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ABSTRACT   

Visual estimation of tumor and stroma proportions in microscopy images yields a strong, Tumor-(lymph)Node-
Metastasis (TNM) classification-independent predictor for patient survival in colorectal cancer. Therefore, it is also a 
potent (contra)indicator for adjuvant chemotherapy. However, quantification of tumor and stroma through visual 
estimation is highly subject to intra- and interobserver variability. The aim of this study is to develop and clinically 
validate a method for objective quantification of tumor and stroma in standard hematoxylin & eosin (H&E) stained 
microscopy slides of rectal carcinomas. A tissue segmentation algorithm, based on supervised machine learning and 
pixel classification, was developed, trained and validated using histological slides that were prepared from surgically 
excised rectal carcinomas in patients who had not received neoadjuvant chemotherapy and/or radiotherapy. Whole-slide 
scanning was performed at 20× magnification. A total of 40 images (4 million pixels each) were extracted from 20 
whole-slide images at sites showing various relative proportions of tumor and stroma. Experienced pathologists provided 
detailed annotations for every extracted image. The performance of the algorithm was evaluated using cross-validation 
by testing on 1 image at a time while using the other 39 images for training. The total classification error of the algorithm 
was 9.4% (SD = 3.2%). Compared to visual estimation by pathologists, the algorithm was 7.3 times (P = 0.033) more 
accurate in quantifying tissues, also showing 60% less variability. Automatic tissue quantification was shown to be both 
reliable and practicable. We ultimately intend to facilitate refined prognostic stratification of (colo)rectal cancer patients 
and enable better personalized treatment. 
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1. INTRODUCTION  
Colorectal cancer (CRC) has become the third most common cancer in the world, with a global incidence of nearly 1.4 
million cases in 2012 [1]. In the United States, the 5-year survival for CRC is 64.7%, based on follow-up data from 
2004-2010 [2]. Currently, the two most important prognostic factors in CRC are depth of tumor invasion and the 
presence or absence of lymph node metastases. The prognostic value of these factors were first described in 1935 and 
they now form the core of the routinely used Tumor-(lymph)Node-Metastasis (TNM) classification and staging system 
[3]. For patients with early stage disease and those with advanced CRC, the TNM system provides strong prognostic 
information. However, for predicting individual patient outcome in stage II CRC, the TNM system proves to be less 
adequate [4]. Patients diagnosed at the same stage of disease often show significantly varying outcomes [5, 6]. 
Furthermore, adjuvant chemotherapy (fluorouracil combined with folinic acid) was found to provide only a small benefit 
(3.6%) for stage II CRC patients, compared to no adjuvant treatment [7]. This clearly demonstrates the need for 
advanced diagnostics that will allow a refined prognostic stratification of CRC patients and accurately identify those who 
may benefit from adjuvant therapy. 

By now it is established that intra-tumoral stroma, often referred to as the tumor microenvironment, has an important role 
in tumor cell invasion and the ability to metastasize [8]. In CRC, patient prognosis was shown to be associated with the 
number of myofibroblasts in the stroma and the degree of stromal desmoplasia [9-12]. Furthermore, recent studies on 
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CRC prognostics revealed that quantification of relative tumor and stroma proportions in microscopy images, through 
visual estimation, yields a strong, TNM classification-independent predictor for patient survival [13-16]. A high 
percentage of stroma was related to a low disease-specific survival, whereas a low stroma percentage predicted a more 
favorable outcome. These results suggest that quantification of tumor and stroma should be used as a new prognostic 
marker for CRC and as a (contra)indicator for adjuvant chemotherapy.  

However, tissue quantification through visual estimation is highly subject to intra- and interobserver variability. 
Although pathologists could employ a less subjective technique for estimating tissue proportions, like point counting, 
this would require the selection of  a (very) small part of the whole-slide image in order for this method to remain 
practicable [14]. Since CRC histology often shows significant variations in local tumor and stroma proportions, the 
assessment of only a small part of the malignancy could render tissue quantities that are not representative for the 
malignancy as a whole. Therefore, in this study we aim to develop and clinically validate an automated method for 
objective quantification of tumor and stroma in standard hematoxylin & eosin (H&E) stained microscopy slides of rectal 
carcinomas. Through the application of our automated method on large malignant areas in whole-slide images, we 
ultimately intend to achieve refined prognostic stratification of (colo)rectal cancer patients and allow for better 
personalized treatment options. 

 

2. METHODS 
2.1 Images  

Histological slides were prepared from surgically excised rectal carcinomas in patients who had not received 
neoadjuvant chemotherapy and/or radiotherapy. Slide preparation involved standard fixation of 5µm tissue sections and 
H&E-staining. Whole-slide scanning was performed at 20× magnification (~0.21µm2/pixel) using a Hamamatsu 
NanoZoomer scanner (Herrsching, Germany). In accordance with Dutch law and national ethical guidelines ("Code for 
Proper Secondary Use of Human Tissue", Dutch Federation of Medical Scientific Societies), no specific patient consent 
was required for this study, provided that all material is anonymized.  

For training and validation of the algorithm, 20 whole-slide images showing proper staining and fixation quality were 
selected (i.e. showing the full H&E color spectrum, red/pink to purple/blue and very few tears/cracks in the tissue). Since 
these whole-slide images contain various cells/tissues (e.g. fat, muscle, healthy epithelium, stroma, erythrocytes, tumor, 
necrotic debris, lymphocyte infiltrations, etc.) a Region Of Interest (ROI), which would include only tumor and 
(desmoplastic) stroma, was drawn in every selected whole-slide image. Large fields of necrosis were explicitly left out of 
the ROI's. From every selected whole-slide image, two smaller images of 2000-by-2000 pixels were extracted from 
within the ROI, while ensuring that various tumor-stroma proportion ratios were represented by the resulting 40 images.  

In this study, we considered the tumor and stroma proportions to be complementary. Therefore, the 40 images were 
annotated using only tumor or stroma labels (Figure 4b). These annotations were provided by experienced pathologists 
using GIMP (GNU Image Manipulation Program, version 2.8.4). The annotated images were considered as ground truth. 

2.2 Algorithm 

The proposed algorithm for automatic segmentation and quantification of tumor and stroma was developed in MATLAB 
R2014a and the Image Processing Toolbox (The MathWorks, Natick, MA, USA). It is based on supervised machine 
learning and pixel classification. For training and classification, PRTools, a Pattern Recognition Toolbox for MATLAB, 
was used [17]. The algorithm can be described in the following steps (Figure 1):  

Pre-classification: Each pixel in an input image is pre-classified as "white", "nucleus" or "cytoplasm" (Figure 2). White 
pixels, or optically empty pixels, are found by converting the Red-Green-Blue (RGB) input image to CIE L*a*b* color 
space followed by the application of an intensity threshold on the luminance channel L* (Figure 2b). The identified 
white pixels have hereby received their final classification label. The rest of the algorithm serves to find a final 
classification label for all non-white pixels. Since H&E-stained nuclei are blue/purple and cytoplasm is pink/red, the 
distinction between nucleus and cytoplasm pixels is achieved by converting the RGB image to the Hue-Saturation-Value 
(HSV) color space followed by local adaptive thresholding of the hue channel H with a disk-shaped kernel. Pre-
classification results in a rough segmentation of nucleus and cytoplasm pixels which is required in the next step for the 
extraction of descriptive features (Figure 2c). 

Proc. of SPIE Vol. 9420  94200F-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/27/2015 Terms of Use: http://spiedl.org/terms



39 Traininl

Pre -classi:

1 Validatic

Pre -classi

g images

fication

)n image

fication

Feam

extrac1

Featu

extract

ire
-Lion

.ire

tion

'39 Annotati

Training

i
Trained clay

I
Classificai

ions

sifier ¡

fion

C

39 Anno1

1 Annota

Correction

:ross- validati(

tated images f

r)
tted image for

1

1

on:

For training

validation

Annotation

IF

Validation

 

 

Feature extra

• Local dens

• Local dens

• Local dens

• Luminance

• Hue (Figur

• Local dire
unidirectio

The first thre
Gaussian-wei
classification
component o
luminance im

Training: A n
that were pro
(Figure 2b) w

Classification
every non-wh

Correction: S
From a conte
very unlikely
classification
fields of whi
cells). After t

 

 

 

Figure 1. 
validation

ction: In order

sity of nucleus

sity of cytopla

sity of small w

e (Figure 3d). 

re 3e). This fe

ction magnitu
onal structures

ee features (lo
ighted neighb
 step and are

of the gradien
mage. 

normal-densit
ovided by the 
were considere

n: The pre-tra
hite pixel in th

Since our meth
extual perspec
y to be correc
 labels are flip
te pixels are 

the corrections

Block diagram 
n, the 40 annota

r to differentia

s pixels (Figur

asm pixels (Fig

white objects (

This feature w

eature was insp

ude (Figure 3f
s at a pixel lev

ocal densities)
borhood of e
e used direct
nt vectors tha

ty-based quad
pathologists a

ed during train

ained quadrati
he new image 

hod is pixel-b
ctive, small gr
ct (e.g. 4 strom
pped for these
re-classified a
s have been ap

of the propose
ated images are 

ate between tu

re 3a). This fe

gure 3b). This

(Figure 3c). Th

was inspired b

pired by local

f). This featur
vel. 

) are based on
each pixel. T
tly as feature
at are derived

dratic classifie
and PRTools (
ning.  

ic classifier an
(Figure 1). 

based, some c
roups of pixe
ma pixels iso
e small group
as tumor (for
pplied, each p

d tissue segmen
consecutively u

umor and stro

eature was insp

s feature was i

his feature wa

by local variat

l variations in 

re was inspire

n pre-classific
The luminanc
es here. The 
d from the G

er was trained
(Figure 1). On

nd the extract

classification e
ls isolated in 
lated in a larg

ps of "unlikely
r they are mo
pixel has receiv

ntation and qua
used for trainin

ma, a total of 

pired by local

inspired by lo

as inspired by 

tions in H&E-

H&E-stained

ed by local va

cation output 
ce and hue f
local directio
aussian-weigh

d using the ext
nly those featu

ted features f

errors occur, o
a large field 
ge field of tu

y pixels". Furt
st likely to be
ved its final c

antification algo
g and validation

f 6 features are

l variations in 

ocal variations

local variatio

-stained tissue

d tissue color. 

ariations in th

(Figure 2c) a
features are c
on magnitude 
hted neighbor

tracted featur
ure values bel

from a "new i

often concern
of pixels with

umor pixels). 
thermore, sma
e tumor debri
lassification l

orithm. Through
n. 

e extracted:  

nucleus pixel

s in cytoplasm

ons in tissue lo

e brightness. 

he tissue's tend

and are calcula
calculated du

is based on 
rhood of each

es, the detaile
longing to non

image" are us

ning small gro
h a different c
During the co
all "stroma isl
is or bits of n
abel (Figure 4

h the applicatio

l density. 

m pixel density

ooseness. 

dency to form

ated using the
uring the pre

the principa
h pixel in the

ed annotations
n-white pixels

sed to classify

oups of pixels
class-label are
orrection step
lands" in large
necrotic tumor
4c). 

on of cross-

y. 

m 

e 
-

al 
e 

s 
s 

y 

s. 
e 

p, 
e 
r 

 

Proc. of SPIE Vol. 9420  94200F-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/27/2015 Terms of Use: http://spiedl.org/terms



, -, ..; .a ...
..

t 1

tSr

4

I

P ..' '1
f t,

t

r 1`

I

 

 

Figure 2. 
their final

 

 

Figure 3. 
cytoplasm

  
 

  

  

Pre-classificati
l classification l

Features (extra
m pixels. (c) Loc

 (a) 

 (d) 

(a) 

ion. (a) Input im
label. (c) Rough

acted from the 
cal density of sm

 
  

 
  

 
  

mage (1 megapi
h segmentation 

input image in
mall white obje

 

 

 

ixel example). 
of nucleus (pur

n Figure 2a). (a
ects. (d) Lumina

       (b) 

       (e) 

      (b) 

(b) Segmented 
rple), cytoplasm

a) Local density
ance. (e) Hue. (

white pixels, t
m (pink) and wh

y of nucleus pix
(f) Local directi

    

 

 

these pixels hav
hite pixels. 

xels. (b) Local 
ion magnitude. 

 (c) 

 (f) 

 (c) 

ve received 

density of 

 

 

Proc. of SPIE Vol. 9420  94200F-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/27/2015 Terms of Use: http://spiedl.org/terms



r

 

 

2.3 Validati

The performa
used for testi
image is used
each of the 40

The tissue se
tissue quantif
classified non
classification
the (averaged
asked to mak
without consi
quantification
individually t
derived from 

 

Figure 4. 
and strom
as well as

 

Tumor and s
correction ste
the non-whit
classified as 
Furthermore, 

Based on the
quantification
(Figure 5). T
estimation (a
quantifying t
empty space w
a 60% smalle

  

on  

ance of the alg
ing/validation
d for validatio
0 images.  

gmentation pe
fication perfor
n-white pixels
 performance

d) quantificati
ke an estimati
idering white,
n performanc
to the actual (
the precise an

Pixel classifica
ma (gray) . (c) R

 stroma pixels w

stroma were 
ep. The total c
e pixels was 
stroma. Clas
some misclas

e final segme
n methods (al
he tumor qua

averaged for th
tumor. Howev
when estimati

er standard dev

 (a) 

gorithm was e
n while the oth
on and the prev

erformance, i.
rmance. The c
s, i.e. stroma 
, the tissue qu
on capabilitie
ion of the pro
, optically emp
e was calcula
ground-truth-b
nnotation imag

ation. (a) Image
Result after pixe
wrongly classif

segmented in
classification e

wrongly clas
ssification err
ssifications we

entation/class
lgorithm and 

antification err
he two pathol
ver, this diffe
ing tissue qua
viation compa

 
  

evaluated usin
her 39 image
vious validati

.e. classificati
classification e
pixels incorre

uantification p
es of two expe
oportion of tu

mpty space). Du
ated for both
based) tumor 
ges). 

e to be classified
el classification
fied as tumor (re

3
n all 40 imag
error of the al
ssified as tum
ors mainly o
ere seen in de

ification ima
visual estima

ror was -0.6%
logists). On a

erence is likel
antities. More 
ared to visual 

 

ng cross-valid
es were used f
ion image is a

on performan
error was foun
ectly classifie
performance o
erienced patho
umor in relatio
uring visual e

h methods (al
proportions (

d (1 megapixel
n and correction
ed) and tumor p

. RESULT
ges through t
lgorithm was 

mor and 5.0%
ccurred at th
nse lymphocy

ges, tumor a
ation) showed

% (SD = 4.6%
average, the a
ly due to the 
importantly, q
estimation by

       (b) 

dation (Figure 
for training a

added to the tr

nce, of the alg
nd by calculat
d as tumor, a

of the algorithm
ologists using 
on to the tota
estimation, 1 p
lgorithm and 
i.e. by compa

l example). (b) 
n: Correctly cla
pixels wrongly 

TS 
the applicatio
9.4% (SD = 3

% (SD = 3.2%
he transition b
yte infiltration

and stroma pr
d an underesti

%) for the algo
algorithm was

inability of t
quantification 
y the two huma

1). One of th
a classifier. In
raining set. Th

orithm was ev
ting the averag
and vice versa
m was also ev
visual estima

al amount of t
percent increm

visual estim
aring to the tum

Pathologist ann
assified tumor (
classified as str

n of pixel cl
3.2%). On ave

%) of the non
between tumo
ns and patches

roportions we
imation of th

orithm and -4.
 7.3 times (P 
the human ey
of tumor base

an experts. 

    

he 40 annotate
n the next cyc
his process wa

valuated separ
ge percentage
a (Figure 4). A
valuated by co
ation. The path
tissue in all 4
ments were us

mation) by com
mor quantities

notations of tum
(black) and stro
roma (blue). 

lassification f
erage, 4.4% (S
-white pixels 
or and stroma
s of necrotic d

ere calculated
he actual tumo
4% (SD = 7.4
 = 0.033) mo
ye/mind to ig
ed on the algo

 (c) 

ed images was
cle, a differen
as repeated for

rately from its
 of incorrectly
Apart from its
omparing with
hologists were

40 images (i.e
ed. The tumor
mparing them
s that could be

mor (black) 
oma (gray), 

followed by a
SD = 2.5%) o

was wrongly
a (Figure 4c)
ebris. 

d. Both tissue
or proportions
4%) for visua

ore accurate in
nore optically

orithm showed

s 
nt 
r 

s 
y 
s 
h 
e 
e. 
r 

m 
e 

 

a 
f 
y 
). 

e 
s 

al 
n 
y 
d 

Proc. of SPIE Vol. 9420  94200F-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/27/2015 Terms of Use: http://spiedl.org/terms



I
1

 

 

Figure 5.
(averaged

 

The work des
application o
quantification
the quantifica
also provided
could therefo
to the time a
algorithm is t

The proposed
adequate for 
other relevan
directed towa
on large mal
(colo)rectal c

 

[1] Wor
2015
Janu

[2] Surv
Shee
Janu

 

  
  

. Tissue quan
d). Algorithm re

scribed in this
f a pixel clas
n results based
ation results t
d the ground 
ore be derived 
and effort is t
therefore the m

d method use
distinguishing

nt tissue comp
ard improvem
lignant areas 
ancer patients

rld Cancer Re
5, <http://w
uary 2015). htt
veillance Epid
ets," National
uary 2015). htt

 
 

Tu
m

or
 q

ua
nt

ifi
ca

tio
n 

er
ro

r (
in

 %
) 

ntification perfo
esults are based 

4. 
s paper shows
ssifier that has
d on automati
that relied on 
truth segmen
directly from

takes to accur
most practical

es only 6 des
g tumor from
ponents, like 
ent of the algo
in whole-slid
s and enable b

esearch Fund
www.wcrf.org
tp://www.wcr
demiology an
l Cancer Inst
tp://seer.cance

       

formance: Algo
on cross-valida

CONCLU
s that automat
s been trained
ic segmentatio

visual estima
ntation for eac
m these annota
rately annotat
 way to achiev

scriptive featu
m stroma, addi

necrotic debr
orithm and a m

de images, we
better personal

R

d Internationa
g/int/cancer-fa
rf.org/int/canc
nd End Result
titute, 1 Janua
er.gov/statfact

  Algorithm

orithm versus 
ation of 40 ima

SION AND 
tic segmentati
d on annotate
on of tumor an
ation by two
ch image, and
ations, such a
te large areas
ve tissue quan

ures for traini
itional feature
ris and dense 
more extensiv
e ultimately in
lized treatmen

REFERENCE

l, "Colorectal
acts-figures/da
cer-facts-figure
ts Program, "
ary 2015, <h
ts/html/colore

      

visual estima
ges (4 million p

DISCUSSIO
ion of tumor a
ed images. Du
nd stroma wh
pathologists. 

d a nearly per
method is hig
 in histologic

ntification with

ing and class
es are probabl
lymphocyte i

ve validation. 
ntend to facil

nt.  

ES 

l Cancer Stat
ata-specific-ca
es/data-specif

"Cancer of th
http://seer.canc
ect.html 

    Visual est

tion by two 
pixels each).  

ON 
and stroma is 
uring validatio
here more accu

Although in 
rfect quantific
ghly impractic
cal slides. Imp
h high accura

sification. Alth
ly needed for
infiltrations. O
Through the a
litate refined 

tistics," WCR
ancers/colorec
fic-cancers/col
he Colon and 
cer.gov/statfac

timation 

experienced p

highly feasib
on we found t
urate and less
this study, th

cation of tumo
cal in everyda
plementation 
cy and low va

hough these 
r a reliable ide
Our future res
application of 
prognostic st

RF Internation
tal-cancer-sta
lorectal-cance
Rectum - SE

cts/html/color

 

Overestimat

Underestima

athologists 

le through the
that the tissue

s disperse than
he pathologists
or and stroma

ay practice due
of a trainable

ariability. 

features seem
entification o
search will be

f our algorithm
tratification o

nal, 1 January
atistics> (12
er-statistics 
EER Stat Fac
rect.html> (14

tion 

ation 

 

e 
e 
n 
s 
a 
e 
e 

m 
f 
e 

m 
f 

y 
2 

ct 
4 

Proc. of SPIE Vol. 9420  94200F-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/27/2015 Terms of Use: http://spiedl.org/terms



 

 

[3] Union for International Cancer Control, Sobin, L. H., Gospodarowicz, M. K., Wittekind, C., [TNM 
Classification of Malignant Tumours, 7th Edition], Wiley-Blackwell (2009).  

[4] Schneider, N. I., Langner, C., "Prognostic stratification of colorectal cancer patients: current perspectives," 
Cancer Management and Research 6, 291-300 (2014). 

[5] Lyall, M. S., Dundas, S. R., Curran, S., Murray, G. I., " Profiling markers of prognosis in colorectal cancer," 
Clinical Cancer Research 12(4), 1184-91 (2006). 

[6] Compton, C. C., "Optimal pathologic staging: defining stage II disease," Clinical Cancer Research 13(22), 
6862-70 (2007). 

[7] QUASAR Collaborative Group, Gray, R., Barnwell, J., McConkey, C., Hills, R. K., Williams, N. S., Kerr, D. J., 
"Adjuvant chemotherapy versus observation in patients with colorectal cancer: a randomised study," Lancet 
370(9604), 2020-9 (2007). 

[8] De Wever, O., Mareel, M., "Role of tissue stroma in cancer cell invasion," Journal of Pathology 200(4), 429-47 
(2003). 

[9] Halvorsen, T. B., Seim, E., "Association between invasiveness, inflammatory reaction, desmoplasia and 
survival in colorectal cancer," Journal of Clinical Pathology 42(2), 162-6 (1989). 

[10] Shepherd, N. A., Baxter, K. J., Love, S. B., "The prognostic importance of peritoneal involvement in colonic 
cancer: a prospective evaluation," Gastroenterology 112(4), 1096-102 (1997). 

[11] Sis, B., Sarioglu, S., Sokmen, S., Sakar, M., Kupelioglu, A., Fuzun, M., "Desmoplasia measured by computer 
assisted image analysis: an independent prognostic marker in colorectal cancer," Journal of Clinical Pathology 
58(1), 32-8 (2005). 

[12] Tsujino, T., Seshimo, I., Yamamoto, H., Ngan, C. Y., Ezumi, K., Takemasa, I., Ikeda, M., Sekimoto, M., 
Matsuura, N., Monden, M., "Stromal myofibroblasts predict disease recurrence for colorectal cancer," Clinical 
Cancer Research 13(7), 2082-90 (2007). 

[13] Huijbers, A., Tollenaar, R. A. E. M., Van Pelt, G. W., Zeestraten, E. C. M., Dutton, S., McConkey, C. C., 
Domingo, E., Smit, V. T. H. B. M., Midgley, R., Warren, B. F., Johnstone, E. C., Kerr, D. J., Mesker, W. E., 
"The proportion of tumor-stroma as a strong prognosticator for stage II and III colon cancer patients: validation 
in the VICTOR trial," Annals of Oncology 24(1), 179-85 (2013). 

[14] West, N. P., Dattani, M., Mcshane, P., Hutchins, G., Grabsch, J., Mueller, W., Treanor, D., Quirke, P., Grabsch, 
H., "The proportion of tumour cells is an independent predictor for survival in colorectal cancer patients," 
British Journal of Cancer 102(10), 1519-23 (2010). 

[15] Mesker, W. E., Liefers, G. J., Junggeburt, J. M. C., Van Pelt, G. W., Alberici, P., Kuppen, P. J. K., Miranda, N. 
F., Van Leeuwen, K. A. M., Morreau, H., Szuhai, K., Tollenaar, R. A. E. M., Tanke, H. J., "Presence of a high 
amount of stroma and downregulation of SMAD4 predict for worse survival for stage I-II colon cancer 
patients," Cellular Oncology 31(3), 169-78 (2009). 

[16] Mesker, W. E., Junggeburt, J. M. C., Szuhai, K., De Heer, P., Morreau, H., Tanke, H. J., Tollenaar, R. A. E. M., 
"The carcinoma-stromal ratio of colon carcinoma is an independent factor for survival compared to lymph node 
status and tumor stage," Cellular Oncology 29(5), 387-98 (2007). 

[17] Duin, R. P. W., Juszczak, P., Paclik, P., Pekalska, E., De Ridder, D., Tax, D. M. J., Verzakov, S., "PRTools4.1, 
A Matlab Toolbox for Pattern Recognition," Delft University of Technology (2007).  

 

Proc. of SPIE Vol. 9420  94200F-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/27/2015 Terms of Use: http://spiedl.org/terms


