions regarding the extracted parameters when compared to the case where the 
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Gaussian absorber was not used [54].  The concentrations of β-carotene, oxygenated 

hemoglobin, de-oxygenated hemoglobin, and Lymphazurin were extracted using the 

model.  Other parameters such as hemoglobin saturation and THb were derived from 

the concentrations of oxygenated and de-oxygenated hemoglobin.  The wavelength 

dependent reduced scattering coefficient, µs′(λ), was extracted from the model and the 

mean wavelength-averaged value, <µs′>, was calculated to describe the scattering 

properties of the probed tissue volume. 

 

3.1.5 Statistical Analysis 

The distributions of the optical properties were empirically summarized by the 

median, median absolute deviance (MAD), inter-quartile range (IQR), and Tukey 

whiskers as 1.5*IQR.  Optical properties were first compared between all malignant and 

benign sites from the 101 retained margins.  The optical properties were then stratified 

according to the predominant tissue type and pair wise comparisons were made using 

Wilcoxon Rank-Sum tests and applying a Bonferroni correction factor for multiple 

comparisons.  The Inverse Monte Carlo model, statistical comparisons and figures were 

generated using MATLAB™. 
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3.2 Results 

The primary aim of this study was to evaluate the VIS optical properties of 

benign and malignant breast tissues to understand the effect of the benign tissue types, 

different disease types, depth of disease, and patient demographics on the extracted 

optical properties.  The 38 malignant samples were comprised of IDC (n=22), DCIS 

(n=12), LCIS (n=3), and ILC (n=1) (Table 5).  The malignant sites at 0mm are considered 

positive by standard pathology; the sites from 0+-1mm or 1+-2mm are considered 

pathologically “close”.  The malignant sites were separated by distance from the margin 

as follows: on ink at 0mm (n=10), 0+-1mm of the margin (n=17), 1+-2mm from the margin 

(n=11).  The 595 benign sites were divided into adipose (A) (n=324), mixed tissue 

samples (Mx) (n=112), vessel samples (V) (n=64), fibroadipose (FA) (n=60), 

fibroglandular (FG) (n=24), fibrocystic change (FCC) (n=4), fibrous (F) (n=6), and fat 

necrosis (FN) (n=1) as shown in (Table 5).  Of these benign sites, 142 were from pre-

menopausal patients and 411 were from post-menopausal patients. 
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Table 5: Classification of the ex-vivo sites for benign and malignant tissue 

types.  The malignant sites are stratified according to disease type (IDC, DCIS, ILC, or 

LCIS) and by depth.  Malignant sites at 0mm are considered positive; sites from 0+-

1mm or 1+-2mm are considered close. 

Benign 595  Malignant  38  

Adipose (A) 324 0mm  10  

Mixed tissue types (Mx) 112  IDC  8 

Fibroadipose (FA) 60  DCIS  2 

Vessels (V) 64 0+-1mm  17  

Fibroglandular (FG) 24  IDC  9 

Fibrous (F) 6  DCIS  5 

Fibro-cystic change (FCC) 4  ILC  1 

Fat Necrosis (FN) 1  LCIS  2 

  1+-2mm  11  

   IDC  5 

   DCIS  5 

   LCIS  1 

 

3.2.1 Optical Contrast: Malignant vs. Benign 

Optical properties were compared between benign and malignant sites and the 

results are shown in Figure 16.  The malignant sites were comprised of all “positive” and 

“close” (0-2mm) sites representing several disease types (IDC, DCIS, ILC, and LCIS), and 

the benign sites included the entire 595 benign tissue types listed in Table 5.  Scattering, 

<µs′>, was significantly increased in malignant sites (8.96cm-1±2.24MAD) compared to 

benign sites (7.29cm-1±2.15MAD) (p=0.0027, Figure 16A).  Furthermore, [THb] was also 

significantly increased in malignant sites (42.70µM±29.31MAD) compared to benign 

(32.09µM±16.73MAD) sites (p=0.031, Figure 16C).  However, [β-carotene] could not 

differentiate malignant tissues from benign tissues (p=0.87, Figure 16B).  



 

 

62

 

Figure 16:  Boxplots of the extracted parameters for malignant versus non-

malignant tissues.  (A) <µs'>, (B) β-carotene concentration, and (C) total hemoglobin 

concentration. To improve visualization of the distributions of the extracted 

parameters, the boxplots were scaled to a maximum of 20 cm-1 for <µs'>, 50 µM for [β-

carotene] and 150 µM for [THb]. The p-values are displayed for the Wilcoxon Rank 

Sum tests. 

 

3.2.2 Optical Contrast: Benign Heterogeneity 

Mixed tissues and vessels were excluded from this analysis because the fractional 

composition of adipose, glands, and fibrous tissue within each site was not specified by 

pathology.  Fibrous, fibrocystic change, and fat necrosis sites were excluded due to their 

respective small sample sizes.  The Wilcoxon-rank sum p-values were corrected for three 

comparisons.  In Figure 17A, the benign sites stratified according to the predominant 

tissue type showed that <µs′> increased with increased fibrous content.  All three 

predominant tissue types showed statistically significant scattering differences from one 

another (FG v. A, adj. p <0.0001;FG v. FA, adj. p=0.011; A v. FA, adj. p=0.0026).  The 

median scattering and median absolute deviance for the benign tissue types were as 

follows: FG (11.61cm-1±3.44MAD), FA (7.80cm-1±2.86MAD), and A (6.50cm-1±1.95MAD).  

[β-carotene] was higher in adipose (adj. p=0.017) than in fibroglandular sites.  Marginal 
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differences in [β-carotene] are noted between FG and FA (nominal p=0.045), but do not 

reach statistical significance after accounting for multiple comparisons.  The resulting 

median [β-carotene] values were as follows: FG (15.30µM±5.64MAD), FA 

(17.45µM±6.88MAD), and A (18.75µM±5.74MAD).  The concentration of total 

hemoglobin, [THb], did not show statistical differences between FG 

(34.12µM±22.77MAD), FA (28.63µM±14.19MAD), or A (30.36µM±14.86MAD). 

 

 

Figure 17:  Boxplots of (A) <µs'>, (B) [β-carotene], and (C) [THb] for benign and 

malignant tissue subcategories. Benign tissue consists of fibroglandular (FG), 

fibroadipose (FA), and adipose (A); malignant tissue consists of invasive ductal 

carcinoma (IDC) and ductal carcinoma in situ (DCIS). All malignant tissues were 

stratified according to depth: positive (0 mm), close within 1 mm (0+ to 1 mm), close 

between 1 and 2 mm (1+ to 2 mm). DCIS (0 mm) is not shown due to its small sample 

size (n = 2). 

 

3.2.3 Optical Contrast: Malignant vs. Benign Variants 

This portion of the study focused on a two factor analysis of disease type and 

disease depth, the data for which is shown in Figure 17.  Because benign sites showed a 

range of values for each parameter (<us′>, [THb], [β-carotene]), we also wanted to 



 

 

64

examine the range of values obtained from different malignant tissue types, such as IDC 

and DCIS.  The resulting p-values were adjusted by accounting for six comparisons.  

Figure 17 shows the benign variants fibroglandular (FG), fibroadipose (FA), and adipose 

(A) in green, as well as the malignant variants (IDC in red and DCIS in black separated 

by disease depth).  ILC and LCIS were excluded due to the small sample size.  For the 

first part of the analysis, all IDC depths were combined and also all DCIS depths were 

combined (combined depths are not shown in Figure 17).  Overall, FG exhibited the 

highest median scattering, followed by DCIS (9.46cm-1±1.06MAD), IDC (8.00cm-

1±1.81MAD), FA, then A.  The highest median [β-carotene] was observed in DCIS 

(19.00µM±6.93MAD), followed by A, FA, FG then IDC sites (13.89µM±8.29MAD).  

Comparing the concentrations of total hemoglobin across these different benign and 

disease tissue types resulted in DCIS exhibiting the highest median value 

(57.42µM±21.58MAD), followed by IDC (38.89µM±26.15MAD), FG, A and FA.  

Scattering, <µs′>, could statistically differentiate between IDC and A (adj. p=0.035), and 

DCIS and A (adj. p=0.0012).  [THb] was able to separate DCIS from A (adj. p=0.029).  

 

While several parameters could not distinguish between specific variants when 

applying the Bonferroni correction for multiple comparisons, unadjusted p-values did 

show several additional differences among variants.  For example, scattering was 

observed to be higher in FG than in IDC with an unadjusted p-value of p=0.044; DCIS 

exhibited increased [β-carotene] compared to FG with an un-adjusted p-value of 
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p=0.028.  [THb] was also increased in DCIS compared to FA with an unadjusted p-value 

of p=0.023.   

 

The second factor in the analysis involved evaluating how optical properties 

varied with depth in order to determine the contribution of the “intervening” benign 

tissue to the optical evaluation.  The type of benign tissue between the margin and 

malignancy was not specifically identified by the pathologist in this study.  The disease 

types are shown in Figure 17 as positive sites (0mm), close sites within 1mm of the 

margin (0+-1mm), and close sites between 1-2mm from the margin (1+-2mm).  Positive 

DCIS sites (0mm) are not shown in Figure 17 due to the small sample size (n=2).  For this 

analysis, IDC and DCIS samples were combined and grouped according to depth of 

malignancy as the sample size was not large enough to statistically evaluate optical 

parameters by both disease type and depth.  This grouping of IDC and DCIS according 

to depth of malignancy showed that <µs′> was highest within the close sites (0+-1mm) 

(11.41cm-1±2.61MAD), followed by positive sites (0mm) (8.60cm-1±1.33MAD), and close 

sites (1+-2mm) (8.31cm-1±1.52MAD).  In contrast, [β-carotene] followed an increasing 

trend with increased distance of malignancy; it was highest in close sites (1+-2mm) 

(19.00µM±7.81MAD), followed by close sites (0+-1mm) (15.59µM±9.53MAD), then 

positive sites (0mm) (13.89µM±6.23MAD).  Lastly, the concentration of total hemoglobin 

was found to decrease as follows: positive (92.57µM±18.46MAD), close (1+-2mm) 

(36.98µM±18.24MAD), and close (0+-1mm) (36.08µM±12.81MAD).  [THb] showed 
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statistical significant differences between positive sites (0mm) and FG (un-adj. p=0.0069), 

FA (adj. p=0.0037) and A (adj. p=0.0004), as well as between close sites (0+-1mm) and A 

(p=0.0036) when corrected for nine comparisons.  The other optical parameters did not 

show differences that were statistically significant after accounting for multiple 

comparisons.  However, the trends demonstrate that the median and MAD of the optical 

parameters were affected by the depth of disease and the unknown intervening tissue. 

The depth analysis shows that depth plays an important role but due to the small 

sample size it is not possible to specifically indicate how depth affects each disease type. 

 

3.2.4 Optical Contrast: Menopausal Status and Benign Variants 

A total of 45 optical sites were excluded from this part of the analysis due to the 

patients having an undefined menopausal status (lack of menses in patients younger 

than 40 years of age; peri-menopausal or unknown menopausal status).  The malignant 

sites could not be analyzed by menopausal status because of the low number of 

malignant sites from pre-menopausal patients.   
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Figure 18:  Histograms of the percent composition of the three main benign 

tissue types. The fibroglandular (FG), fibroadipose (FA) and adipose (A) sites were 

stratified by (A) pre-menopausal sites and (B) post-menopausal sites. 

 

The relative frequency of adipose tissue is higher in post-menopausal patients 

while the relative frequency of fibroglandular tissue is higher in pre-menopausal 

patients.  The histograms in Figure 18 represent A) the percentage of the sites from pre-

menopausal patients that were composed of FG, FA and A sites, and B) the percentage 

of the sites from post-menopausal patients that were composed of the same three tissue 

types.  Regardless of menopausal status, adipose tissue was shown to be the most likely 

tissue type on a margin accounting for 80% of the combined total 373 sites.  However, 

differences were observed in the relative contributions of benign tissue types between 

pre- and post-menopausal patients.  The post-menopausal women showed 84% adipose 

sites, 15% fibroadipose sites and 1% fibroglandular sites.  Pre-menopausal women, 

however, showed 66% adipose sites, 14% fibroadipose sites, and 20% fibroglandular 

sites. 
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In order to verify that the measured optical variability was due to differences in 

the relative amounts in tissue composition and not inherent differences in tissue optical 

properties with menopausal status, we compared the optically measured parameters in 

purely adipose sites between pre- and post-menopausal patients.  The optical 

parameters from pure adipose sites were compared between pre- and post-menopausal 

patients and neither scattering (Pre-menopause: 7.54cm-1±2.48MAD, Post-menopause: 

6.27cm-1±2.36MAD) nor [β-carotene] (Pre-menopause: 18.50µM±7.39MAD, Post-

menopause: 18.77µM±7.613MAD) showed statistical differences between pre- and post-

menopausal adipose sites.  [THb] however, was lower in post-menopausal adipose sites 

which may be in part to differences in specimen bleeding or decreased overall blood 

volume (Pre-menopause: 44.16µM±22.06MAD, Post-menopause: 27.83µM±21.67MAD). 

 

 

Figure 19:  Boxplots of the extracted parameters from benign sites (n = 553). 

The optical properties (A) <µs'>, (B) [β-carotene], and (C) [THb] previously shown in 

Figure 2 now stratified according to menopausal status. Post-menopausal patients 

exhibited lower <µs'> and [THb] (panels A. and C.) but higher [β-carotene] (panel C.) 

than pre-menopausal patients. 
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The comparison of all benign sites from pre- versus post-menopausal patients 

showed decreased scattering (p<0.0001) (Figure 19A), increased [β-carotene] (p<0.0001) 

(Figure 19B), and decreased [THb] (Figure 19C) (p=0.0091) in post-menopausal sites 

(<µs′>: 6.62cm-1±2.60MAD, [THb]: 31.43µM±24.16MAD, and [β-carotene]: 

18.38µM±8.42MAD) compared to pre-menopausal sites (<µs′>:8.5cm-1±3.49MAD, [THb]: 

41.39µM±26.97MAD, and [β-carotene]: 14.84µM±7.72MAD).  This was consistent with 

increased fibrous content in pre-menopausal women and increased adipose content in 

post-menopausal women.  Thus, the trends for scattering and [β-carotene] seen in 

benign sites from pre- and post-menopausal further confirmed the predominant tissue 

types suspected with each demographic category. 

 

3.3 Discussion  

There are two ways to approach the problem with accurate intraoperative breast 

margin assessment: a whole margin-level method where summary measures are created 

to describe multiple pixels on a margin and secondly, a site-level approach using 

pathologically confirmed individual pixels.  We have previously published accuracy 

results on the    margin-level classification.  This paper is aimed at understanding the 

optical contrast from individual pixels which will be informative for both methods of 

assessment.  We hypothesized that the heterogeneity of benign breast tissues, the 

distance of malignant cells from a margin and menopausal status would each influence 

the interpretation of optical measurements of changes within a breast specimen.  Despite 
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the heterogeneity of benign tissue composition, significant differences between all 

malignant and benign tissues were observed for <µs′> and [THb].  Both of these optical 

parameters were increased in malignant sites compared to benign sites.  Several studies 

have seen increased scattering in malignant tissues compared to benign tissues [53, 54, 

98, 99].  Pogue et al determined that total hemoglobin-based contrast can be up to 200% 

higher in cancer relative to the benign background [9].  Our data demonstrated 

consistency with these previous studies for <µs′> and [THb].  [β-carotene] did not 

differentiate between benign and malignant sites in our study in contrast to Volynskaya 

et al, who found [β-carotene] in bread-loafed specimens (rather than margins) to be 

higher in benign (fattier) tissues compared to that in tissues with invasive carcinoma 

[68].  Tissue type has been previously shown to affect optical properties.  Breast tissue is 

heterogeneous such that ex-vivo sites will have very different tissue composition 

depending on the number of malignant cells within an examined volume.  The 

prevalence or probability of seeing a certain tissue type can be related to patient 

demographics.  Thus, we hypothesized that optical contrast could be modulated by 

tissue composition, distance from the margins and patient demographics, specifically 

menopausal status.  

 

Scattering variations in benign tissue: our analysis showed that scattering 

increased as fibrous content increased and adipose content decreased, within benign 

tissue types consistent with previous studies.  Scattering in benign tissues has previously 
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been shown to be negatively correlated with the amount of adipose tissue present [98].  

Srinivasan et al found that adipose tissues had low scattering power in the NIR due to 

large scatterers, while glandular or fibrous (or by extension fibroglandular) tissues had 

high scattering power resulting from more cellular and collagen-based structures [73].  

Fibroglandular tissue is composed of fibroblasts, collagen and elastin bundles, 

interspersed with ducts/lobules and minimal adipose tissue.  In contrast, adipose tissue 

is comprised of many adipocytes containing lipid droplets with the nucleus flattened 

along the periphery of the cell resulting in fewer scattering events.  Fibroadipose tissue 

is a combination of adipocytes and collagen bundles so the resulting scattering falls 

between the values seen for fibrous and adipose tissue separately.  These three benign 

tissue types exhibited <µs′> values that were significantly different from one another; in 

summary <µs′> describes the presence or absence of fibrous tissue which, in turn, will be 

related to a patient’s demographic factors.  

 

[β-carotene] and hemoglobin in benign tissues: [β-carotene] has previously been 

positively correlated with adipose tissue [98].  [β-carotene] in this study, was also found 

to increase along with an increasing amount of adipose tissue (i.e. from fibroglandular, 

to fibroadipose, to adipose).  Hemoglobin volume was found to be decreased in adipose 

tissue compared to other benign tissue types [100, 101].  The trends seen in our study 

indicated a slight decrease in [THb] for adipose compared to fibroglandular tissues but 

the comparisons were not statistically significant.  [β-carotene] may provide more 
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information related to the amount of adipose tissue in benign tissues, but [THb] is less 

susceptible to variations in benign tissue types and will most likely only be informative 

for distinguishing very vascular malignant sites from avascular benign sites. 

  

The sources of underlying optical contrast were first examined across the benign 

and malignant variants inclusive of all disease depths.  Diagnosing malignant tissues: 

[THb] and <µs′> exhibited the greatest differences between malignant (IDC and DCIS) 

and adipose tissues, while [β-carotene] only showed statistical differences between 

benign tissue types.   Prior to correcting the p-values for multiple comparisons, <µs′> was 

statistically lower in IDC compared to FG with and DCIS exhibited statistically higher 

[β-carotene] than FG and statistically higher [THb] compared to FA.  [THb] was still not 

statistically higher in IDC than FG since FG is not as avascular as A.  The correction 

factor can cause observed true differences to be rejected; thus we believe that [β-

carotene] and [THb] in additional to <µs′>, are worth pursuing further for margin 

assessment.  Distinguishing malignant tissue from benign variants is a clinical challenge 

due to the known heterogeneity in tumors and the benign micro-environment 

(pathology).  Histologically, IDC presents itself as cancerous cells that have invaded 

through the basement membrane into the surrounding stroma.  These cancerous cells 

are also surrounded by a fibro-vascular matrix that displaces adipocytes.  Because FG 

(and often FA) tissues can exhibit fibrous and vascular structures, it may be difficult to 

differentiate IDC from FG or FA based on <µs′> alone as reflected by the statistical 
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findings.  [β-carotene] is not a source of contrast either since both IDC and FG have 

minimal adipose tissue content.  [THb] cannot differentiate IDC from FG most likely 

because both tissue types are well vascularized and because IDC includes all depths of 

disease.  DCIS is comprised of a combination of malignant cells, a fibrous component, 

and adipocytes.  Because of the surrounding benign tissue, DCIS could not be 

discriminated from FG or FA sites using <µs′> as mentioned above.  For the same 

reasons, it is also difficult to differentiate DCIS from adipose tissue using [β-carotene].  

In these malignant sites, it is important to remember that the diagnosis is given for the 

5µm cut from the 3mm block and that the composition could be variable across the 

3mm.  Thus, across the 3mm, a DCIS site could be mostly adipocytes and an adipose site 

could have additional fibrous components.  In addition, [β-carotene] may be dependent 

upon other demographics or tissue features not investigated in this chapter.  However, it 

is possible to use [β-carotene] to separate DCIS from FG as it is possible to differentiate 

DCIS from adipose tissues using <µs′>.  The optical contrast for DCIS and IDC compared 

to the benign variants were similar with the exception of FG; DCIS showed differences 

from FG using    [β-carotene] but none of the parameters separated IDC from FG.  This 

lack of contrast between IDC and FG is a function of not only tissue type but also the 

depth of disease and the intervening benign tissue. 

 

When distance from the margin was included in the analysis, it became apparent 

that the distance of intervening benign tissue impacted the extracted optical properties.  



 

 

74

The trends indicated that scattering increased and [β-carotene] decreased in all close (0+-

1mm) compared to positive (0mm) sites consistent with presence of intervening fibrous 

tissue.  In contrast, [β-carotene] was higher while scattering was lower in close sites (1+-

2mm) compared to close sites (0+-1mm), indicative of fatty tissue.  [THb] was found to be 

the highest in positive tissues.  For sites with close margins, the contrast will be 

dependent on the intervening benign tissue.  The type of intervening benign tissue will 

be related to the demographic factors.  For positive margins however, [THb] shows 

potential for separating positive sites (IDC and DCIS) from FA and A, as well as from 

FG.  It is clear that the amount and type of benign tissue present between the margin 

and the malignant cells impacts optical contrast.  The complex heterogeneity of 

intervening tissue increases the difficulty of separating malignant from benign tissues. 

 

These results show that the frequency and predominance of tissue types on a 

margin is related to a patient’s menopausal status.  Post-menopausal patients exhibited a 

higher frequency of adipose (A) sites and a lower frequency of fibroglandular (FG) sites 

compared to pre-menopausal patients.  Pre-menopausal women are expected to have 

denser breast tissue, while post-menopausal women typically have fattier breasts.  

Cerussi et al looked at the optical properties of breast tissue in the near infrared 

spectrum (NIR) and found pre-menopausal women had higher scattering values and 

concentrations of THb, but lower lipid content ([β-carotene]) compared to post-

menopausal subjects [72].  The trends in this study are consistent with the results 
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observed previously.  Suzuki et al studied the optical properties of 30 Japanese women 

and reported a strong negative correlation of absorption and scattering properties with 

age, BMI and menstrual status [100]. Cubeddu et al reported changes with age, which 

could be attributed to tissue fat content [102].  All benign sites were found to 

demonstrate increased [β-carotene] and decreased <µs′> in post-menopausal patients 

relative to scattering in pre-menopausal patients.   

 

As shown in this study, menopausal status does not affect the optical properties 

of individual tissue types, but rather the distribution of tissue types seen as a whole.  

The site level analysis demonstrated that <µs′> would be the best variable for 

differentiating cancer against a fatty background and [β-carotene] would be useful in 

separating DCIS from fibrous tissues.  Due to tissue vascularity, malignant tissues with 

significant vasculature or angiogenesis will show the best contrast with [THb].  For 

positive margins, [THb] would be effective in separating positive sites (IDC and DCIS) 

from FG, FA and A.  Thus, [THb] has potential for discriminating malignancy at the 

margin from a fibrous background.  For margin assessment, it is necessary to 

discriminate cancer from the surrounding background; we have demonstrated that a 

patient’s menopausal status will help define the surrounding benign variants allowing 

the correct optical variable to be applied. 
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In summary, it is important to understand the underlying sources of contrast 

when using optical spectroscopy for applications to breast tissue.  Our results indicate 

that steps need to be taken to utilize a patient’s demographics to individualize care and 

optical evaluation.  The benign variants on a margin have the potential to decrease the 

sensitivity and specificity of optical techniques for identifying malignancy.  Tailoring 

optical evaluation to the demographics of a patient may provide a means to account for 

the benign heterogeneity of the breast and facilitate differentiation between benign and 

malignant changes in patients undergoing breast conservation therapy for the treatment 

of breast cancer.  Future studies will incorporate these patient demographic variables 

into the optical assessment to determine which parameters would be best utilized for 

margin assessment. 

 

3.4 Conclusions 

This observational study shows that menopausal status and patient 

demographics will be a factor in maximizing the diagnostic capabilities of optical 

spectroscopy for breast cancer margin assessment.  The site level analysis demonstrates 

which variables are best at discriminating cancer against a fatty background and against 

a fibrous background.  The correct variables for margin level assessment can then be 

chosen after taking patient demographics into account to determine which tissue 

background will be encountered.  We found scattering to be the most effective in post-
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menopausal women and [β-carotene] or [THb] to be effective in pre-menopausal 

women. 
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4 Using Breast Tissue Histology to Understand Optical 

Signatures and Improve Optical Margin Assessment 

 

In breast conserving surgery (BCS), the surgeon attempts to excise the cancerous 

area along with a margin of normal tissue, while conserving as much normal breast 

volume as possible.  Failure to achieve clear margins (as determined by pathology and 

institutional standards) requires additional surgery.  A recent study observed that in 

over 2,000 women undergoing BCS, the variation in re-excision rate varied from 0-70% 

across surgeons, indicating that there is no reliable intra-operative standard for 

preventing re-excision [103].  Younger women in particular, typically have higher 

percentages of involved margins; thus, requiring re-excision and higher local recurrence 

rates [2, 5, 81, 93, 104-106].  These results may be due to increased breast density as 

younger women typically have higher breast densities than older women; a study by 

Bani et al [92] found that higher mammographic breast density (MBD) was associated 

with higher re-excision rates, 18% (almost entirely fat), 18% (scattered fibroglandular 

densities), 22% (heterogeneously dense), and 42% (extremely dense).   

   

Touch-prep cytology and frozen section analysis have been used to help address 

this need intra-operatively.  However, these techniques prolong surgery time (20-40 

minutes), require a trained pathologist to be present, and have technical challenges 

associated with processing fatty breast tissues.  By 2015, it is expected that the number of 
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patients undergoing BCS will rise from approximately 200,000 to more than 270,000 per 

year in the U.S., at an annual growth rate of 5.5% [107].  These statistics provide the 

motivation for devising innovative solutions that can reduce the re-excision rates in 

women undergoing BCS. 

 

Chapter 2 describes a fast and non-destructive quantitative spectral imaging 

device that measures spectral signatures (450-600nm) from which the morphological 

composition of tissue can be determined [20, 96, 108].  The sensing depth of the device 

ranges from 0.5 and 2.2 mm [96], which satisfies the depth requirement for effective 

intra-operative margin detection at Duke University Medical Center.  A fast, scalable 

inverse Monte Carlo model [54, 76] quantitatively determines the wavelength-

dependent absorption coefficient (µa) and reduced scattering coefficient (µs′) from the 

magnitude and shape of the diffuse reflectance spectra. The concentrations of β-carotene 

(found in adipocytes) and total hemoglobin (THb) concentration (found in the 

capillaries) can be extracted from the µa spectra. The µs′ spectra which primarily reflects 

the fibroglandular content of the tissue is averaged to provide the average µs′. The 

parameter, µs′ has previously been shown to be negatively correlated with the amount of 

adipose tissue present [98] and positively correlated with glandular or fibrous content 

resulting from more cellular and collagen-based structures [73].  Using this technology, 

our group optically imaged 55 margins from 48 patients.  Pathologically confirmed 

margins identified that [β-carotene]/<µs′> showed the most significant difference 
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between benign margins and margins with residual disease, reflecting a decrease in 

adipose content and an increase in cell density within malignant tissues.   This was 

followed by followed by [Thb]/<µs′> which was statistically lower in malignant 

compared to benign margins.  This algorithm utilizing [β-carotene]/<µs′> and 

[THb]/<µs′> resulted in a sensitivity of 79.4% and a specificity of 66.7% [20]. 

 

Figure 20: Spectral images showing maps of [β-carotene]/<µs′> for a negative 

and a positive/close margin.  This parameter has been used in previous publications 

to algorithmically prospectively diagnose margins.  

 

In Chapter 3, the optical signatures were analyzed from over 500 individual sites 

on the tumor margins.  Each site had a corresponding site level biopsy for which 

pathology was carried out to diagnose each as either benign (adipose - A, fibroglandular 

- FG, fibroadipose – FA, or mixed) or malignant (invasive ductal carcinoma - IDC or 

ductal carcinoma in-situ - DCIS)[108].  The site-level optical properties of these breast 

tissues were highly dependent on the morphological composition of the benign and 

malignant tissue types as reported in a previous publication in the same journal [108].  

Specifically, scattering with was found to increase with fibrous content and decreased 

with adipose content, within benign tissue types [108].  Conversely, [β-carotene] 
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increased with adipose content in benign sites. Due to decreased fibrous content and 

increased adipose content, normal sites in post-menopausal patients exhibited lower 

<µs′>, but higher [β-carotene] than pre-menopausal patients.  The parameter, <µs′> was 

statistically higher in DCIS and IDC, compared to adipose tissues; however, <µs′> was 

statistically higher in fibroglandular sites compared to that in malignant sites. Given that 

both fibroglandular sites and malignant tissue contain predominantly glands and 

collagen, it is important to deconstruct how scattering is influenced by the 

morphological composition of the benign and malignant breast. 

       

According to Thomsen & Tatum, all cellular and extracellular components of 

breast tissue contribute to scattering but the relative magnitude of each contributing 

component has not been measured independently [8].  The relative contributions of 

constituents in the breast vary across patients and specimens; it is unclear how these 

components affect the scattering properties of the breast.  Therefore, the goal of the 

study described here is to deconstruct sources of scattering as related to breast tissue 

composition in order to (1) better understand the basis for the spectral contrast observed 

in positive breast tumor margins and (2) to intelligently incorporate demographic 

parameters into algorithms based on optical spectral imaging for intra-operative margin 

assessment. Specifically, histological sections corresponding to the sites from which 

optical spectroscopy measurements were made were quantified according to the 

proportion of gland, collagen and adipose tissues present. In histological sections with 
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adipocytes only, the area and density of the adipocytes were quantified. Correlations 

between the scattering parameter, <µs′> and the histological composition of the tissue 

stratified by various demographic parameters, including age, BMI, breast density and 

menopausal status were explored.  

 

The % collagen was positively correlated to <µs’> and showed increased variance 

for sites in which collagen was the predominant component. Further, investigations 

revealed that the large variance in scattering in tissues with a high percentage of 

collagen was correlated to chronological age of the patient. Specifically, <µs’> was 

negatively correlated with age in sites where the predominant component was collagen. 

It was further established that this negative correlation in predominantly collagenous 

tissues was not correlated to adipocyte density or size.  The % collagen and % glands 

were found to independently contribute to <µs’>.  

 

4.1 Methods 

4.1.1 Patient Population and Measurement Procedure 

An ex-vivo study to evaluate partial mastectomy specimens with diffuse optical 

spectroscopy in patients undergoing surgery for breast malignancies was approved by 

the Institutional Review Board at Duke University as detailed in previous publications 

[20, 96].  The following patient characteristics were collected (if available): 

mammographic breast density (MBD), menopausal status, neo-adjuvant treatment 
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status (chemotherapy or endocrine therapy), age, body mass index (BMI), and surgical 

re-excision status.  Based on pre-operative mammograms, each patient was assigned an 

MBD based on a 4-point scale indicative of increasing amounts of fibroglanduar tissue: 1 

(fatty), 2 (scattered fibroglandular), 3 (heterogeneously dense), or 4 (extremely dense).  

Women were designated as post-menopausal if they had one of the following: either a 

bilateral salpingo-oopherectomy or lack of a menstrual cycle for greater than 1 year.   

 

The surgery, optical measurements and the histological processing of the tissue 

are described in detail elsewhere [108].   A total of 38 malignant sites and 595 benign 

sites from the previous study were examined for this analysis.  These corresponding 

H&E slides for each of these sites were requested from Pathology.  Each H&E slide was 

imaged, quantified and classified to determine the proportion of glands, collagen, 

adipose tissues as well as the size and density of adipocytes in predominantly fatty 

tissues.  This process is illustrated in Figure 21. 
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Figure 21: A flowchart demonstrating the process of optically measuring tissue 

sites and extracting the corresponding optical properties, then obtaining the 

corresponding H&E images and quantifying detailed morphological composition (A- 

adipose, C – collagen, G – glands).  

 

Of the 595 benign sites, images were acquired from hemotoxylin & eosin stained 

slides from the following tissue categories: adipose (A), mixed (Mx), vessels (V), 

fibroadipose (FA), fibroglandular (FG), and fibrous (F).  The adipose sites were 

predominantly fatty and the only features quantified from these sites were adipocyte 

size and density as shown on the left hand side of Fig. 1.  The remaining benign sites 

were comprised of 2 to 3 of the following components: adipose, collagen, and glands 
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and the fraction of each of these components were quantified as shown on the right side 

of Fig. 1.  Some of the sites contained vessels or fluid filled cysts; these were accounted 

for but not included in the analysis. In regions with inflammatory cells, the box was 

diagnosed relative to the predominant component.  Inflammatory cells have a range of 

diameters: 10-12µm in neutrophils, eosinophils and basophils; 6-15µm in lymphocytes; 

and ~18µm in monocytes; [21].  These components are on the order of nuclei; thus when 

inflammatory cells comprised the majority of the 200µmx200µm box, the box was 

diagnosed as glandular or nucleated.  Most of the boxes containing inflammatory cells, 

had a predominant collagen component and were designated as collagen.    

 

4.1.2 Imaging and Quantification of Detailed Morphological 

Composition of Breast Tissue Histological Sections  

 

4.1.2.1 Adipocyte imaging 

The image of each histological section was acquired with a Zeiss Axio Imager 

upright microscope with a color camera.  The images were acquired using a halogen 

light source, a QImaging MicroPublisher 5.0MP color camera, and MetaMorph 7.6.5, 

which was used to adjust the acquisition time and RGB gain.  The adipocyte images 

were acquired using the same microscope with a 10x objective.  The field of view (FOV) 

for the adipose images was 1 mm x 1.3 mm with a resolution of 1.04 µm.  As these 

tissues were 100% adipose, they were not quantified in terms of percentage of collagen, 
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adipose of glands.  Rather, a simple algorithm developed by our group was used to 

determine adipocyte area (size) and density on 213 adipose H&E images. 

 

H&E-stained adipose tissue sections were analyzed with an automated image-

processing algorithm to extract average cell area and cell density.  The green channel of 

the RGB images obtained from the color camera was used in the algorithm as it 

provided a convenient method of separating the primarily pink and blue stained tissue 

from white fat.  All images were preprocessed with a 2-D implementation of an edge-

preserving bilateral filter. Subsequently, the MATLAB implementation of the Canny 

edge detector was used to extract the outlines of the adipocytes.  The interior of each 

outlined shape was measured to obtain cell area and the number of shapes was counted 

to provide an estimate of cell density.  Empirically determined cell-area thresholds of 

129.3µm2 and 22,569µm2 were used to limit the counted results to those with a high 

probability of being an adipocyte.   

 

4.1.2.2 Imaging of all Other Breast Tissues 

The non-adipocyte images were acquired with a 10% neutral density filter and a 

2.5x objective.  The resulting field of view (FOV) for the 2.5x objective was ~5.4 mm x 4 

mm with a resolution of 2.0812 µm.  Due to the large field of view, a shading correction 

image was obtained and subtracted from the images to account for illumination 

variations.  The orange measurement ink on each histological section, made at the time 
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of the optical spectroscopic measurements was identified and oriented parallel to either 

the long or short axis of the microscope’s imaging field.  As described previously, each 

diffuse reflectance channel was 3 mm in diameter with a sensing depth of approximately 

1-2 mm.  When images were acquired, two scale bars were drawn on the image to 

represent the 2 mm depth and the 3 mm surface footprint along the area with ink 

denoting the measured site.  The criteria for inclusion of the samples into the detailed 

image analysis process were as follows: (1) the measurement ink could be clearly 

identified, (2) the imaged area corresponded with the pathologist’s diagnosis, and (3) the 

tissue was intact throughout the area of interest.  Grids of 200 µm encompassing the 3 

mm x 2 mm area were overlaid on each image (~150 boxes per image/site).  These 157 

benign and 24 malignant images were then shown to raters for additional classification.  

In 14 additional malignant sites, precise pathological co-registration was not possible.   

 

The non-adipocyte images were classified and diagnosed in 2 ways.  First, the 

initial diagnosis determined by the pathologist describing the predominant tissue type 

(as described in the previous study [108]) was retained for each image of the 

corresponding H&E slide. This diagnosis was also used to verify correct spatial imaging 

and separation into benign and malignant sites.  Second, 5 raters were polled to further 

separate the pathologist’s categorization to determine the predominant tissue types in 

each of the 181 images.  Three of the 5 raters were graduate students with experience 

and training on viewing and evaluating basic histological and pathological images; the 
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remaining 2 raters were trained to recognize adipocytes, collagen and nuclei.  A kappa 

statistic was used to ensure agreement across raters.  The purpose of the rater’s 

classification was to use an unbiased population to identify which of the following 

components were present in an image: collagen (C), adipose (A), and glands (G).  Some 

images contained a combination of only 2 of these three components, while other images 

contained all three components.  The 181 images included malignant sites but only the 

pathologist’s classification was used to define malignant and benign.  The images were 

classified as (1) collagen and adipose, (2) collagen and glands, or (3) mixed. The mode of 

the 5 raters’ classification for the benign sites resulted in the following tissue 

classifications: FA-adipose and collagen; FG-collagen and glands; Mix-adipose, collagen 

and glands; Mal-malignant sites. Using ImageJ and Excel, either a 10x15 or 15 x 10 grid 

of 200 µm x 200 µm boxes, corresponding to the 3 mm x 2 mm area, was overlaid on 

each image.  Each of the 150 boxes was diagnosed as A (adipose), C (collagen), G 

(glands), V (vessels), F (fluid) or W (white space).  V and F were not evaluated.  

Quantified histological parameters were calculated as shown below.  This expression 

allowed an investigation into <µs′> as it related to the % adipose, % collagen, and % 

glands within an H&E image that accounts for white space.  

%	'())*+	, =
#	./	0.1+)	./	'())*+	,

'.2�	#	./	0.1+)	 − #	0.1+)	./	'())*+	4
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4.2 Results 

4.2.1 Representative Data and Summary Variables 

Representative margin parameter maps of [β-carotene] and <µs′> with 

corresponding wavelength dependent µa, µs′, and histological images is shown in Figure 

22.  This figure demonstrates that absorption around 480nm tends to be higher with 

increased adipose content as was previously observed.  However, the scattering spectra 

is increased in the mixed (fibroglandular + fat) site which contains fewer glands and 

more adipose tissue than the fibroglandular (FG) site.  Scattering had previously been 

related to the progression of malignancy indicating a dependency on the glandular 

portion.  This figure demonstrates that the collagen and glands are intrinsically linked 

together and both play a role in determining tissue scattering.  Figure 2E&F were 

imaged with a 2.5x objective while Figure 2G was imaged with a 10x objective.  The scale 

bars represent 500µm. 
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Figure 22: A 50x bicubic interpolated image of (A) [β-carotene] and (B) <µs’>.  

The corresponding mean absorption coefficient (<µa>) and mean reduced scattering 

coefficient (<µsꞌ>) are shown in (C) and (D) respectively.  The corresponding histology 

images for the fiborglandular (FG), adipose (A), and mixed (fibroglandular + fat) are 

shown in (E-G) corresponding to the spectra (1-3).  This figure demonstrates adipose 

tissue contributes to β-carotene absorption but it is unclear whether glands or 

collagen contribute more to scattering.  The scale bars represent 500µm. 

 

Table 6 shows the summary mean and standard deviation for the optical and 

histological variables as a function of tissue type. The inter-rater agreement was κ=0.69 

indicating a high degree of agreement across raters.  Of the 394 total sites, 370 were 

benign and 24 were malignant. The benign tissue types were comprised of 213 adipose 
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(A), 71 fibroadipose or collagen + adipose (FA), fibroglandular or collagen + glands (FG), 

and mixed tissue types comprised of collagen + adipose + glands (Mix).  Due to the small 

sample size, the 24 malignant sites were grouped into one category (Mal). The highest 

scattering was seen in the FG sites followed by Mal, Mix and FA sites.  [β-carotene] was 

the lowest in FG sites and highest in Mal and FA sites.  The % adipose tissue increased 

in the following order: FG, Mal, Mix, and FA respectively.  The % collagen increased as 

follows: FA, Mix, Mal, and FG.  The % glandular tissue was highest in Mal followed by 

FG and Mix; FA sites had minimal glandular tissue if any. 

 

Table 6: Sample sizes, mean values and standard deviations for the optical and 

histological variables by tissue type.  The mean and range of values demonstrate that 

FA has the highest % adipose, FG has the highest quantified collagen and µs′, and 

Malignant have the highest quantified glandular parameters.  

Tissue Type n <µs′> [β-carotene] % Adipose % Collagen % Glands 

Benign  370 8.3 ± 4.0 20.2 ± 11.8 46.4 ± 29.4 47.3 ± 25.6 5.7 ± 7.2 

A  213 7.3 ± 3.1 21.5 ± 11 NA NA NA 

FA  71 8.5 ± 3.9 20.9 ± 14.7 64.7 ± 23.0 34.5 ± 23.0 0.6 ± 1.1 

FG  14 13.0 ± 7 13.6 ± 6.6 2.7 ± 3.0 81.4 ± 8.7 14.3 ± 8.8 

Mix  72 10.3 ± 4.5 16.9 ± 10.5 36.9 ± 24.0 53.4 ± 21.8 9.1 ± 6.9 

Malignant   24 10.7 ± 4.3 28.1 ± 27.4 35.0 ± 30.5 41.7 ± 24.3 21.7 ± 19.6 

 

4.2.2 Patient Characteristics in sites with Low and High Percentages of 

Collagen 

The 394 sites imaged were taken from 93 patients.  Table 7 shows the breakdown 

for the sites according to sites with either a low or high percentage of collagen using the 

median value (44%) of all sites as the cutoff.  There was an even distribution of number 

of sites and patients with high and low percentage collagen.  Sites were evenly 
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distributed between MBD-2 and MBD-3.  Sites from MBD-4 exhibited a higher fraction 

of collagen while sites from MBD-1 exhibited lower fractions of collagen, as expected.  

The sites with low percentage of collagen were from older patients (p<0.00005).  Sites 

with a low percentage of collagen were also weighted towards post-menopausal 

patients consistent with increased age.  Sites with higher fraction of collagen sites were 

evenly split between pre and post-menopausal patients; FG sites only fell into the higher 

percent collagen category but FA, Mix and Mal all exhibited high and low collagen 

morphologies.  The cancer stage and invasive grade populated both high and low 

collagen categories. 
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Table 7: Summary table for the non-adipose H&E images and corresponding 

spectra.  The data is separated to show the number of data points above and below the 

median % collagen. The summary shows the number of sites, MBD, age, menopausal 

status, tissue type, cancer stage and invasive grade.  Sites with a high percentage of 

collagen were mostly from MBD of 2 or higher.  FG sites had at least 56% or higher 

collagen. 

  Collagen 

  <44% 44-100% 

Patients 52 71 

Sites 91 90 

Breast Density     

MBD1 18 5 

MBD2 32 29 

MBD3 38 34 

MBD4 3 21 

unknown 

MBD 
0 1 

Age 61±10.5 54.2±9.0 

BMI 29.4±8.0 27.7±7.5 

Menopausal Status     

Pre 12 42 

Post 77 46 

Unknown 2 2 

Tissue Type     

FA 50 21 

FG 0 14 

Mix 27 45 

Mal 14 10 

4.2.3 Scattering vs. Collagen in Benign Sites 

The relationship between <µs′> and % collagen was examined; a positive 

correlation in benign sites is shown in Figure 3. In sites with higher percentage collagen 

<µs′> exhibited greater variability. 
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Figure 23: <µs′> is expected to be related to collagen and glands (nuclei and 

sub-nuclear components).  When considering benign sites (FA, FG, Mix), <µs′> shows 

a positive correlation to the % collagen. The sites with collagen greater than 44% 

exhibit greater variability in <µs′> that cannot be explained by the % adipose tissue.  

 

4.2.4 Effects of Patient Characteristics and Adipocyte Morphology on 

Scattering 

To determine whether or not adipocytes contributed to the correlation between 

collagen and <µs′>, the relationship between <µs′> or [β-carotene] with adipocyte size 

and log (adipocyte density) as well as age, BMI, and MBD is shown in Table 8 for the 213 

adipose samples. Table 8 verified that this variability is not dependent upon the size and 

density of the adipocytes, or age or BMI (p>0.05).  Adipose tissues however, do 

contribute to a baseline scattering value.  However, [β-carotene] was correlated with log 

of average cell density (ACD) (r=0.14, p=0.04).  After adjusting the morphology 

components by breast density, a stronger relationship between ACA and <µs′> was seen 
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in sites from high breast density patients (r=-0.29, p=0.026) but the relationship to cell 

density remained non-significant. 

 

Table 8: <µs′> was not correlated to patient characteristics or adipocyte 

morphology in adipose sites; n=213, all p > 0.05.  β-carotene was positively correlated 

with log(average cell density) (ACD).  MBD was negatively correlated to age, BMI 

and average cell area (ACA) and positively correlated to cell density (log(ACD)).  Cell 

area is positively correlated and cell density is negatively correlated with BMI. 

  
<µs′> [β-carotene] 

(cm-1) (µM) 

  r p r p 

Age (years) Ø NS Ø NS 

BMI (kg/m2) Ø NS Ø NS 

MBD Ø NS Ø NS 

ACA (mm2) Ø NS Ø NS 

MBD1-2 0.02 
0.026 

Ø NS 

MBD3-4 -0.29   

Log(ACD) 

(cells/mm2) 
Ø NS 0.16 0.02 

MBD1-2 
Ø NS Ø NS 

MBD3-4 

 

4.2.5 Effect of Patient Characteristics on Scattering vs. Collagen  

In order to investigate the relationship between the patient characteristics and 

morphology with respect to <µs′>, the importance of each variable was analyzed after 

adjusting for % collagen.  The 213 adipose images were not included in this analysis. The 

correlations were examined by high and low % collagen to determine whether the 

relationships changed with collagen level.  Each of these variables related to age, BMI 

and MBD were assessed with relationship to <µs′> as well as with high and low % 
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collagen in benign sites (FA, FG, Mix) and all sites (FA, FG, Mix, Mal).  The results of the 

correlations, linear fits and interactions are shown in Table 9.  Age was negatively 

correlated to <µs′> in benign (r=-0.32, p=4.7e-5) and malignant (r=-0.32, p=1.4e-5) sites 

and this correlation varied significantly by the collagen level (r=-0.40 vs. -0.13).  BMI was 

negatively correlated to <µs′> in benign (r=-0.32, p=4e-5) and malignant (r=-0.31, p=2.8e-

5) sites but this relationship did not vary by collagen level.  MBD was positively 

correlated to <µs′> in benign (r=0.22, p=0.01) and malignant (r=0.21, p=4.6e-3) sites and 

this too did not vary by collagen level. 

 

Table 9: Each characteristic was fit as an independent variable with <µs′> as the 

dependent variable using Pearson’s correlations and linear fits to establish 

relationships.  Age and BMI were found to be independently associated with <µs′>.  

<µs′> decreased with both age and BMI but exhibited a stronger negative relationship 

to age in sites with a high percentage of collagen.  MBD was positively correlated 

with <µs′> but not independent of Age and BMI.  

 Benign All Sites 

 r  p r p 

Age -0.32 4.7E-05 -0.32 1.4E-05 

High % Collagen -0.40 
0.01 

-0.37 
0.02 

Low % collagen -0.13 -0.18 

BMI -0.32 4.0E-05 -0.31 2.8E-05 

High % Collagen Ø 
NS 

Ø 
NS 

Low % collagen Ø Ø 

MBD 0.22 0.01 0.21 4.6E-03 

High % Collagen Ø 
NS 

Ø 
NS 

Low % collagen Ø Ø 
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Age, BMI, and MBD were found to be significant in describing <µs′>. Age was 

found to vary with % collagen, resulting in a stronger correlation to <µs′> in sites with a 

high percentage of collagen.  Age was correlated to BMI (r=0.36) but BMI remained 

significant in describing <µs′> after correcting for age. BMI did not have a dependence 

upon % collagen yet remained significant after adjusting for age by % collagen.  MBD 

did not provide additional significant information.   

 

4.2.6 Scattering, Collagen Density and Menopausal Status 

To determine how these scattering differences might affect optical contrast in 

patients of different breast compositions, scattering was compared across sites with low 

and high percentage collagen as well as pre and post-menopausal status as a binary 

surrogate for age. Menopausal status was used because it was highly correlated with age 

(r=0.75).   Scattering was found to be significantly lower in benign sites with low 

percentage of collagen in post-menopausal women compared to benign sites with a high 

percentage of collagen pre-menopausal women (unadj. p=5.3e-6) as would be expected. 

However, unexpectedly, benign sites with a high percentage of collagen in post-

menopausal women were not statistically different from those with low percentage 

collagen in either pre- or post-menopausal women.  These high percentage of collagen 

sites from post-menopausal women were statistically lower from pre-menopausal sites 

with a high percentage of collagen (unadj. p=1.4e-4).  
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Figure 24: Sites from post-menopausal patients with low and high percentages 

of collagen exhibited the lowest scattering values.  High collagen sites from pre-

menopausal patients exhibited the highest scattering values.  The difference in <µs′> 

values for malignant and benign sites would be greater in post-menopausal patients. 

 

4.2.7 Relative Contributions of Collagen vs. Glands to Scattering 

Lastly, the relationship between % collagen and % glands in benign, malignant, 

and all sites was analyzed to determine the relative contributions of stroma vs. 

epithelium to <µs′>.  The relationships between <µs′>, the % collagen and % glands are 

shown in Table 10 in order to determine the contribution of collagen and glands to <µs′> 

respectively.   
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Table 10: Examining the dynamic range of the data include restricting sites to 

% glands <40%.  Here, the % glands and % collagen were found to independently 

contribute to <µs′> in both benign and malignant sites.  <µs′> increased with both 

collagen and glands; <µs′> exhibited a stronger positive relationship to glands in 

malignant sites. 

<µs′> (cm-1) 
Benign (n=85) Malignant (n=18) All (103) 

r p r P r p 

%Glands 0.18 0.09 0.64 0.005 0.25 0.01 

%Collagen 0.17 0.13 0.52 0.03 0.23 0.02 

 

The linear models (Table 10) identified that both % collagen and % glands were 

independently associated with <µs′> in all sites and sites with glands (FG, Mix and Mal).  

The analysis of collagen vs. glands was narrowed to investigate sites with glands 

between 0-40% (the dynamic range of the data). The linear model reflected an equivalent 

relationship to scattering from % glands and the % collagen in benign sites (r=0.18 vs. 

r=0.17).  In addition, the malignant sites showed a stronger positive relationship of % 

glands (r=0.64, p=0.005) to <µs′> compared to the collagen content (r=0.52, p=0.03).   

  



 

 

100

 

Figure 25: Statistical modeling was used to determine that both % collagen and 

% glands independently related to scattering in a positive direction with no 

relationship to one another.  The relationship between scattering (A) % collagen and 

(B) % glands in malignant sites demonstrated a slightly stronger dependence upon 

glands. 

 

4.3 Discussion 

 In this manuscript, we demonstrate that scattering is positively correlated to the 

% collagen, which is consistent with previous findings [53].  In sites with a high 

percentage of collagen, where % collagen is greater than 44% (the median value), 

scattering exhibited higher variability compared to sites with % collagen less than 44%.  

Pure adipose tissues were used to demonstrate that <µs′> variability was not dependent 

upon adipocyte morphology (cell area and density). In addition, <µs′> was not correlated 

to age, BMI or MBD in adipose tissues.  These findings allowed us to test the same 

relationships in FA, FG, Mix and Mal tissues under the assumption that the adipose 

component did not contribute to the variability or linear trends between <µs′> and tissue 

morphology.  The scattering parameter, <µs′> decreased with age, BMI and MBD but 

MBD did not provide additional information not already describe by either age or BMI.  
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In this study, we also investigated the stromal (collagen) and epithelial (glands) 

contributions to scattering. Previously, we had found that both the fibro-connective 

(collagen) and glandular portions were positively correlated with <µs′> but the analysis 

was not performed separately on benign and malignant sites independently, nor were 

we able to identify the stronger contributor [53].  Separating the comparison by 

diagnosis was an important step that allowed a better understanding of the contribution 

of glands to <µs′> and how this relationship changed in malignant sites.  Our data 

demonstrates the collagen and glands have equal and independent contributions to 

scattering in benign sites; in malignant sites, however, the contribution from glands was 

stronger compared to the collagen contribution to scattering.  Taken together, this data 

has important implications with respect to the development of optically based 

classification algorithms for margin assessment. Given that the collagen and glandular 

content maybe similar in fibroglandular (high collagen density) and malignant tissues, it 

is important to determine how scattering contrast can be leveraged when comparing 

these two tissue types. Interestingly, our data shows that not all patients with high 

fibrous content have high scattering. Post-menopausal women with high fibroglandular 

content actually have similar median scattering levels to post-menopausal women with 

low fibroglandular content and presumably lower scattering compared to that of 

malignant tissues. These results indicate scattering could provide improved contrast in 

post-menopausal patients compared to pre-menopausal patients. Glands seem to be a 

stronger contributor to scattering in malignant tissues and thus the greater proportion of 
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glands in malignant tissues will provide additional contrast between malignant and 

fibroglandular tissues where collagen densities maybe similar, but where glandular 

contributions are expected to be significantly different due to the presence of 

proliferative cancer cells in malignant tissues.  This was an important finding, which can 

aid in developing additional diagnostic techniques.  In the event a site is positive and 

contains a large glandular component, this DRS technology will highlight the 

morphological difference compared to benign sites.  However, in the case of malignant 

sites that may contain small amounts of DCIS, or large contributions of fat (in the case of 

some close sites), the optical scattering signature will not be as distinct from benign 

tissues.   

 

The relationship between <µs′> and age was found to vary between high and low 

collagen content.  The results demonstrated that the density of collagen within a site 

plays a large role in the resulting µs′ signature.  Collagen cross-linking is a significant 

aspect of collagen structure including density.  Collagen cross-linking can occur in 2 

ways: enzymatically and non-enzymatically.  Enzymatic cross-linking is mostly carried 

out by lysyl oxidase (LOX), which drives the assembly [57].  The activity of LOX 

decreases with age [109, 110] and with equivalent or increasing long term glycation [57].  

The non-enzymatic pathway produces advanced glycation end-products (AGEs); these 

in turn cause the collagen fibers to become less soluble, more resistant to enzymes and 

less flexible.  The cross-linking is consistent with the formation of cross-links between 
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collagen molecules within the fiber [57].  Most age modifications to collagen have been 

related to non-enzymatically induced cross-linking that is linked to glucose [57, 58, 

111].  Many studies have linked increased AGEs with progression of diabetes [112, 113].  

Increasing BMI has also been correlated to increased risk of diabetes and increased 

glucose levels [114, 115].     Other factors that have been shown to affect cross-linking 

and maturation include endocrine, pharmacological and nutritional aspects [58].  

Because age was so strongly correlated with menopausal status, we conclude that the 

combination of hormonal changes coupled with increased cross-linking due to increased 

AGEs caused a decreasing trend in scattering in older, post-menopausal women.  In 

addition, the sites with a higher collagen level will exhibit a higher density of cross-

linking due to the increased number of fibers and potential cross-linking sites within 

fibers.  Scattering is influenced by the scatterer size, the density of scatterers, and the 

refractive index mismatch between the scatterer and surrounding medium.  Decreased 

turnover of collagen and changes in diameters would affect the number and size of 

scatterers respectively.  Decreased permeability and swelling observed with age [57] 

would be indicative of dehydration or possible changes in the refractive index 

mismatch.  Changes in collagen structure with age represent a potential source of 

variation in <µs'>. The lowest scattering was seen in post-menopausal sites with both low 

and high percentages of collagen.  Studies have shown that breast cancer risk increases 

with both age and breast density [9, 71, 72, 92, 116, 117].   
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It is important to revisit our current scattering model based on Mie theory given 

the contributions of the various constituents to scattering in this study. New scattering 

models which, capitalize upon size distributions of particles, or techniques using 

polarization could be used to more effectively separate collagen from glandular 

components. Bartek et al used electron microscopy to estimate subcellular particle sizes 

for the purpose of predicting scattering in breast tissue; they identified particle sizes 

ranging from 10-500 nm with two distributions centered around 20-25nm and 110-230 

nm respectively [118], but found that Mie theory with a spherical treatment exceeded 

expected scattering values based on clinical data.  Thus, different scattering models may 

be employed to describe differences in size distributions, which can help separate 

collagen from glandular contributions to scattering. 

 

It is important to note a potential source of error in the histological quantification 

that cannot currently be corrected.  Due to the large specimen volume, the quantification 

was performed on a 5µm slice from a 3mm block of tissue, while the DRS technology 

probes the entire 3mm diameter.  If other slices from the 3mm block were quantified, the 

breakdown of tissue components might vary.  In addition, the inked site was often 

larger than 3mm making perfect co-registration difficult and requiring some 

approximations. However, the rough estimates of tissue composition show correlations 

to spectral signatures that could not occur by chance.  In fact, if an automated higher 

resolution method of quantification were implemented, these correlations might 
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increase in strength.  In addition, the malignant sites were comprised of both invasive 

and in situ carcinomas of different grades and stages; to address the effect of tumor 

characteristics, larger sample sizes would be need to be collected to make this 

comparison.  

4.4 Conclusion 

Through this stepwise analysis, we confirmed that <µs′> is positively correlated 

to collagen and negatively correlated to age and BMI.  <µs′> exhibited increased 

variability with collagen level which was not dependent on the adipose morphology.  A 

stronger correlation between age and <µs′> was seen in sites with high collagen 

compared with sites with low collagen.  Scattering was found to be lowest in low and 

high percentage collagen sites in post-menopausal indicating that menopausal status or 

age could be an important factor in algorithms based on scattering contrast for breast 

cancer detection.  Contributions from collagen and glands to <µs′> were independent 

and equivalent in benign sites; glands showed a stronger correlation to <µs′> in 

malignant sites than collagen.  This information will help develop improved scattering 

models and additional technologies to separate fibroglandular sites from malignant sites 

and ultimately improve margin assessment. 
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5 Conclusions and Future Directions 

5.1 Conclusions  

The work in this dissertation demonstrates the ability of diffuse reflectance 

technology to fulfill a significant unmet clinical need.  Local control in women with early 

stage breast cancer is achieved through breast conserving surgery or lumpectomy where 

the goal is to get the cancer out but preserve as much of the breast as possible which is 

important for quality of life.  Approximately 280,000 patients are diagnosed annually 

with breast cancer [1] and about 170,000 undergo breast conserving surgery to remove 

the cancer [16].  Up to 60% of these patients have positive margins [119] with cancer cells 

within 2mm of the margins which is predictive of local recurrence [5, 6].  The technology 

presented in this dissertation satisfies the requirements for addressing this clinical need 

as shown in Table 11.  The device, based on diffuse reflectance spectral imaging, 

consisted of a Xenon light source, spectrometer, CCD, and a multi-channel fiber optic 

imaging probe.  This device was used to obtain optical images of lumpectomy margins.  

Compared to other technologies, the biggest advantage of using the diffuse reflectance 

spectral imaging is the ability to quickly survey the large range of margin sizes seen in 

the operating room, while maintaining the necessary 2mm sensing depth. 
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Table 11: Diffuse reflectance spectral imaging (DRSI) satisfies clinical 

requirements for margin assessment technologies.  Fluorescence spectroscopy (FL 

SPX), Raman spectroscopy (Raman SPX), optical coherence tomography (OCT), high 

resolution micro-endoscopic imaging (HRME), and molecular imaging do not satisfy 

all of the necessary criteria. 

 DRSI FL 

SPX 

Raman 

SPX 

OCT HMRE Molecular 

Imaging 

Speed (<20min.) �      

Coverage Area (>10cm2) �      

Resolution (<5mm) � � � � � � 

Sensing Depth (2mm) � �  �   

 

Using this technology that captures information in the UV-VIS range and the 

inverse Monte Carlo model developed in our lab, contrast was identified between 

negative and positive/close margins using [THb]/<µs′> and [β-carotene]/<µs′> with a 

sensitivity of 79.4% and a specificity of 66.7%; these numbers were based on a leave-one-

out cross-validated tree-based model.   

 

In order to improve upon these initial results, a site-level based approach was 

taken to determine how breast heterogeneity and menopausal status could affect this 

contrast and determine which sources of optical contrast have the potential to detect 

malignancy at the margins in women of differing breast composition (Chapter 3).  The 

mean reduced scattering coefficient, <µs′>, and concentration of total hemoglobin, [THb], 

showed statistical differences between malignant and benign sites (p<0.05).  The sites 

stratified according to benign tissue type (fibroglandular (FG), fibroadipose (FA), and 



 

 

108

adipose (A)) or disease type (invasive ductal carcinoma (IDC) and ductal carcinoma in 

situ (DCIS)) showed that FG exhibited increased <µs′>and A showed increased [β-

carotene] within benign tissues (Chapter 3.2).  Scattering differentiated between most 

malignant sites, DCIS and IDC, versus A.  [β-carotene] showed marginal differences 

between DCIS and FG.  [THb] exhibited statistical differences between positive sites 

(cancer cells at the margin) and FG, FA, and A.  The diagnostic ability of the optical 

parameters was affected by distance of tumor from the margin as well as menopausal 

status.  Due to decreased fibrous content and increased adipose content, benign sites in 

post-menopausal patients exhibited lower <µs′>, but higher [β-carotene] than pre-

menopausal patients.  The data indicated that the ability of an optical parameter to 

differentiate benign from malignant breast tissues may be dictated by patient 

demographics.  Patient demographics were identified as important components to 

incorporate into optical characterization of breast specimens.  In addition, optical 

properties varied significantly with depth of disease as well as within a benign or 

malignant category.  Furthermore, FG sites were difficult to separate from malignant 

sites using either [β-carotene] or <µs′>.  This indicated that a higher resolution 

breakdown of site composition would be necessary in order to determine the 

relationship between optical properties and morphology. 

 

The underlying relationship between optical properties and tissue morphology 

was investigated as described in Chapter 4.  The work presented in Chapter 4 
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deconstructs <µs’> as related to the prevalence of collagen, glands and adipose tissue 

within a site.  Using a consistent manual method of analysis, H&E images of a subset of 

the sites in Chapter 3 were quantified to correlate <µs’> to the % collagen, % glands and 

% adipose.  The % collagen and % glands were found to independently contribute to 

<µs’> in benign sites; in malignant sites, the % glands exhibited a stronger relationship to 

<µs’>.   The % collagen was found to have a positive correlation to <µs’> with an 

increased variability in sites with a higher percentage of collagen (>44%).  The adipose 

H&E images from the parallel study were tested to show that the increased variability in 

high percent collagen sites was not due to adipocyte content or morphology.  Adding 

age, BMI and MBD separately to a linear model describing scattering showed that 

played an important role in <µs’> signatures from collagen.  When combined, only age 

and BMI independently contributed to describing <µs’>, both with negative correlations.  

This simply indicated that MBD was intrinsically related to age and BMI and did not 

add additional information not already provided by age and BMI.  These demographic 

variables were further adjusted by the % collagen; age was found to have a stronger 

negative relationship in sites with a high percentage of collagen.  This prompted an 

investigation into biological changes in collagen with age.   

 

Collagen assembly is known to be due to cross-linking of collagen molecules and 

fibers [120].  Cross-linking can occur enzymatically (usually lysyl oxidase), or 

nonenzymatically (usually glucose driven) [57, 121].  As collagen matures, the amount, 
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orientation and diameters of the collagen fibers change.   Increased cross-links due to 

advanced glycation end-products (AGEs), causes increased stiffness, enzyme resistance, 

and decreased permeability and swelling of the tissue [57, 122].  As discussed in Chapter 

1.7, scattering is influence by a number of variables including scatterer size, density of 

scatterers, and the refractive index mismatch between the scatterer and surrounding 

medium.  Decreased turnover of collagen and changes in diameters would affect the 

number and size of scatterers respectively.  Decreased permeability and swelling would 

be indicative of dehydration or possible changes in the refractive index mismatch.  

Changes in collagen structure with age represent a potential source of variation in <µs’>. 

Scattering contrast between malignant and benign is expected to be improved in older 

patients since <µs’> tends to increase with malignancy and the results of this dissertation 

showed that <µs’> was decreased in low and high percentage collagen post-menopausal 

sites.      

 

The variability of breast tissue optical properties is related to heterogeneity, 

morphology and patient demographics.  These relationships point to the need for 

including patient demographics in diagnostic algorithms to account for morphological 

changes.  Understanding these relationships and the underlying biological rationale is 

important for continuing to improve optical technologies for margin assessment.      
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5.2 Future Work 

The results of this dissertation provide insight into the relationship between 

optical scattering signatures and tissue micromorphology laying the ground work for a 

number of future studies.  The ultimate goal is to improve and advance optical imaging 

technologies for breast tumor margin assessment.   The difference in contributions to 

scattering from collagen and glands represents a potential to improve scattering models 

to separate these contributions.  “Collagen” really includes cellular components such as 

fibroblasts, endothelial cells and inflammatory cells.  Depending on the patient’s age and 

presence of tumor, the cellular density can be quite variable.  Also, in older individuals 

there is increased deposition of elastin fibers that may affect the optical signatures.  

Future studies need to be performed to address the relationship between <µs’> and 

collagen morphology, cross-linking, fiber sizes and densities, and surrounding media.  

The areas that should be addressed are as follows: develop models to determine the 

relationship between demographic and optical variables; improve the current 

technology to obtain better characterization of and separation between collagen and 

glands; use methods to better resolve collagen and glandular structure and correlating 

them back to scattering; and address how collagen scattering and structure are related to 

the aging process.    
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5.2.1 Determining the relationship between demographic and optical 

variables 

5.2.1.1 Hypothesis: Positive/close margins can be better separated by including 

both breast density and age (menopausal status) as descriptive variables in 

statistical models. 

Rationale:  Optical properties vary with tissue composition.  [β-carotene] 

increases with the amount of adipose tissue and decreases with the amount of 

fibroglandular tissue in benign sites.  The opposite is seen for the mean reduced 

scattering coefficient, <µs′>, which increases with increasing amounts of fibroglandular 

tissue and decreases with decreasing amounts of adipose tissue.  With malignancy, β-

carotene has been seen to decrease and <µs′> has been shown to increase.  These optical 

parameters are expected to show better contrast between adipose vs. malignant sites.  

We found [β-carotene]/<µs′> to be an important parameter in separating negative from 

positive/close margins.  Breast density, age, BMI and menopausal status have been 

associated with an increased risk of breast cancer.  Breast density is defined as 1-4, 

according to increasing amounts of fibroglandular tissue.  Older women (post-

menopausal) tend to have lower breast densities and higher BMIs (more adipose 

content) while younger women tend to have higher breast densities and lower BMIs 

(more fibroglandular content).  Scattering was decreased in post-menopausal patients 

(both low and high collagen density) compared to pre-menopausal patients.  This was 

thought to be related to changes in collagen structure with age and menopausal status.  
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This indicated that a multivariate analysis including both breast density and age might 

be useful in optimizing optical contrast in a varied patient population.    

 

Approach: Statistical regression models will be used to identify whether 

including age/menopausal status to breast density provides better separation between 

malignant and benign for [β-carotene]/<µs′> than the independent performances of 

breast density and age/menopausal status.  This will be done in two ways, first using a 

site-level approach and using collagen density as a descriptor of tissue composition, and 

second, using a margin level approach using summary statistics as described in Chapter 

2.  Simple regression models will be built and the performances of the individual and 

combined models will be compared. 

 

5.2.1.2 Hypothesis: The relationship between optical measurements and breast 

density would be more accurately identified with one consistent 

radiologist reviewing the patient mammograms. 

Rationale:  Breast density is qualitative measurement to describe increasing 

amounts of fibroglandular tissue.  Each patient mammogram was given a value of 1, 2, 

3, or 4 by a radiologist.  The breast density results presented in this dissertation were 

acquired from multiple radiologists leaving room for rater variability and bias [123].  A 

patient could be diagnosed as a breast density of either 2 or 3 depending upon which 

radiologist read the mammogram.  This would change whether or not the patient would 
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be considered having a high or low breast density.  A more consistent identification of 

breast density is needed. 

  

Approach: A radiologist at DUMC will be recruited to view all mammograms for 

this study.  Statistics will be performed to assess the degree of difference between 

multiple raters and one consistent rater.  These consistent classifications will then be 

used to separate the optical data into high and low breast density. 

 

5.2.2 Improving the current technology to further understanding the 

relationship between µs′ and morphology 

5.2.2.1 Hypothesis: Collagen and glands have independent contributions to <µs′> 

that can be better stratified using different scattering models 

Rationale:  In our Monte Carlo model [76], we currently model light scattering 

based on Mie theory, which assumes that particles are spherical in shape.  In this model, 

it was assumed that, given µs′, the diffuse reflectance would be the same for any values 

of µs and g (anisotropy factor) that generate the same µs′ [76].  Collagen, a fibrous 

structure, is of a different size and shape than the glandular structures.  In addition, the 

glandular portion, comprised of epithelial cells, may be better separated by identifying 

the extent of inhomogeneities.  Because collagen and glands have different shapes and 

sizes, a single anisotropy factor may not be sufficient to separate the two components.  

Using a model that accounts for scattering from non-spherical particles in a variety of 

sizes may be important for accurately quantifying scattering in breast tissue.   
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Approach:  The T-matrix method, like Mie theory, is an analytical solution to 

Maxwell’s equations for a particle with a size on the order of the wavelength of light, but 

unlike Mie theory, it can be used to compute scattering from spheroids, cylinders, and 

other particle shapes [124].  Currently, the T-matrix approach is considerably more 

computationally intense than Mie theory calculations and the inverse problem requires 

assumptions regarding the orientation and ellipticity of the particles.  In practice, at least 

one axis of symmetry is required for efficient computation [125].  However, efforts are 

being made to reduce the computational time and develop an efficient inverse model 

[126].  A T-matrix model could be implemented to better characterize the differences in 

shapes between collagen and glands thereby leading to better separation.    

 

5.2.2.2 Hypothesis: The sensitivity of the current model to collagen and glands 

could be improved by accounting for a larger distribution of particle sizes. 

Rationale: The inverse Monte Carlo model assumes scattering to be caused by 

spherical scatterers of a single size and is constrained between 0.35 and 1.5µm; yet tissue 

would be expected to contain a range of scattering sizes and shapes [54].  The rationale 

behind choosing a single scatter was that the effect was minimal on the accuracy of 

optical property extraction [76].  The mean rms percent error for the reduced scattering 

coefficient was 5.0%.  Using the current scattering model, observed scattering signatures 

from benign glands and collagen are comparable, having a more accurate 
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characterization or allowing for a distribution of sizes could more accurately separate 

collagen from glands.  In addition, Bartek et al determined with biexponential fitting 

and an analysis of electron microscopy (EM) images (IMAGEJ) restricted to 250sizes 

between 10-2500 pixels, that typical particle sizes ranged between 10-500nm with one 

peak near 20-25nm and another between 110-230nm [118].  When these sizes were 

applied to solid and shell spherical Mie theory, the measured µs′ exceeded the expected 

values indicating either an inaccuracy in particle size identification or discrepancies in 

the choice of scattering model.  Nevertheless, the biexponential distribution provides 

motivation to include a distribution of sizes into the existing Monte Carlo model.    

 

Approach:  Currently, the inverse Monte Carlo model uses a uniform scatter size 

between 0.35-1.5µm as a free parameter.  Two methods could be applied.  Due to the 

small particle sizes identified by Bartek et al [118], the first approach would be to 

include a Rayleigh component into the fitting parameters.  To test the potential 

improvement of Rayleigh scattering, the results from this dissertation would be 

compared to the relationships between scattering, collagen and glands with the addition 

of a Rayleigh component in the same data.  Next, scattering values would be compared 

between fibroglandular sites and malignant sites to determine if contrast was improved.  

The second approach would be to change the model to fit two scatter sizes within the 

0.35-.15µm diameter range.  This approach would be more complicated but not 

impossible.  Additional fitting routines would be required but contrast could be 
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substantially improved.  If these results show better separation, further investigation 

into all possible changes to free and fixed parameters will be performed. 

 

5.2.3 Implementing methods to resolve collagen and glandular 

structures and relate them back to scattering 

5.2.3.1 Hypothesis:  Improved quantification of H&E images can more accurately 

describe tissue morphology and relate density and percentage back to 

scattering. 

Rationale:  Segmenting biological images is a challenging task that is further 

complicated by absence of truth data. The subjective nature of biological images 

suggests that a discrepancy between two expert (human) interpreters is not uncommon. 

The H&E images in this dissertation could potentially be more accurately quantified 

using automated methods.  Although consistent quantification was performed, correctly 

identifying the exact density or amount of collagen was challenging.  A rough estimate 

to quantify percent collagen was done by examining representative 200x200µm regions 

of histological images reducing the need to survey entire images. This scale, however, 

may have allowed for over estimation of collagen, underestimation of adipose, and no 

quantification of the inflammatory component.  In addition, the adipocyte morphology 

algorithm described in Chapter 4 is only applicable to images with >90% adipose 

content; automated methods are necessary to quantify adipocyte area and density in 

heterogeneous H&E images.   
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Approach:  An automated image segmentation technique is currently under 

development in our lab and could be applied to the H&E images presented in this 

dissertation.   This technique borrows aspects from graph theory, the circular Hough 

transform, and gradient vector force theory.  Each image is preprocessed utilizing 

conventional contrast equalization and k-means clustering algorithms to separate the 

image with respect to stain color (3 clusters/colors for H&E images).  The conventional 

use of the circular Hough transform is to identify simple shapes within an image [127]. 

We adapted this technique to locate concave and convex regions corresponding to edge 

vertices between the constituent shapes of the target and the image background..  The 

locations of these vertices are then connected with line segments approximating missing 

boundaries within the image.  These line segments are determined by minimizing a cost 

function based on the number of resulting segments and permissible connections 

between segments (similar to methods found within graph theory.  The resulting image 

is a strategically eroded version of the original with clearly defined shapes.  The 

contours of the shapes in this eroded version of the image are then used as initial 

conditions in a gradient vector force (GVF) algorithm. Using a balloon force 

implementation of GVF, a final estimate of the arbitrary cell shapes is achieved by 

minimizing the total contour overlap residual.  This automated algorithm could be 

applied to the H&E images presented in this dissertation and the resulting quantified 

variables could be reanalyzed for a more accurate representation of the relationship 

between scattering and tissue morphology. 
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5.2.3.2 Hypothesis:  Scattering changes occur due to changing particle sizes, the 

number of scatterers, and the refractive index mismatch between the scatter 

and the surrounding medium.  High resolution imaging and quantification 

of these parameters can determine the relationship between scattering and 

collagen structure. 

Rationale:  Bartek et al. used electron microscopy to take images of fixed, 

sectioned and stained portions of fresh breast tissue [118].  From these EM images, they 

were able to quantify particle sizes.  Pena et al. used two-photon excited fluorescence 

microscopy (2PEF) and second harmonic generation (SHG) to enable 3D visualization of 

collagenous network architecture and fibroblasts from which they could characterize 

collagen densities and remodeling due to fibroblasts [128].  High resolution images of 

tissues can help us visualize the changes that tissue undergoes with age and other 

demographics.  It is known that changes in the scatterer size, shape and density as well 

as the refractive index mismatch between the scatterer and surrounding media, 

influence scattering.  It would be important to determine how changes in the collagen 

size, shape or density influence scattering.  The results seen in this dissertation suggest 

that nonenzymatic cross-linking contributes to the negative correlation between 

scattering and age in sites with more collagen.  However, collagen undergoes other 

processes such as volume loss (which will change the size and density of the scatterers) 

and dehydration (which will affect the refractive index mismatch).  High resolution 

imaging of collagen in different environments can help determine whether other effects 

due to aging, contribute to a decrease scattering.         
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Approach:  Diffuse reflectance measurements would be made on benign tissues 

from mammoplasty specimens from patients of different demographic features (age, 

BMI, BD).  Tissue sections would be taken from the measured areas. Using electron 

microscopy on thin sections of benign breast tissue we could quantify the changes in 

number density and size of particles.  Using 2PEF, SHG or a combination, the collagen 

network could be analyzed to determine fiber diameters and densities.  These results 

would then be used to predict scattering signatures and compared to expected values.  

To address changes in the refractive index mismatch, a tissue section would be 

measured repeatedly with diffuse reflectance spectroscopy, 2PEF and SHG after 

successive exposure to increasing concentrations of salinity.  Diffuse reflectance would 

provide characterization of the changes in the scattering signature, while 2PEF would 

show resulting changes in the fluorescence signature and SHG would provide 

information on the structural changes.   

 

5.2.3.3 Hypothesis:  Imaging and quantification of in-vivo biopsy sections will 

provide a more accurate description of tissue morphology and definitive 

relationship to optical signatures. 

Rationale: The results presented in this dissertation reflect morphology 

quantified from 5µm slices taken from ~3mm tissue blocks.  There were limitations 

inherent with this study design: first, the inked site sometimes approached 5mm 

requiring the pathologist to approximate a location, and second, the 5µm section may 
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not have been reflective of the entire optically interrogated volume.  In order to address 

these shortcomings, one would need to quantify a larger percentage of the volume from 

a more precisely spatially co-registered site.  Fortunately, this data exists in the form of a 

previous study.  In this study, co-registered biopsies and optical measurements were 

acquired for 76 biopsies and subsequent serial sectioning was performed (3 levels per 

tissue block) [87].  This dataset present a perfect opportunity to more accurately 

deconstruct the relationships between optical variables, morphology and demographics.   

 

Approach: The top, middle and bottom H&E stained sections from the biopsies 

will be imaged using the Zeiss Axio Imager as described in Chapter 4.  Using the same 

grid analysis with 100µm boxes (reduced to improve accuracy), each of the 3 cuts per 

biopsy will be quantified.  The results will be combined and averaged to better describe 

the tissue morphology of the whole biopsy.  The percent tissue composition will then be 

correlated to tissue scattering and analyzed with respect to age, BMI and MBD.  The 

results of this study will better describe the relationship across the whole tissue section 

and address some of the limitations encountered in Chapter 4.   
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5.2.4 Understanding the role of collagen cross-linking, scattering and 

age 

5.2.4.1 Hypothesis: Fluorescence can be used to identify the extent of collagen 

cross-linking to help understand how <µs′> changes with increasing non-

enzymatically driven cross-links. 

Rationale: Nonenzymatically glycosylated proteins gradually form fluorescent 

cross-linked protein adducts; the rate of the process is intrinsically linked to glucose 

concentration [121].  Studies have shown that processes such as ageing and diabetes 

contribute to increased cross-links due to advanced glycation end-products (AGEs) 

causing decreased elasticity, flexibility, and permeability [57, 122].  In addition, age 

related changes were linked to the amount, orientation and diameters of the collagen 

fibers with diameters increases with maturation, then decreasing with senescence 

towards a bimodal distribution [57].  Collagen fluorescence in cervical stroma has been 

shown to increase with age [129].  Endogenous collagen fluorescence has been observed 

from both enzymatic and nonenzymatic cross-links.  Both Sokolov et al and Kirkpatrick 

et al have examined 3D in vitro models collagen for the purpose of understanding the 

optical properties of human epithelial tissues [130, 131].  Nonenzymatic cross-linking is 

related to glucose and advanced glycation end-products [57, 58].  These collagen 

phantoms provide an environment that can be used to identify the relationship between 

collagen cross-linking and scattering.        
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Approach:  To begin, collagen phantoms would be made using the protocol 

described by previous studies [130, 131].  Rat tail type I collagen would be used to create 

collagen gels.  These collagen gels would be incubated with different concentrations of 

glucose to create different densities of nonenzymatic cross-linking mimicking the aging 

process.  Diffuse reflectance measurements would be made from the collagen gels, 

followed by fluorescence measurements.  Spectra would be collected with an 

excitation λ of 320nm to excite the maximum fluorescence from the enzymatic cross-

links [130].  Subsequently, a fluorescence measurement would be made at λex=360nm, 

λem=450nm to determine the extent of non-enzymatic cross-linking [130].  Correlating 

these results back to the diffuse reflectance measurements and extracted scattering 

coefficients will answer the question as to whether an increase in nonenzymatic cross-

linking actually contributes to a significant decrease in scattering. 
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