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Abbreviations: 

• CAAs:  an er asso iated adipo ytes 

• DCIS: du tal  ar inoma in situ 

• FOV: field of view 

• H&E: hematoxylin and eosin 

• IDC: invasive du tal  ar inoma 

• IL-6: Interleukin-6 

• MMP-11: matrix metalloproteinase-11 

• PBS: phosphate buffered saline 

• ROI: region of interest 

Arti le Category: Resear h Arti le 

Novelty: We developed a  omputerized algorithm to identify and quantitatively  hara terize 

adipo ytes in  onfo al fluores en e mi ros opy images of fresh breast tissue. Images were 

a quired from fresh breast tissue prior to standard histologi preparation and fixation and the 

algorithm was used to analyze  hara teristi s of adipo ytes at sites adja ent to and far from 

lesion margins in neoplasti and non-neoplasti tissue. 
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Abstract 

Adipose tissue is a dynami organ that provides endo rine, inflammatory, and angiogeni  

fa tors, whi h  an assist breast  ar inoma  ells with invasion and metastasis. Previous studies 

have shown that adipo ytes adja ent to  ar inoma, known as  an er asso iated adipo ytes 

(CAAs), undergo extensive  hanges that  orrespond to an “a tivated phenotype,” su h as 

redu ed size relative to adipo ytes in non-neoplasti breast tissue. Opti al imaging provides a 

tool that  an be used to  hara terize adipo yte morphology and other features of the tumor 

mi roenvironment. In this study, we used  onfo al fluores en e mi ros opy to a quire images 

of freshly ex ised breast tissue stained topi ally with proflavine. We developed a  omputerized 

algorithm to identify and quantitatively measure phenotypi properties of adipo ytes lo ated 

adja ent to and far from normal  ollagen, du tal  ar inoma in situ (DCIS), and invasive du tal 

 ar inoma (IDC). Adipo ytes were measured in  onfo al fluores en e images of fresh breast 

tissue  olle ted from 17 patients. Results show that adipo ytes adja ent to neoplasti tissue 

margins have signifi antly smaller area  ompared to adipo ytes far from the margins of 

neoplasti lesions and  ompared to adipo ytes adja ent to non-neoplasti  ollagenous stroma. 

These findings suggest that  onfo al mi ros opi images  an be utilized to evaluate phenotypi  

properties of adipo ytes in breast stroma whi h may be useful in defining alterations in 

mi roenvironment that may aid in the development and progression of neoplasti lesions. 
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Introduction 

The development of breast  an er is a  omplex pro ess that primarily o  urs in du tal and 

lobular epithelial tissue
1, 2

. However, many re ent studies have suggested that breast stromal 

tissue also plays a dynami and influential role in breast tumor development and progression 
3-

6
, and that stromal  ell proliferation is a major  ontributor to in reased breast  an er risk

7
. 

Stromal  ollagen and adipose tissue in parti ular are of interest for their role in breast disease 

progression 
8-13 

. It was re ently reported that high mammographi density (asso iated with a 4-

to-6-fold in rease in breast  an er risk) is asso iated with high  ollagen density
7
, whi h has 

been shown to dire tly promote proliferation of mammary epithelial  ells in  itro and in murine 

models
9
. 

Adipose tissue, the predominant  omponent of benign breast tissue, also fun tions as a 

dynami organ that assists breast  ar inoma  ells with invasion and metastasis by providing 

endo rine, inflammatory, and angiogeni fa tors
12, 14-16 

. Previous studies have shown that  o-

 ulturing adipo ytes and  an er  ells results in a de rease in adipo yte markers and an 

overexpression of matrix metalloproteinase-11 (MMP-11), an extra ellular matrix-remodeling 

proteinase asso iated with tumor invasion, and interleukin-6 (IL-6), a  ytokine asso iated with 

inflammation 
12 
. These studies  hara terize the relationship between invading  ar inoma  ells 

and adipo ytes surrounding  ar inoma,  ommonly referred to as  an er-asso iated adipo ytes 

(CAAs), as a  rosstalk  y le, in whi h adipo ytes undergo de-differentiation and  ontribute to 

abnormal proliferation of tumor  ells, whi h leads to tumor growth and in reased invasive 

potential
11, 17, 18 

. 

Previous resear h on the role of CAAs and tumor progression also shows that CAAs adja ent to 

neoplasti tissue undergo extensive phenotypi  hanges, parti ularly redu ed size relative to 

3 

John Wiley & Sons, Inc. 



 

 

     
 

         

                 

             

               

              

           

             

       

            

            

             

              

              

              

                

              

           

            
 

   

             

              

              

            

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

For Peer Review
 

International Journal of Cancer Page 4 of 22 

adipo ytes in non-neoplasti breast tissue
12, 18 

. Tan et al. found that adipo ytes near the 

invasive front of breast tumors tend to be smaller in size than those lo ated further from the 

tumor
11 
. Adipo ytes  o- ultured with breast  an er  ells underwent lipolysis and developed a 

fibroblast-like phenotype in whi h the lipid vesi les greatly de reased in size and the  ells took 

on a spindle-shaped appearan e 
12 
. These physi al  hanges observed in adipo ytes in the tumor 

mi roenvironment  orrespond to an “a tivated phenotype”
12 
, whi h  ould indi ate adipo ytes 

that are parti ipating in  rosstalk with neoplasti  ells and  onfer in reased potential for 

invasion to the tumor mi roenvironment 
11 
. 

The  lini al standard for evaluating breast lesions is histologi assessment, whi h requires 

extensive tissue preparation and staining with hematoxylin and eosin (H&E). However, the 

standard histologi preparation is not optimal for evaluation of adipose tissue, be ause fixation 

and se tioning tissue spe imens  an  ause adipo yte  ell membranes to tear and adipose tissue 

to slough off or dissolve. Confo al mi ros opy is an emerging image a quisition te hnique that 

 ould potentially address the  urrent limitations of histologi assessment and has been used in 

19-21 22-
several previous studies to a quire in  i o images of fresh tissue spe imens in real time 

26 
. Work from S hiffhauer et al. and Abeytunge et al. demonstrated that  onfo al refle tan e 

mi ros opy and  onfo al fluores en e mi ros opy,  an a quire images of fresh, unse tioned 

breast tissue that are visually similar to histologi slides with H&E staining
22, 23 

. Re ent studies 

from our group showed that  onfo al fluores en e mi ros opy images of breast tissue a quired 

in less than ten minutes  ontain suffi ient detail to identify neoplasia and non-neoplasia in 

unse tioned breast tissue spe imens
25 

and to estimate tumor  ellularity in  ore needle biopsies 

26 
. Currently available endomi ros opy platforms for in  i o imaging, su h Optis an FIVE1 
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(Optis an, Melbourne, Australia) and Cellvizio® (Mauna Kea Te hnologies, Paris, Fran e), 

demonstrate that there is an opportunity to apply  onfo al mi ros opy for in  i o breast 

19-21 
imaging in a  lini al setting . 

The obje tive of this study is to determine if  onfo al mi ros opy  an identify and  hara terize 

 hanges in adipo yte phenotype near the margins of invasive breast  an er and pre-invasive 

lesions. Although the redu ed size of CAAs adja ent to breast tumors has been qualitatively 

observed, this phenomenon has not been quantitatively evaluated. In this study we used 

 onfo al fluores en e mi ros opy to a quire images of adipose tissue lo ated near neoplasti  

tissue as well as adipo ytes near non-neoplasti  ollagenous stroma in fresh, unfixed breast 

tissue. The findings from this study support further use of  onfo al mi ros opy as a point of 

 are tool to image breast tumors and surrounding adipose tissue and to explore whether 

features of adja ent adipo ytes  an predi t the invasive potential of early breast  an ers. 

Materia and Methods 

Breast tissue acquisition and preparation 

Human breast tissue spe imens were a quired through a proto ol approved by the institutional 

review boards at The University of Texas MD Anderson Can er Center and Ri e University. All 

spe imens were a quired from patients who gave informed  onsent to parti ipate in the study. 

Patients were eligible for the study if they were undergoing a total or segmental maste tomy 

for breast  an er. Fresh tissue spe imens were a quired from residual rese ted breast tissues 

that were not required for  lini al diagnosis. Two tissue spe imens measuring approximately 

15 x 15 x 2-7 mm were a quired from ea h patient within 30 minutes of rese tion, in luding 

one grossly normal spe imen and one grossly abnormal spe imen. Ea h tissue spe imen was 

5 
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stained with a solution of 0.01% proflavine in 1X phosphate buffered saline (PBS) for 1 minute, 

washed in 1X PBS, and then immediately imaged using a  onfo al fluores en e mi ros ope. 

Proflavine has been used in previous studies as a fluores ent  ontrast agent to stain nu lei in 

24-33 
breast tissue, oral mu osa, esophageal tissue,  ervi al tissue, and sar oma . Proflavine also 

stains the membranes of adipo yte  ells
25 
. 

Image acquisition and evaluation 

Fluores en e  onfo al images were a quired with a ben htop  onfo al mi ros ope (Vivas ope 

2500, Caliber I.D.). Following topi al appli ation of proflavine, spe imens were positioned on 

the mi ros ope stage and imaged with 2.1 ± 0.4 mW power at 488 nm laser ex itation using a 

30X water immersion obje tive lens with a numeri al aperture of 0.8. The  onfo al mi ros ope 

has a 750 x 750 µm² field of view (FOV) with 1.0 µm lateral resolution and 5.0 µm axial 

resolution. Images were a quired at a fo al plane depth approximately 60 µm beneath the 

tissue surfa e from a  omposite grid of  ontiguous sites with a total area of 12.2 x 12.2 mm 
25 
. 

After image a quisition, tissue spe imens were submitted for routine histologi preparation and 

fixation with H&E staining. 

A breast pathologist reviewed the  onfo al and H&E stained images to provide a diagnosis for 

ea h tissue spe imen based on standard histologi  riteria
34 
. We used images with H&E 

staining to identify regions with adipose tissue surrounding invasive du tal  ar inoma (IDC), 

du tal  ar inoma in situ (DCIS), and stromal  ollagen with no neoplasti  ells ( ollagen), and 

lo ated the same regions in  onfo al images. In these images, we defined regions of interest 

(ROIs) in  onfo al images  onsisting of two to four  ontiguous FOVs, originating at the margin of 

6 
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IDC, DCIS, or  ollagen without neoplasia and extending 2 - 3 mm into adipose tissue (Figure 1); 

2 -3 mm is a narrow tumor rese tion margin typi ally used in breast- onserving surgeries
35 
. 

Adipocyte segmentation algorithm and measurement of adipocyte area 

We developed a  omputerized algorithm to segment adipo ytes and  hara terize adipo yte 

morphology in  onfo al images of breast tissue, as shown in Figure 2. Beginning with an 

unpro essed  onfo al image  ontaining adipo ytes (Figure 2A), the algorithm applied adaptive 

histogram equalization to enhan e the brightness of the adipo yte  ell membranes (Figure 2B). 

Sin e proflavine preferentially stains nu lear material and does not stain lipid droplets, 

adipo ytes appeared as unstained areas surrounded by non-spe ifi ally stained  ell membranes 

in  onfo al images
25, 33 

. Edge dete tion and edge enhan ement fun tions were applied to the 

enhan ed image (Figure 2C). The enhan ed  onfo al image was  onverted to a binary image 

with a user-defined threshold based on relative staining intensity of adipo yte  ell membranes 

(Figure 2D). The resulting binary image (Figure 2D) was  ombined with the adipo yte  ell 

membranes previously segmented by edge dete tion and enhan ement (Figure 2C) using a 

logi al OR operation (Figure 2E). A morphologi al  losing fun tion performed dilation followed 

by erosion with a disk-shaped stru turing element to fill the gaps where edge dete tion and 

enhan ement do not  ompletely segment adipo yte  ell membranes (Figure 2F). In order to 

segment adipo ytes en losed by adipo yte  ell membranes, a  omplement fun tion reversed 

the ba kground and segmented areas ( olored bla k and white, respe tively) in the binary 

image (Figure 2G). A morphologi al opening fun tion performed erosion followed by dilation 

with a disk-shaped stru turing element to remove obje ts smaller than adipo ytes; the 

stru turing element was designed to remove regions that were smaller than 1.5X the area of a 

7 
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large mammary  ar inoma  ell
36 

(Figure 2H). To avoid measuring areas of adipo ytes whi h 

were  ut off by the border of the FOV, a Matlab image pro essing fun tion (im learborder, 

Mathworks®) was applied to delete obje ts  onne ted to the borders of the image (Figure 2I). 

Following segmentation of adipo ytes, an ellipse was fitted to ea h adipo yte to approximate 

its  ross-se tional area. The mean ellipse area was  al ulated for ea h  onse utive FOV in ROIs. 

After pro essing, ea h FOV was manually reviewed to determine if the algorithm 

a  urately segmented adipo ytes  ompared to visual examination. We developed additional 

manual intera tive fun tions to address  ases in whi h the algorithm results did not agree with 

visual assessment. For example, in FOVs with very weakly-stained  ell membranes,  lusters of 

 ells were o  asionally in orre tly segmented as a single adipo yte. Additionally, out of fo us 

 ell membranes in a FOV sometimes  aused an individual adipo yte to be separated into 

multiple fragments. In these  ases, the intera tive fun tions were used to separate  lusters of 

 ells into individual adipo ytes or to  onne t fragments of a  ell into a single adipo yte. 

We  ompared the morphology of adipo ytes at the margins of IDC and DCIS to those 

extending into surrounding stroma. We also  ompared the morphology of adipo ytes at these 

ROIs to adipo ytes surrounding stromal  ollagen in areas that did not  ontain neoplasia. 

Statisti al  omparisons were made using a Student’s t-test for samples with unequal varian es. 

Resu ts 

Adipo ytes were measured in 389 FOVs within 106 ROIs in  omposite  onfo al fluores en e 

images of breast tissue spe imens  olle ted from 17 patients. A summary of FOVs, ROIs, 

patients and diagnoses are shown in Table 1. 

8 
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Figure 3 shows representative ROIs that  onsist of 4  ontiguous FOVs from spe imens 

with IDC (Figure 3A), DCIS (Figure 3B), and  ollagen in a non-neoplasti region (Figure 3C). FOVs 

labeled with I are lo ated adja ent to IDC, DCIS, or  ollagen; the adja ent sets of  ontiguous 

FOVs (Figure 3A-C: II-IV) extend into adipose tissue. FOVs labeled with IV are lo ated between 2 

and 3 mm from the lesion edge (Figure 3A-C:I) and represent a theoreti al narrow rese tion 

margin 
35 
. Figure 3D shows mean adipo yte ellipse area measured in ea h FOV (Figure 3A-C) 

using the segmentation algorithm. Adipo ytes in FOVs adja ent to IDC and DCIS (Figure 3A,B:I; 

Figure 3D) have a mean area of approximately 5,000 µm², while adipo ytes in the FOV adja ent 

to benign  ollagen (Figure 3C) have a mean area of approximately 9,000 µm². Mean adipo yte 

area in reases to over 24,000 µm² in FOVs 2-3 mm from the margin of the IDC lesion and to 

12,000 µm² for the DCIS lesion (Figure 3A,B: II-IV; Figure 3D). In  ontrast, mean adipo yte area 

stays relatively  onstant over the distan e from the interfa e with  ollagen in the non-

neoplasti region. 

Figure 4 shows the mean adipo yte area versus distan e from the margin for all 389 

FOVs. Figure 4A shows that on average adipo ytes adja ent to the margin of IDC are smaller 

than those adja ent to benign  ollagen, whereas the mean size of adipo ytes is similar at 2-3 

mm from the margin. Although the number of samples is smaller, a similar trend is seen for 

DCIS, with small adipo ytes near the margin, in reasing in size at 2-3 mm distant from the 

margin. Figure 4B shows the same mean adipo yte area versus distan e from the margins, but 

data have been normalized by the mean value from the FOV immediately adja ent to IDC, DCIS, 

and benign  ollagen. Adipo ytes show the greatest in rease in mean area in FOVs identified in 

IDC spe imens: adipo ytes in  ontiguous FOVs extending into adipose tissue have an average of 

9 
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2.0X (range: 0.77-4.7X) the mean area of adipo ytes in FOVs adja ent to IDC margins (Figure 

4B). In tissue with DCIS, adipo ytes in FOVs extending into adipose tissue have an average of 

1.8X (range: 0.86-2.5X) the mean area of adipo ytes in FOVs adja ent to DCIS margins. In 

benign stroma, adipo ytes in FOVs extending into adipose tissue have an average of 1.4X 

(range: 0.55-3.8X) the mean area of adipo ytes in FOVs adja ent to benign  ollagen. 

Figure 5 shows box and whiskers plots summarizing the distribution of mean adipo yte 

ellipse area in FOVs versus distan e from the margin (Figure 5A) and the distribution of 

adipo yte area normalized by the mean value from the FOV immediately adja ent to IDC, DCIS, 

and  ollagen (Figure 5B). Signifi ant differen es in mean area are identified with asterisks (*) 

and the dagger symbol (†). Adipo ytes in FOVs adja ent to IDC and DCIS have signifi antly lower 

mean area than adipo ytes in FOVs adja ent to benign  ollagen (p < 0.001). There was no 

signifi ant differen e in mean area between adipo ytes measured 2-3 mm away from benign 

 ollagen and IDC or between adipo ytes 2-3 mm from benign  ollagen and DCIS. In addition, 

adipo ytes in FOVs adja ent to margins of IDC or DCIS have signifi antly lower mean area than 

in FOVs lo ated further from the asso iated lesion margins (2.2X-fold in rease in area 

 orresponding to p < 0.001 for IDC, 2.0X-fold in rease in area  orresponding to p < 0.01 for 

DCIS). Adipo ytes in FOVs adja ent to benign  ollagen also have signifi antly lower mean area 

than adipo ytes 2-3 mm into adipose tissue (1.2X-fold in rease in area  orresponding to p < 

0.01). 

Discussi n 

In this study, we developed a  omputerized algorithm to identify and quantitatively 

 hara terize adipo ytes in  onfo al fluores en e mi ros opy images of fresh breast tissue. 

10 
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Images were a quired from fresh breast tissue prior to standard histologi preparation and 

fixation and the algorithm was used to analyze  hara teristi s of adipo ytes at sites adja ent to 

and far from lesion margins in neoplasti and non-neoplasti tissue. We found that adipo ytes 

adja ent to neoplasti tissue margins are signifi antly smaller in area  ompared to adipo ytes 

far from the margins of neoplasti lesions and  ompared to adja ent to non-neoplasti  

 ollagenous stroma. 

Our observations are  onsistent with previous studies of histologi images of breast lesions by 

Tan et al. and Dirat et al., whi h have qualitatively observed that adipo ytes adja ent to 

11, 12 
neoplasti breast lesions show phenotypi  hanges, su h as smaller area . These studies 

also suggest that adipo ytes adja ent to neoplasti breast lesions are elongated in shape; 

although we measured  ell e  entri ity as a metri of adipo yte shape, we did not observe 

signifi ant differen es in adipo yte shape adja ent to neoplasti or non-neoplasti lesions. 

A strength of our study is that we demonstrate that adipo ytes  an be evaluated in  onfo al 

fluores en e images of fresh tissue spe imens. Early  omputational methods to approximate 

adipo yte  ross-se tional area in lude manual  ell  ounting and measurements from  ell 

suspensions and H&E stained histologi se tions
37, 38 

. Additionally some previous studies have 

demonstrated automated algorithms for adipo yte segmentation in  ell suspension and H&E-

39-41 
stained histologi slides . Björnheden et al. developed a method to determine human 

adipo yte size in a  ell suspension 
39 
. Chen et al. and Osman et al. demonstrated  omputerized 

method to determine adipo yte size in histologi slides of murine tissue or human tissue
40, 41 

. 

In our study we evaluated adipo yte  ross-se tional area in fresh tissues, whi h did not undergo 

11 
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fixation and preparation that  ould alter adipo yte phenotype. While frozen se tion and tou h 

preparation are  urrently used to prepare tissue for evaluation, these te hniques  an  ause 

distortion of breast tissue spe imens with adipose tissue, parti ularly in  ases in whi h  ore 

needle biopsies are obtained. 

This study has some limitations. The  omputerized algorithm in orporates a user-defined 

threshold to  onvert images to binary in order to segment and measure adipo ytes. The 

variable threshold was needed to a  ount for differen es in fluores en e intensity, whi h are 

based on several fa tors, in luding the variation in illumination power used for image 

a quisition and the presen e of ba kground fluores en e from out of fo us signal. Additionally 

the histologi types of breast malignan ies represented in this study only in luded IDC and DCIS 

and there were very few tissue spe imens a quired from patients with DCIS lesions. Future 

studies should investigate adipo yte phenotype adja ent to a greater variety of breast 

malignan ies. Additional work is also needed to elu idate the mole ular basis for the  hanges in 

adipo yte  hara teristi s asso iated with IDC and DCIS observed in this study. 

Our findings support previous observations that there is a  hange in adipo yte phenotype at 

the margins of neoplasti breast lesions, in luding IDC and DCIS
11, 12 

. We demonstrate that 

adipo yte parameters  ould potentially  hara terize the mi roenvironment of early neoplasti  

breast  an ers and suggest potential for lesion growth and lo al invasion. However, additional 

work is needed to analyze adipo yte phenotypes in breast tissue a quired from a larger  ohort 

of patients and in a wider range of neoplasti and non-neoplasti breast lesions. 
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Tab es 

Table 1: Summary of patients from whi h tissue spe imens were a quired and regions of 

interest (ROIs) adja ent to lesion margins  onsisting of 2-4  ontiguous FOVs, with 

 orresponding histologi diagnoses. 

Diagn sis Patients ROIs FOVs 

IDC 17 49 168 

DCIS 2 9 31 

C llagen 17 48 190 

All 17 106 389 

Figure Legends 

Figure 1: S hemati of the pro edure used to identify regions of interest (ROIs) within adipose 

tissue at the margin of invasive tumors. Regions with adipose tissue adja ent to invasive tumors 

were identified in images of fixed tissue spe imens stained with hematoxylin and eosin using 

standard histologi  riteria (top left). The same regions were identified in the  orresponding 

image a quired with  onfo al fluores en e mi ros opy (top right). White squares in upper right 

image indi ate 4  ontiguous FOVs adja ent to an invasive tumor margin. S ale bar is 750 µm. In 

the bottom image, boxes with dashed lines indi ate four  ontiguous 750 x 750 µm FOVs next to 

the invasive tumor margin and extending up to 3 mm into adipose tissue. S ale bar is 3 mm. 

Figure 2: Adipo yte segmentation algorithm. A: Original  onfo al fluores en e image. B: 

Adaptive histogram equalization to enhan e brightness of adipo yte  ell membranes. C: 

Adipo yte  ell membrane edges dete ted and enhan ed. D: Image A is  onverted to binary. E: 

Binary image D and enhan ed edges in image C are  ombined. F: Closing fun tion is applied to 

fill gaps in adipo yte  ell membranes. G: Ba kground (bla k) and segmented areas (white) are 
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reversed to  reate the  omplement of F. H: Opening fun tion is applied to remove obje ts 

smaller than 1.5X the area of a large mammary  ar inoma  ell. I: Obje ts tou hing the image 

border are removed. S ale bar is 100 µm. 

Figure 3: Representative regions of interest (ROIs)  onsisting of 4  ontiguous FOVs lo ated 

adja ent to the margins of invasive du tal  ar inoma (A), du tal  ar inoma in situ (B), and 

benign  ollagen (C). I: 750 x 750 µm FOVs lo ated adja ent to non-adipose tissue margins. II-IV: 

 ontiguous FOVs extending up to 3 mm into adipose tissue. S ale bar is 100 µm. (D) Mean 

adipo yte ellipse area measured for ea h FOV shown above using the adipo yte segmentation 

algorithm. 

Figure 4: A: Mean adipo yte ellipse area measured for ea h FOV, measured adja ent to the 

lesion edge (I) and extending into adipose tissue (II-IV) for tissue adja ent to IDC, DCIS and 

benign  ollagen. B: Mean adipo yte ellipse area measured for ea h FOV extending into adipose 

tissue (II-IV), normalized to the FOV adja ent to the lesion edge (I); ellipse area measured in 

tissue adja ent to IDC, DCIS and benign  ollagen. 

Figure 5: Box and whiskers plot showing mean adipo yte ellipse area, measured adja ent to the 

lesion edge (I) and extending into adipose tissue (II-IV), for ROIs adja ent to IDC, DCIS, and 

benign  ollagen. Asterisks (*) above the boxes indi ate signifi ant differen es between the 

mean ellipse area measured for the site adja ent to the lesion edge (I) and sites extending into 

adipose tissue (II-IV); * = p < 0.05; ** = p < 0.01; *** = p < 0.001. The symbols (†) indi ate 

signifi ant differen es between the mean ellipse area measured in sites adja ent to  ollagen 

 ompared to sites adja ent to IDC and DCIS (††† = p < 0.001). 
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Schema ic of  he procedure used  o iden ify regions of in eres  (ROIs) wi hin adipose  issue a   he margin of 
invasive  umors. Regions wi h adipose  issue adjacen   o invasive  umors were iden ified in images of fixed 
 issue specimens s ained wi h hema oxylin and eosin using s andard his ologic cri eria ( op lef ). The same 

regions were iden ified in  he corresponding image acquired wi h confocal fluorescence microscopy ( op 
righ ). Whi e squares in upper righ  image indica e 4 con iguous FOVs adjacen   o an invasive  umor margin. 
Scale bar is 750 µm. In  he bo  om image, boxes wi h dashed lines indica e four con iguous 750 x 750 µm 
FOVs nex   o  he invasive  umor margin and ex ending up  o 3 mm in o adipose  issue. Scale bar is 3 mm. 
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Adipoc te segmentation algorithm. A: Original confocal fluorescence image. B: Adaptive histogram 
equalization to enhance brightness of adipoc te cell membranes. C: Adipoc te cell membrane edges 

detected and enhanced. D: Image A is converted to binar . E: Binar  image D and enhanced edges in image 

C are combined. F: Closing function is applied to fill gaps in adipoc te cell membranes. G: Background 
(black) and segmented areas (white) are reversed to create the complement of F. H: Opening function is 
applied to remove objects smaller than 1.5X the area of a large mammar  carcinoma cell. I: Objects 

touching the image border are removed. Scale bar is 100 µm. 
239x271mm (150 x 150 DPI) 
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Represen a ive regions of in eres  (ROIs) consis ing of 4 con iguous FOVs loca ed adjacen   o  he margins of 
invasive duc al carcinoma (A), duc al carcinoma in si u (B), and benign collagen (C). I: 750 x 750 µm FOVs 
loca ed adjacen   o non)adipose  issue margins. II)IV: con iguous FOVs ex ending up  o 3 mm in o adipose 

 issue. Scale bar is 100 µm. (D) Mean adipocy e ellipse area measured for each FOV shown above using  he 
adipocy e segmen a ion algori hm. 
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A: Mea  adipocyte ellipse area measured for each FOV, measured adjace t to the lesio  edge (I) a d 
exte di g i to adipose tissue (II-IV) for tissue adjace t to IDC, DCIS a d be ig  collage . B: Mea  

adipocyte ellipse area measured for each FOV exte di g i to adipose tissue (II-IV),  ormalized to the FOV 

adjace t to the lesio  edge (I); ellipse area measured i  tissue adjace t to IDC, DCIS a d be ig  collage . 
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Box an  whiskers plot showing mean a ipocyte ellipse area, measure  a jacent to the lesion e ge (I) an  
exten ing into a ipose tissue (II-IV), for ROIs a jacent to IDC, DCIS, an  benign collagen. Asterisks (*) 
above the boxes in icate significant  ifferences between the mean ellipse area measure for the site 

a jacent to the lesion e ge (I) an  sites exten ing into a ipose tissue (II-IV); * = p < 0.05; ** = p < 0.01; 
*** = p < 0.001. The symbols (†) in icate significant  ifferences between the mean ellipse area measure  

in sites a jacent to collagen compare  to sites a jacent to IDC an  DCIS (††† = p < 0.001). 
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	Novelty:Wedevelopedacomputerizedalgorithmtoidentifyandquantitativelycharacterize adipocytesinconfocalfluorescencemicroscopyimagesoffreshbreasttissue.Imageswere acquiredfromfreshbreasttissuepriortostandardhistologicpreparationandfixationandthe algorithmwasusedtoanalyze characteristicsofadipocytesatsitesadjacenttoandfarfrom lesion marginsinneoplasticandnon-neoplastictissue. 
	Abstract 
	Abstract 
	Adiposetissueisadynamicorganthatprovidesendocrine,inflammatory,andangiogenic factors,which canassistbreastcarcinomacellswithinvasionand metastasis.Previousstudies haveshown that adipocytesadjacentto carcinoma,known ascancerassociatedadipocytes (CAAs),undergoextensivechangesthatcorrespondtoan“activatedphenotype,”suchas reduced sizerelativetoadipocytesinnon-neoplasticbreasttissue.Opticalimagingprovidesa toolthat canbeusedtocharacterize adipocyte morphologyandotherfeaturesofthetumor microenvironment.Inthisstud

	Introduction 
	Introduction 
	Thedevelopmentofbreast cancerisacomplexprocessthatprimarilyoccursinductaland lobularepithelialtissue.However,manyrecentstudieshavesuggestedthatbreast stromal tissuealsoplaysadynamicandinfluentialrolein breasttumordevelopmentandprogression ,andthat stromalcellproliferation isamajor contributortoincreasedbreast cancerrisk. Stromalcollagenand adiposetissueinparticularareofinterestfortheirroleinbreastdisease progression .It wasrecentlyreportedthathighmammographicdensity(associated with a4to-6-foldincreaseinbrea
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	Adiposetissue,thepredominant component ofbenignbreasttissue,alsofunctionsasa dynamicorganthat assistsbreast carcinomacellswithinvasion andmetastasisbyproviding endocrine,inflammatory,andangiogenicfactors.Previousstudieshaveshownthat coculturingadipocytesandcancercellsresultsinadecreaseinadipocytemarkersandan overexpression of matrixmetalloproteinase-11(MMP-11),anextracellularmatrix-remodeling proteinaseassociated withtumorinvasion,andinterleukin-6(IL-6),acytokineassociatedwith inflammation .Thesestudieschar
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	Previousresearchon theroleofCAAsandtumorprogression alsoshowsthatCAAsadjacentto neoplastictissueundergo extensivephenotypicchanges,particularlyreduced sizerelativeto 
	Previousresearchon theroleofCAAsandtumorprogression alsoshowsthatCAAsadjacentto neoplastictissueundergo extensivephenotypicchanges,particularlyreduced sizerelativeto 
	adipocytesinnon-neoplasticbreasttissue.Tan et al.foundthatadipocytesnearthe invasivefront ofbreasttumorstendtobesmallerin sizethanthose locatedfurtherfromthe tumor.Adipocytesco-cultured withbreast cancercellsunderwentlipolysisanddeveloped a fibroblast-like phenotype inwhichthelipidvesiclesgreatlydecreasedinsizeandthecellstook on aspindle-shapedappearance .Thesephysicalchangesobservedinadipocytesinthetumor microenvironment correspondto an “activatedphenotype”,which couldindicateadipocytes that areparticipati
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	Theclinicalstandardforevaluatingbreastlesionsishistologicassessment,which requires extensivetissuepreparation andstainingwithhematoxylin andeosin (H&E).However,the standardhistologicpreparation isnotoptimalforevaluationof adiposetissue,becausefixation and sectioningtissuespecimenscancause adipocyte cellmembranestotearand adiposetissue tosloughoff ordissolve.Confocalmicroscopyisan emergingimageacquisitiontechniquethat couldpotentiallyaddressthe currentlimitationsofhistologicassessment andhasbeen usedin 
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	severalpreviousstudiestoacquireinvivoimagesoffreshtissuespecimensin realtime .WorkfromSchiffhaueretal.andAbeytungeetal.demonstratedthat confocalreflectance microscopyand confocalfluorescencemicroscopy,can acquireimagesoffresh,unsectioned breasttissuethat arevisuallysimilartohistologicslideswithH&E staining.Recentstudies fromourgroup showedthat confocalfluorescence microscopyimagesofbreasttissueacquired in lessthantenminutescontain sufficientdetailtoidentifyneoplasia andnon-neoplasiain unsectionedbreasttissu
	severalpreviousstudiestoacquireinvivoimagesoffreshtissuespecimensin realtime .WorkfromSchiffhaueretal.andAbeytungeetal.demonstratedthat confocalreflectance microscopyand confocalfluorescencemicroscopy,can acquireimagesoffresh,unsectioned breasttissuethat arevisuallysimilartohistologicslideswithH&E staining.Recentstudies fromourgroup showedthat confocalfluorescence microscopyimagesofbreasttissueacquired in lessthantenminutescontain sufficientdetailtoidentifyneoplasia andnon-neoplasiain unsectionedbreasttissu
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	(Optiscan,Melbourne,Australia)andCellvizio®(MaunaKeaTechnologies,Paris,France), demonstratethatthereisan opportunityto applyconfocalmicroscopyforinvivobreast 

	19-21 
	imagingin aclinicalsetting. 
	Theobjectiveofthisstudyistodetermine if confocalmicroscopycanidentifyand characterize changesin adipocyte phenotypenearthe marginsofinvasivebreast cancerandpre-invasive lesions.Althoughthe reduced sizeofCAAsadjacenttobreasttumorshasbeenqualitatively observed,thisphenomenonhasnotbeenquantitativelyevaluated.Inthisstudywe used confocalfluorescencemicroscopytoacquire imagesofadiposetissue locatednearneoplastic tissueaswellasadipocytesnearnon-neoplasticcollagenousstromainfresh,unfixedbreast tissue.Thefindingsfro
	MaterialandMethods 
	Breast tissue acquisition andpreparation 
	Breast tissue acquisition andpreparation 
	Humanbreasttissuespecimenswereacquiredthroughaprotocolapprovedbythe institutional reviewboardsatTheUniversityofTexasMDAnderson CancerCenterandRiceUniversity.All specimenswereacquiredfrompatientswho gaveinformedconsenttoparticipateinthestudy. Patientswereeligibleforthestudyiftheywereundergoingatotalorsegmentalmastectomy forbreast cancer.Freshtissuespecimenswereacquiredfromresidualresectedbreasttissues that werenot requiredforclinicaldiagnosis. Two tissuespecimensmeasuringapproximately 15x15x2-7mmwereacquired
	Humanbreasttissuespecimenswereacquiredthroughaprotocolapprovedbythe institutional reviewboardsatTheUniversityofTexasMDAnderson CancerCenterandRiceUniversity.All specimenswereacquiredfrompatientswho gaveinformedconsenttoparticipateinthestudy. Patientswereeligibleforthestudyiftheywereundergoingatotalorsegmentalmastectomy forbreast cancer.Freshtissuespecimenswereacquiredfromresidualresectedbreasttissues that werenot requiredforclinicaldiagnosis. Two tissuespecimensmeasuringapproximately 15x15x2-7mmwereacquired
	stained with asolutionof0.01%proflavinein1Xphosphatebufferedsaline (PBS)for1minute, washedin 1XPBS,andthen immediatelyimagedusingaconfocalfluorescencemicroscope. Proflavinehasbeen usedinpreviousstudiesasafluorescent contrast agenttostainnucleiin 
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	breasttissue,oralmucosa,esophagealtissue,cervicaltissue,and sarcoma .Proflavinealso stainsthemembranesofadipocyte cells. 
	25 


	Image acquisition andevaluation 
	Image acquisition andevaluation 
	Fluorescenceconfocalimageswereacquired with abenchtop confocalmicroscope (Vivascope 2500,CaliberI.D.). Followingtopicalapplicationofproflavine,specimenswerepositionedon themicroscopestageandimaged with2.1±0.4mWpowerat488nmlaserexcitationusinga 30Xwaterimmersionobjectivelenswith anumericalapertureof0.8.Theconfocalmicroscope hasa750x750µm²fieldofview(FOV)with1.0µm lateralresolutionand5.0µm axial resolution.Imageswereacquired at afocalplanedepthapproximately60µmbeneaththe tissuesurfacefromacompositegridof cont
	Fluorescenceconfocalimageswereacquired with abenchtop confocalmicroscope (Vivascope 2500,CaliberI.D.). Followingtopicalapplicationofproflavine,specimenswerepositionedon themicroscopestageandimaged with2.1±0.4mWpowerat488nmlaserexcitationusinga 30Xwaterimmersionobjectivelenswith anumericalapertureof0.8.Theconfocalmicroscope hasa750x750µm²fieldofview(FOV)with1.0µm lateralresolutionand5.0µm axial resolution.Imageswereacquired at afocalplanedepthapproximately60µmbeneaththe tissuesurfacefromacompositegridof cont
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	IDC,DCIS,orcollagenwithoutneoplasia andextending2-3mminto adipose tissue (Figure 1); 2-3mmis anarrowtumorresectionmargintypicallyusedinbreast-conservingsurgeries. 
	35 



	Adipocyte segmentation algorithm andmeasurement of adipocyte area 
	Adipocyte segmentation algorithm andmeasurement of adipocyte area 
	Wedeveloped acomputerized algorithmto segmentadipocytesandcharacterizeadipocyte morphologyin confocalimagesofbreasttissue,asshown in Figure2.Beginningwithan unprocessedconfocalimage containingadipocytes(Figure2A),thealgorithmapplied adaptive histogramequalizationto enhancethebrightnessoftheadipocytecellmembranes(Figure2B). Sinceproflavinepreferentiallystainsnuclear materialanddoesnot stainlipiddroplets, adipocytesappeared asunstained areassurroundedbynon-specificallystainedcellmembranes in confocalimages.Ed
	25,33 
	completelysegmentadipocytecellmembranes(Figure2F).In 

	largemammarycarcinomacell(Figure2H).Toavoid measuringareasofadipocyteswhich werecutoffbytheborderoftheFOV,aMatlabimageprocessingfunction (imclearborder, Mathworks®)wasappliedto delete objectsconnectedtothebordersoftheimage(Figure2I). Followingsegmentationof adipocytes,an ellipsewasfittedtoeachadipocyte to approximate itscross-sectionalarea.The meanellipseareawascalculatedforeach consecutiveFOVinROIs. 
	36 

	Afterprocessing,eachFOVwasmanuallyreviewedtodetermineifthealgorithm accuratelysegmentedadipocytescomparedtovisualexamination.Wedeveloped additional manualinteractivefunctionsto addresscasesinwhichthealgorithmresultsdidnotagreewith visualassessment.Forexample,in FOVswithveryweakly-stained cellmembranes,clustersof cellswereoccasionallyincorrectlysegmented asasingleadipocyte.Additionally, outoffocus cellmembranesinaFOVsometimescaused an individualadipocytetobeseparatedinto multiplefragments. Inthesecases,thein
	Wecomparedthemorphologyof adipocytesatthe marginsofIDCandDCIStothose extendinginto surroundingstroma.Wealso comparedthemorphologyofadipocytesatthese ROIstoadipocytessurroundingstromalcollagenin areasthatdid notcontain neoplasia. Statisticalcomparisonswere madeusingaStudent’st-testforsampleswithunequalvariances. Results Adipocytesweremeasuredin 389FOVswithin 106ROIsin composite confocalfluorescence imagesofbreasttissuespecimenscollectedfrom17patients.AsummaryofFOVs,ROIs, patientsanddiagnosesare showninTable1
	Figure3showsrepresentativeROIsthatconsistof4contiguousFOVsfromspecimens withIDC(Figure 3A),DCIS(Figure3B),andcollagen inanon-neoplasticregion (Figure3C).FOVs labeled withIarelocated adjacentto IDC,DCIS,orcollagen;theadjacentsetsof contiguous FOVs(Figure3A-C:II-IV)extendintoadiposetissue.FOVslabeledwithIV are locatedbetween2 and3mmfromthelesion edge(Figure 3A-C:I)and representatheoreticalnarrowresection margin .Figure3D showsmean adipocyte ellipse areameasuredineachFOV(Figure3A-C) usingthesegmentationalgorit
	35 
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	Figure4showsthemeanadipocyte areaversusdistancefromthemarginforall389 FOVs.Figure4Ashowsthatonaverageadipocytesadjacenttothemargin ofIDCaresmaller than thoseadjacenttobenigncollagen,whereasthemeansizeof adipocytesissimilar at2-3 mmfromthemargin.Althoughthenumberof samplesissmaller,asimilartrendisseenfor DCIS,with smalladipocytesnearthemargin,increasinginsizeat2-3 mmdistantfromthe margin.Figure4Bshowsthesamemeanadipocyte areaversusdistancefromthemargins,but datahavebeennormalizedbythemeanvaluefromtheFOVimmed
	Figure4showsthemeanadipocyte areaversusdistancefromthemarginforall389 FOVs.Figure4Ashowsthatonaverageadipocytesadjacenttothemargin ofIDCaresmaller than thoseadjacenttobenigncollagen,whereasthemeansizeof adipocytesissimilar at2-3 mmfromthemargin.Althoughthenumberof samplesissmaller,asimilartrendisseenfor DCIS,with smalladipocytesnearthemargin,increasinginsizeat2-3 mmdistantfromthe margin.Figure4Bshowsthesamemeanadipocyte areaversusdistancefromthemargins,but datahavebeennormalizedbythemeanvaluefromtheFOVimmed
	2.0X(range:0.77-4.7X)themean areaofadipocytesin FOVsadjacentto IDCmargins(Figure 4B). In tissue withDCIS,adipocytesinFOVsextendinginto adiposetissuehave an average of 1.8X(range:0.86-2.5X)themean areaofadipocytesin FOVsadjacenttoDCIS benign stroma,adipocytesin (range:0.55-3.8X)themean areaofadipocytesinFOVsadjacentto benigncollagen. 
	margins.In 
	FOVsextendingintoadiposetissuehaveanaverageof1.4X 


	Figure5showsboxandwhiskersplotssummarizingthedistribution of mean adipocyte ellipseareain FOVsversusdistancefrom themargin (Figure5A)andthedistribution of adipocyteareanormalizedbythemeanvaluefromtheFOVimmediatelyadjacentto IDC,DCIS, and collagen(Figure5B).Significantdifferencesinmeanareaareidentified withasterisks(*) andthedaggersymbol(†).AdipocytesinFOVsadjacenttoIDCandDCIShave significantlylower mean areathan adipocytesin FOVsadjacentto benigncollagen(p<0.001).Therewasno significantdifference inmean area
	andDCIS.In 

	In thisstudy,wedeveloped acomputerized algorithmtoidentifyandquantitatively characterizeadipocytesin confocalfluorescencemicroscopyimagesoffreshbreasttissue. 
	10 
	Imageswereacquiredfromfreshbreasttissuepriortostandardhistologicpreparationand fixation andthe algorithm wasusedto analyzecharacteristicsof adipocytesatsitesadjacentto andfarfromlesion marginsinneoplasticandnon-neoplastictissue.Wefoundthatadipocytes adjacenttoneoplastictissue marginsaresignificantlysmallerin areacomparedtoadipocytes farfromthemarginsofneoplasticlesionsand comparedtoadjacenttonon-neoplastic collagenousstroma. 
	Ourobservationsareconsistent withpreviousstudiesofhistologicimagesofbreastlesionsby Tan et al.andDiratetal.,whichhave qualitativelyobservedthat adipocytesadjacentto 
	11,12 
	neoplasticbreastlesionsshowphenotypicchanges, such assmallerarea.Thesestudies alsosuggestthatadipocytesadjacenttoneoplasticbreastlesionsareelongatedinshape; althoughwemeasuredcelleccentricityasametricof adipocyteshape,wedidnotobserve significantdifferencesinadipocyte shapeadjacenttoneoplasticornon-neoplasticlesions. 
	Astrength of ourstudyisthat wedemonstratethat adipocytescanbeevaluatedin confocal fluorescenceimagesoffreshtissuespecimens.Earlycomputationalmethodstoapproximate adipocytecross-sectionalareainclude manualcell countingand measurementsfromcell suspensionsandH&E stainedhistologicsections.Additionallysomepreviousstudieshave demonstratedautomated algorithmsforadipocyte segmentationincellsuspension andH&E
	37,38 
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	39-41 
	stainedhistologicslides.Björnheden et al.developed amethodto determinehuman adipocytesizeinacellsuspension .Chenet al.andOsman et al.demonstratedcomputerized methodtodetermineadipocytesizeinhistologicslidesof murinetissueorhumantissue. In ourstudyweevaluated adipocytecross-sectionalareainfreshtissues,whichdid notundergo 
	stainedhistologicslides.Björnheden et al.developed amethodto determinehuman adipocytesizeinacellsuspension .Chenet al.andOsman et al.demonstratedcomputerized methodtodetermineadipocytesizeinhistologicslidesof murinetissueorhumantissue. In ourstudyweevaluated adipocytecross-sectionalareainfreshtissues,whichdid notundergo 
	39 
	40,41 

	fixation andpreparationthat couldalteradipocyte phenotype.Whilefrozen sectionandtouch preparation arecurrentlyusedtopreparetissueforevaluation,thesetechniquescan cause distortion ofbreasttissue specimenswith adipose tissue,particularlyincasesin which core needlebiopsiesareobtained. 

	Thisstudyhassome limitations.Thecomputerizedalgorithmincorporatesauser-defined thresholdto convertimagestobinaryinordertosegmentand measureadipocytes.The variablethreshold wasneededto accountfor differencesinfluorescenceintensity,whichare basedonseveralfactors,includingthe variationin illuminationpower usedfor image acquisition andthepresence ofbackgroundfluorescencefromoutoffocussignal.Additionally thehistologictypesofbreast malignanciesrepresentedinthisstudyonlyincludedIDCandDCIS andtherewereveryfewtissue
	Ourfindingssupportpreviousobservationsthatthereisachangeinadipocytephenotypeat themarginsofneoplasticbreastlesions,includingIDCandDCIS.Wedemonstratethat adipocyteparameterscouldpotentiallycharacterizethemicroenvironment of earlyneoplastic breastcancersandsuggestpotentialforlesion growth andlocalinvasion.However,additional workisneededtoanalyzeadipocytephenotypesin breasttissueacquiredfromalargercohort ofpatientsandin awider rangeof neoplasticandnon-neoplasticbreastlesions. 
	11,12 
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	Tables 
	Tables 
	Table1:Summaryofpatientsfromwhichtissuespecimenswereacquiredandregionsof interest(ROIs)adjacenttolesion marginsconsistingof2-4contiguousFOVs,with correspondinghistologicdiagnoses. 
	Diagnosis Patients ROIs FOVs 
	Diagnosis Patients ROIs FOVs 
	IDC 17 49 168 DCIS 2 931 Collagen 17 48 190 

	All 17 106 389 
	All 17 106 389 


	FigureLegends 
	FigureLegends 
	Figure1:Schematicoftheprocedureusedtoidentifyregionsofinterest(ROIs)within adipose tissueatthemargin ofinvasive tumors.Regionswith adiposetissue adjacenttoinvasivetumors wereidentifiedinimagesoffixedtissue specimensstainedwithhematoxylin and eosinusing standardhistologiccriteria(topleft).Thesame regionswereidentifiedinthe corresponding imageacquiredwithconfocalfluorescence microscopy(topright).Whitesquaresinupperright thebottomimage,boxeswithdashedlinesindicatefourcontiguous750x750µmFOVsnextto theinvasivetu
	imageindicate4contiguousFOVsadjacenttoaninvasivetumormargin.Scalebaris750µm.In 

	Figure2:Adipocytesegmentation algorithm.A:Originalconfocalfluorescence image.B: Adaptivehistogramequalizationtoenhancebrightnessofadipocytecellmembranes.C: Adipocytecellmembraneedgesdetectedand enhanced.D:ImageAisconvertedtobinary.E: BinaryimageDandenhanced edgesin imageCarecombined.F:Closingfunctionisappliedto fillgapsinadipocytecellmembranes.G:Background(black)andsegmented areas(white)are 
	Figure2:Adipocytesegmentation algorithm.A:Originalconfocalfluorescence image.B: Adaptivehistogramequalizationtoenhancebrightnessofadipocytecellmembranes.C: Adipocytecellmembraneedgesdetectedand enhanced.D:ImageAisconvertedtobinary.E: BinaryimageDandenhanced edgesin imageCarecombined.F:Closingfunctionisappliedto fillgapsinadipocytecellmembranes.G:Background(black)andsegmented areas(white)are 
	reversedtocreatethecomplementofF.H:Openingfunctionisappliedtoremove objects smallerthan1.5Xtheareaofalargemammarycarcinomacell.I:Objectstouchingthe image borderareremoved.Scalebaris100µm. 

	Figure3:Representativeregionsofinterest(ROIs) consistingof4contiguousFOVslocated adjacenttothemarginsofinvasive ductalcarcinoma(A),ductalcarcinomainsitu(B),and benign collagen (C).I:750 x750µmFOVslocatedadjacenttonon-adiposetissuemargins.II-IV: 
	contiguousFOVsextendingupto3mmintoadiposetissue.Scalebaris100µm.(D)Mean 
	adipocyteellipse areameasuredforeachFOVshown aboveusingtheadipocyte segmentation algorithm. 
	Figure4:A:MeanadipocyteellipseareameasuredforeachFOV,measured adjacenttothe lesionedge(I)andextendinginto adiposetissue(II-IV)fortissueadjacentto IDC,DCISand benign collagen.B:Mean adipocyteellipse areameasuredforeachFOVextendinginto adipose 
	tissue(II-IV),normalizedtotheFOV adjacenttothelesionedge(I);ellipseareameasuredin tissueadjacenttoIDC,DCISandbenign collagen. 
	Figure5:Boxandwhiskersplot showingmean adipocyteellipsearea,measuredadjacenttothe lesionedge(I)andextendinginto adiposetissue(II-IV),forROIsadjacentto IDC,DCIS,and benign collagen.Asterisks(*)abovetheboxesindicatesignificantdifferencesbetweenthe meanellipseareameasuredforthesiteadjacenttothelesion edge(I)andsitesextendinginto adiposetissue (II-IV); *=p<0.05;**=p<0.01;***=p<0.001.Thesymbols(†)indicate significantdifferencesbetweenthemean ellipseareameasuredinsitesadjacenttocollagen comparedtositesadjacenttoI
	Figure
	Schematic of the procedure used to identify regions of interest (ROIs) within adipose tissue at the margin of invasive tumors. Regions with adipose tissue adjacent to invasive tumors were identified in images of fixed tissue specimens stained with hematoxylin and eosin using standard histologic criteria (top left). The same regions were identified in the corresponding image acquired with confocal fluorescence microscopy (top right). White squares in upper right image indicate 4 contiguous FOVs adjacent to a
	Figure
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	Adipocyte segmentation algorithm. A: Original confocal fluorescence image. B: Adaptive histogram equalization to enhance brightness of adipocyte cell membranes. C: Adipocyte cell membrane edges detected and enhanced. D: Image A is converted to binary. E: Binary image D and enhanced edges in image C are combined. F: Closing function is applied to fill gaps in adipocyte cell membranes. G: Background (black) and segmented areas (white) are reversed to create the complement of F. H: Opening function is applied 
	Figure
	Representative regions of interest (ROIs) consisting of 4 contiguous FOVs located adjacent to the margins of invasive ductal carcinoma (A), ductal carcinoma in situ (B), and benign collagen (C). I: 750 x 750 µm FOVs located adjacent to nonadipose tissue margins. IIIV: contiguous FOVs extending up to 3 mm into adipose tissue. Scale bar is 100 µm. (D) Mean adipocyte ellipse area measured for each FOV shown above using the adipocyte segmentation algorithm. 251x320mm (150 x 150 DPI) 
	Figure
	A: Mea  adipocyte ellipse area measured for each FOV, measured adjace t to the lesio  edge (I) a d exte di g i to adipose tissue (II-IV) for tissue adjace t to IDC, DCIS a d be ig  collage . B: Mea  adipocyte ellipse area measured for each FOV exte di g i to adipose tissue (II-IV),  ormalized to the FOV adjace t to the lesio  edge (I); ellipse area measured i  tissue adjace t to IDC, DCIS a d be ig  collage . 311x149mm (150 x 150 DPI) 
	Figure
	Box an  whiskers plot showing mean a ipocyteellipse area, measure  a jacent to the lesion e ge (I) an  exten ing into a ipose tissue (II-IV), forROIsa jacentto IDC, DCIS, an  benign collagen. Asterisks (*) above the boxes in icate significant  ifferences between the mean ellipse area measure for the site a jacent to the lesion e ge (I) an  sites exten inginto a ipose tissue (II-IV); *=p<0.05; ** =p<0.01; *** =p<0.001. The symbols (†)in icatesignificant  ifferences between themean ellipsearea measure  in sit




