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a  b  s  t  r  a  c  t

Multimodal  imaging  techniques  aim to  improve  the  efficiency  of current  cancer  diagnostic  methods  and
provide  greater  insight  into  the  tumour  microenvironment.  Second  harmonic  generation  microscopy
(SHG)  is a  non-destructive  imaging  technique  available  to  researchers  for  detecting  the  changes  in  the
morphology  of collagen.  Researchers  aim to  understand  the  role  played  by  changes  in collagen  morphol-
ogy  in  tumour  development.  Hybrid  imaging  methods  are  able  to combine  the  specificity  of  collagen
detection  by  SHG  with other  narrow  ranged  fluorescent  or biochemical  markers,  leading  to  higher  effi-
eywords:
econd harmonic generation
ollagen
ancer

mage analysis
onlinear optics

ciency  of  cancer  diagnosis  and  grading.  Different  cancer  diagnoses  have  been  detected  efficiently  by  these
methods,  with  higher  clarity  than  standard  protocols.  Higher  contrast  between  malignant  and  normal  tis-
sue,  achieved  using  high  content  imaging  using  SHG,  have  also  allowed  for development  of non-invasive
follow-up  of  cancer  treatment  methods.  The  aim of  this  review  is  to provide  an  overview  of  the  analysis
techniques  currently  used  to further  improve  the  efficiency  of cancer  detection.

© 2016  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

The latest reports from the National Cancer Initiative show that
ancer has grown to become the 2nd largest cause for death in
he United States, behind only heart disease. Beyond the emotional
rauma suffered by families across countries worldwide, cancer also
as a very high economic impact on countries all over the world
1,2]. A recent study by the Agency for Healthcare Research and
uality estimated that $88.7 billion were spent just over 4 years
ack in 2011. With the rising costs, and the fragile state of the econ-
my, cancer has progressed in importance and there remains a need
or immediate action, in spite of mortality trends suggesting that
he situation has improved, as can be seen in Fig. 1.

Multimodal imaging has sought to provide early diagnosis and
 better understanding for several of the fast acting types of can-
ers that are becoming a common fixture of the health-care sector.
echniques such as second harmonic generation (SHG) microscopy
ave provided researchers a hybrid imaging technique which can
ffer biochemical insights into clinical samples, and yield informa-
ion on a multitude of tumour diagnoses. SHG imaging uses two
ncoming photons having the same wavelength, scatter after inter-
cting with a chiral molecule, and produce one photon of exactly
alf the incoming wavelength. The most important characteris-
ics of imaging collagen or other SHG-active biomolecules, are to

rstly consider their ability to polarize the incident laser beams,
ue to their non-centrosymmetric structure. The second takeaway
oint from SHG imaging is that the technique is very sensitive to
hanges in molecular orientation, which is especially valid for 3-D

Fig. 1. Latest cancer trends report indicating the mortality rate of cancer in 
Fig. 2. Jablonski diagram representing the excitation of two near infrared photons,
into  a single visible photon of double the wavelength in an SHG  setup.

structures. The aforementioned variables lead to a major differ-

ence in the data analysis, when considering the conformal changes
between different types of collagen, as it influences the tensor ratios
obtained which are sensitive to the density and conformations of
collagen [3,4] (Fig. 2).

different types of cancer and their mortalities in men  and women  [1].
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ig. 3. SHG image of a melanoma growth in sub-dermal tissue of a mouse. Image
idth was  6.6 mm  [12]. Reproduced with permission.

SHG imaging has been shown to have many advantages over
raditional immunohistochemistry staining techniques or fluores-
ence microscopy. It is a non-linear optical approach towards
maging tissues both in situ as well as being a part of endomi-
roscopy approaches [5–7]. The SHG imaging approach is a
on-staining, energy conservative technique. This is most suitable

or non-destructive imaging of tissues, while simultaneously allow-
ng for the internal visualization of the samples be clear. The most
mportant prerequisite condition for SHG-active sites within the
issues is therefore to be a non-centrosymmetric salient component
ithin, which are selectively detected by the incident beam. Com-
on examples of SHG active molecules, known as harmonophores

re collagen types I and III, myosin (when present within acto-
yosin complexes), and cholesterol crystals (ChC) which are chiral

n nature [8–10].
Studies conducted by Su et al. [11] have shown that extracellular

atrix (ECM) alterations are a very important indicator for different
inds of tumour growth within corneal, colonic, cardiac, breast, and
varian tissues. Intensity based SHG imaging can yield clear images
f the modifications of the tissue structure, by elucidating collagen
rientation changes in the ECM, as can be seen in Fig. 3, which is an
mage taken of a sub-dermal tumour in a mouse, from the studies
onducted by Brown et al. [12].

The most common challenge in methods such as SHG are that
here is a complex amount of data generated for each tissue
maging, based on the fact that the harmonophores show varying
ntensity with polarization of the incident beams. These intensities,

easurements of the forward, backward-scattering beams, and the
ariations of the angular pitch of the harmonophores necessitate a
eed for detailed analysis of the data generated. A significant con-
urrence needs to be achieved for the understanding of the results
enerated by this field of high content imaging.

. State of the art

It is interesting to note that the discovery of SHG as an imaging
ool was by accident, and a consequence of experiments carried
ut to expand their knowledge in piezoelectricity. Two  young
esearchers Fukada and Yasuda, who were working on a piece of
chilles tendon observed a macroscopic polarity to the sample.
his polarity was hypothesized to be a consequence of charged
epeating groups in crystal form, which was further confirmed by

ang a few years later [13]. Together these observations created
he breakthrough which allowed for biological molecules having
hiral symmetry be visualized in a non-linear manner, without
ompromising the structural or chemical integrity of the samples.
ls Discovery 1 (2015) 10–20

One of the first examples shown to be easily differentiated on
the basis of SHG imaging were rat tail tendons and trachea car-
tilage, as they both contain collagen, but of different types [11].
These studies were gradually improved on to image differences
in collagen morphology in mouse ovary, skin and bone sam-
ples [14].

It was  observed that combining SHG with techniques such as
two photon excitation fluorescence (TPEF) microscopy or coherent
anti-Stokes Raman spectroscopy (CARS) can help provide bio-
chemical specificity to the tissues being imaged. With the help
of additional, non-destructive non-linear optics, further informa-
tion about cancers such as basal cell carcinoma (BCC) were readily
available, as shown by Vogler’s group in 2010 [15]. The presence of
fat reservoirs, collagen modifications, and fluorescing proteins was
visualized by this multimodal imaging technique (as seen in Fig. 4),
providing new insight into BCC, which is an extremely fast act-
ing cancer with a high mortality rate, as observed by Jemal’s study
in 2008 [16]. These studies further made the case for high con-
tent imaging to be popularized all over the world. Fig. 4 elucidates
how different imaging techniques used for identifying specific bio-
chemical or structural signatures, such as collagen detected by SHG
microscopy and CARS showing the fat reservoirs in the cancer tissue
can be linked together to provide a holistic view of how malignant
tissues metabolize nutrients and later metastasize. These studies
further made the case for high content imaging, to be popularized
all over the world, in order to provide an early detection system for
spread of cancer tissue [17–19].

As demonstrated for BCC, dermal tissues were one of the first
imaged using SHG due to the ease of access and availability of sam-
ples [20,21]. Chen and his group, showed SHG and TPEF as a viable
hybrid imaging tool [22], by simultaneously imaging collagen and
elastin respectively. There was a clear difference observed in how
the scars and normal dermis showed different levels of elastin and
collagen presence.

Cicchi et al. demonstrated in 2010 how structurally different
hypertrophic scarring in keloids is from healthy dermis at the
micron scale [9,23]. It was observed that normal dermis con-
tained a randomly mixed presence of collagen and elastin, whereas
keloids showed well aligned boundaries of collagen with very min-
imal presence of elastin. As keloids are present only in humans
[22,24,25], and the nature of keloids have been shown to be influ-
enced by melanin content, studies such as these hold great promise
in the fields of tissue engineering. These studies were further
substantiated by independently analysing the orientation of the
collagen fibres formed, through fast Fourier transform (FFT) anal-
ysis. It was  clear the isotropic nature of collagen fibres in keloids
matched well with the visual observations made previously by Su
et al. in 2011 [21,23,25–27].

The success of SHG imaging spurred interest in the early
detection of breast cancer. In order to understand the significant
difference between the clarity of tissue sections, Ambekar com-
pared the haematoxylin & eosin stained (H&E) sections with the
collagen mapped using SHG [28]. The sensitivity of SHG in detecting
changes in collagen morphology has proved to be a game changer
for this aspect of breast cancer detection at an early stage, as
shown in Fig. 5. As seen below, the SHG imaging clearly marks
the regions of interest where collagen alteration is taking place
in the cancer tissue, thereby showing the relation between its
conformations, which can contribute towards developing tumour
biomarkers using SHG. Several groups such as Brown, Burke, Con-
klin, and Ajeti have defined aspects of breast cancer types based on
SHG [20,29,31,32].
The process of ECM modifications in cartilage and mammary
tissues was studied in depth by Burke and co-workers in 2015
[29,30]. In their studies they aimed to provide visual confirmation
of the hypothesis put forward by Conklin in 2011 [31] regarding
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round  the carcinoma, (D) hybrid image of all three techniques, (E) brightfield im
ighlighted for imaging [15]. Copyright Wiley-VCH Verlag GmbH & Co. KgaA. Repro

ow collagen fibres re-align themselves from a randomly ordered
tate to that of a structured form, as evidenced by the their imag-

ng of mammary tumours which is shown in Fig. 6. Conklin defined
is theory on tumour associated collagen signatures (TACs) on this
asis, which we shall delve into later during this review. Here too,

Fig. 5. H&E and SHG imaging comparison for grades of bre
 collagen organization around the carcinoma, (C) CARS showing the fat reservoirs
 the carcinoma, (F) H&E staining of the tissue to provide perspective, with insets

 with permission.

SHG imaging agrees with the standard pathology of improve the
early diagnosis, detection of breast cancer.
Another salient example of the application of SHG in cancer
detection was towards the diagnosis of liver fibrosis. By combining
TPEF with SHG, clear SHG-fibrosis indices were established, which

ast cancer tissues [29]. Reproduced with permission.



14 A. Boddupalli, K.M. Bratlie / Materials Discovery 1 (2015) 10–20

F lagen 

o es to c

w
r
f
a
d

3

s
c
d
a
p
i
b
n
d
T
d
a

i
c
l
y
t
p
t
c
(
t
a
h
s

3

c
�
a

P

ig. 6. (left, red) Collagen organization at the onset of breast cancer, (left, blue) col
f  SHG signal [30]. Reproduced with permission. (For interpretation of the referenc

ere confirmed by the Metavir scoring of fibrosis [33,34]. This cor-
elation of fibrosis indices, developed by Gailhouste in 2011[35] is
urther vindication of the multimodal imaging process, using SHG
nd TPEF as a hybrid imaging platform, which also elucidates the
ifference in the mechanisms between the two methods [36].

. Analysis techniques

It is essential to understand that advanced imaging techniques
uch as SHG, two photon microscopy (TPM) and CARS are highly
ustomizable. It is often up to the researcher to determine what
ata to extract from the imaging and how best to represent it in

 coherent and effective way. The most common forms of data
roduced are from intensity measurements taken from section-

ng the polarized images of the samples. There are also methods
y which certain patterns in the alignment of the detected sig-
al can be detected through MATLAB codes, producing statistical
ata comparing different regions of interest (ROIs) on the samples.
hese multimodal imaging techniques can produce vast amounts of
ata for a single image, and we will summarize the most common
nalysis techniques used by researchers all over the world [37–39].

The growing requirement for quantitative SHG imaging resulted
n the development of techniques which are used primarily for can-
er detection and classification studies. The analysis techniques
isted in this section progress from the most intrinsic data anal-
sis that can be directly done from the SHG intensity data, such as
hat obtained from susceptibility measurements, polarized imaging
rofiles, and forward/backward SHG (F/B SHG) methods. Further
echniques are explained such as second harmonic to autofluores-
ence ageing index of dermis (SAAID), depth dependence decay
DDD), and grey local correlation matrix (GLCM) which are those
hat have been developed from specific cancer studies and provide

 different perspective on understanding the SHG component of
ybrid imaging techniques. We  have given below some of the
alient analysis methods observed.

.1. Susceptibility measurements (� ratios)

The SHG signal obtained for any collagen containing sample is
haracterized by the second order nonlinear susceptibility tensor

(2). The relationship between the susceptibility, the electrical field
pplied (E) and the polarization (P) is defined as:

ijk = �ijkEjEk (1)
alignment three days after onset. Changes in the forward and backward scattering
olour in this figure legend, the reader is referred to the web version of this article.)

For small molecules, it is understood that the main contribu-
tors to the susceptibility values are the C O and the N H groups
present in the amide bonds [40]. Hence, this tensor is indicative
of the collagen directionality within the imaged domains. For ease
of analysis as well as approximation based on the point sized light
source and the sample thickness not exceeding 5 �m, we consider
the samples to observe cylindrical symmetry and follow the Klein-
mann rules. The relation thus shall exhibit only two independent
components: �XXX and �XYY = �XZZ = �YXY = �ZXZ = �YYX = �ZXX where
X is the direction of the collagen fibrils [4,27].

An incident electric field E0 then induces the following second
harmonic wave in the fibril frame XYZ:

E2ω
� ∝ [�XXX cos2(  ̨ − ϕ) + �XXX sin2(  ̨ − ϕ)]E2

0 (2a)

E2ω
Y ∝ [�XYY sin 2(˛ − ϕ)]E2

0 (2b)

In the above equations,  ̨ and ϕ stand for the laser excitation
polarization angle and the fibril orientation angle, respectively,
with respect to a fixed direction in the laboratory frame, usually
taken as the X axis which is considered here to be the collagen fibril
axis. This is valid because the lamellae within the collagen shall be
parallel to the axis, and hence within plane of the electrical field E0.
The total polarized collagen intensity is then given by:

I2ω = K |� cos2(  ̨ − ϕ) + sin2(  ̨ − ϕ)|2 + | sin 2(˛ − ϕ)|2 (3)

In the above equation, K is a constant merging the squared inci-
dent intensity and setup geometrical parameters. Two quantitative
parameters appear in this expression: (i) the angle difference of ˛
and ϕ, of the laser excitation polarization to the collagen fibrils
axis within lamellar domains; (ii) the ratio �, which reflects the
anisotropy of the nonlinear response of these lamellar domains,
and is calculated as � = �XXX/�XYY. This approach to calculate the
polarization anisotropy (�) and susceptibility (P) is valid for both
forward scattered SHG as well as backward scattered SHG signals
[22].

In some cases, where the methylene contribution is considered
separately, some of the above assumptions do not hold true for
all the tensor elements. Some cases studies and theoretical models
show the polarizability of the sample denoted by  ̌ in such cases,
resulting in the system being defined by three related elements:
�XXX = N(p)ˇ(p) cos3 �(p) + N(m)ˇ(m) cos �(m) (4a)

�XYY = 1
2

N(p)ˇ(p) cos �(p) sin2 �(p) (4b)
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eprinted from [11]. Copyright (2010), with permission from Elsevier.

YYX = 1
2

N(p)ˇ(p) cos �(p) sin2 �(p) + N(m)ˇ(m) cos �(m) (4c)

In these above equations, N(p) and N(m) refer to the number of
eptide and methylene groups in the system respectively. And the
(p) represents the pitch angle to which the collagen is oriented,
nd accordingly determined as per the following equations:

 = �XXX/�XYY and b = �YYX/�XYY

nd

an2 �(p) = 2
a − b + 1

(5)

Studies conducted by Su et al. [11] on cartilage imaging relied
n using these equations and susceptibility ratios in order to char-
cterize differences between collagen type I and type II in rats, as
hown in Fig. 7 [27,35,41].

Su et al., also demonstrated a clear change in intensity observed
ith respect to change in polarization. They highlighted one of the
rst examples of collagen morphologies being different in tendons
nd cartilage tissues, with the change in morphology from wavy,
andom signals to well aligned fibres.

.2. Polarization resolved SHG imaging

As the intensity of the SHG signal obtained for collagen presence
s dependent on not just the concentration, but also the degree of
rdering of the fibres, spacing, and the overall anisotropy of the
ollagen in the samples, this approach can be taken up in multiple
pplications, such as on the basis of the polarization anisotropy,
r as separate measurements for each incident polarization angle.
n the basis of polarization anisotropy, the image intensities were
ormalized over the following equation [42]:

A = I|| − I⊥
I|| + I⊥

(6)

Here, the I|| values were for those with horizontal polarization
nd I⊥ values for the vertically polarized imaging. PA values of 0
ignify a high order of stochasticity, and those tending towards 1
r −1 are more uniaxial in orientation.

Polarization resolved imaging studies were conducted by
mbekar et al., to observe the differences in the intensity [28] for
ifferent incident polarization angles (from 0◦ to 180◦), in various
tages of breast cancer tissues [5,8,27]. This differentiation based
n polarization was further elucidated by mapping the anisotropy
f each of the 4 samples.
.3. Fast Fourier transform analysis (FFT)

The images obtained by SHG microscopy can be analysed using
n FFT based model where each image is divided into user-defined
ls Discovery 1 (2015) 10–20 15

regions of interest, according to which each part of the image is
fit through an elliptical model [43]. The major and minor axis of
this ellipse define the orientation of the collagen fibre within the
ROI. Optimized ROIs are used in order to define the best collagen
resolution, and obtain an orientation map. The shapes of the colla-
gen fibres are first approximated to that of an ellipse, and the FFT
analysis further estimates the centroid of the ROI, and calculates
the distance of each point in the fibre from the centroid in order
to obtain an overall orientation angle using radial vectors which
sweep over 360◦ from the X-axis [44].

Tan et al. [43] analysed porcine cornea samples using FFT, and
obtained clearly demarcated orientation lines for different regions
of the sample in Fig. 8.

Akilbekova et al. used the FFT analysis in order to obtain resolved
orientations of the collagen in the samples [45]. They were able
to obtain shape description values for each of the samples, show-
ing the different overall distribution of the collagen, differentiating
between systems where the collagen was well-aligned to those
which showed a random distribution [8,31].

3.4. F/B ratio measurements

Another analysis technique used the nature of SHG measure-
ments having a forward and backward scattering component,
hitherto referred as F-SHG and B-SHG respectively. It has been
understood that the F-SHG imaging is extremely sensitive to the
presence of large collagen bundles which are of the order of the
magnitude of the incoming SHG signal, whereas the B-SHG is sen-
sitive to the septa and interstices created by randomly distributed
small deposits of collagen, where the forward signal gets collected,
but the backward signal is propagated stronger. The ratio of these
two area percentages or intensities observed in the samples is often
denoted as the F/B ratio, and taken as measure of the evolution of
collagen alterations in the sample [46].

For each of the sample images, a stack is created, where a thresh-
old is applied such that the signal to noise ratio is optimized for the
individual F-SHG and B-SHG measurements. This threshold is used
to create a mask, where all the non-collagen areas are automatically
allotted a null value, with the collagen areas having value of 1. This
sort of binary differentiation of the images brings the signal to the
highest clarity. Depending on the types of cancer or tissue studied,
the area percentage or the average intensity values are measured
for each image in the F-SHG stack and divided by the corresponding
images for the B-SHG one [47].

Groups such as Latour et al. [41] took additional care to ensure
the validity of such measurements by polarization resolving F/B
ratio studies. As collagen is known to be anisotropic, they were
able to obtain even higher resolutions of the stromae observed
in cornea samples, this analysis was combined with the direction
maps created for the collagen alignment.

Another method of representing F/B ratio data is through statis-
tically calculating the difference in the ratios, observed for different
types of healthy and cancer tissues [46]. Many different types of
non-parametric testing such as the Newman–Keuls test, help cal-
culate the standard deviation and variances without compromising
the integrity of the data. Kottman et al., recently published their
work on understanding the alteration in the ECM [48] as observed
in different lung cancer tissues. Here, they studied an early detec-
tion strategy to differentiate between a highly invasive cryptogenic
organizing pneumonia (COP) from usual interstitial pneumonia
(UIP) and healthy tissue. UIP is characterized usually by a decrease
in lung volume and non-productive cough, and is a common yet

highly serious medical condition amongst smokers. UIP or idio-
pathic pulmonary fibrosis (IFP) patients often need to undergo
lung transplantation after diagnosis. On the other hand, COP can
be characterized by the presence of granular buds in the alveoli
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ig. 8. (A) Large area of porcine cornea (scale: 40 �m);  (B) collagen orientation lin
rom  [43]. Copyright (2013), with permission from Elsevier.

nd bronchioles. Most cases of COP are cured within three months
f treatment with corticosteroids unlike for UIP, where such treat-
ents are largely ineffective [49,50]. In cases such as these, an early

etection method such as SHG F/B ratio analysis can potentially
void fatalities.

.5. Grey local correlation matrix

Grey local correlation matrix (GLCM) is a statistical method to
nalyse texture in greyscale images [51]. It analyses each ROI, with
elation to its neighbouring areas. This method can be set to analyse
he images even on a pixel by pixel basis, by changing the offset,
ccounting for different channels within the image.

It can be classified largely on the basis of three applications:

. On the basis of weighted means which are multiplied to the
GLCM values depending on distance from the main diagonal:

i. For analysing dissimilarity (D) where the weights multiplied
to the GLCM values increase as you move away from the
diagonal

N−1∑
i,j=0

Pi.j

∣∣i − j
∣∣ (7)

ii. For analysing contrast (C) where the weights multiplied to the
GLCM values decrease as you move away from the diagonal,
also known as sum of squares variance.

N−10∑
i,j=0

Pi.j(i − j)2 (8)

iii. For analysing homogeneity (H) where the weights multiplied
to the GLCM values decrease exponentially as you move away
from the diagonal. This is most applicable to images having a
high contrast range.
N−1∑
i,j=0

Pi,j

1 + (i − j)2
(9)
pped for the yellow inset box based on FFT analysis (scale: 10 �m)  [43]. Reprinted

. On the basis of spatial matrix values, complete measurements
based on orderliness. Similar to contrast wise measurements,
orderliness measures are calculated with GLCM weighted aver-
ages on the basis that:

iv. Weights that increase with commonness shall increase with
orderliness

v. Weights that decrease with commonness shall increase with
disorder
The three orderliness measures defined under the GLCM the-

ory are:
• ASM or Energy mean which can be calculated by the following

equation typically for cases where the matrix is highly orderly.

N−1∑
i,j=0

P2
i,j

• Max  Probability (MAX): Simply records the highest value of the
matrix in the centre.

• Entropy measurement based completely on the disorderliness
of the system, and calculated by:
N−1∑
i,j=0

Pi,j(− ln Pi,j)

c. On the basis of statistics, calculating the GLCM mean, median
and variance The correlation (R) of each pixel to its neighbouring
ones are calculated as: In these equations, the expectation values
are denoted by � and the standard deviations are denoted by �.

R =
∑

i.j

(i − �i)(j − �j)pi,j

�i�j
(10a)

�i =
N∑

i=1

i.pi,j; �j =
N∑

i=1

i.pi,j (10b)
�i =

√√√√ 1
N − 1

.

N∑
i=1

i.pi,j; �j =

√√√√ 1
N − 1

.

N∑
i=1

j.pi,j (10c)
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By modifying the offset values and studying the correlation,
ore information about the texture can be measured, as the off-

et directly influences the distance between each neighbouring
OI taken into consideration. Cicchi et al. [23] did important work
n imaging and understanding the structural differences between
eloids and normal human dermis using the GLCM data analysis
echniques. On the basis of calculating the homogeneity, correla-
ion, and energy for different ROI values, they obtained a clear trend
o tell apart normal dermis samples from excessively scarred keloid
issue.

.6. Second harmonic to autofluorescence ageing index of dermis
SAAID)

In the field of dermatology, it became necessary to be able to
mage collagen for a variety of applications. Tissue engineering
9,23,42] also benefited from the studies conducted on quantifying
he collagen density, especially when it could give more infor-

ation on the proportions of elastin present alongside it. Such
ultimodal imaging studies were carried out by researchers all

ver the world, where SHG was combined with any autofluores-
ence imaging technique which targeted the elastin present in the
issue samples.

SAAID has been devised as a measure of the collagen fibre inten-
ity based on the hybrid TPEF imaging done along with SHG. The
ombined intensity values are used to calculate SAAID as per the
ollowing formula:

AAID = ISHG − ITPEF

ISHG + ITPEF
(11)

It can be used as a measure of the collagen to elastin ratio in
he dermal samples, as the elastin can be tagged with TPEF-active
uorescent markers, and the SHG will specifically only show col-

agen density. The SAAID is a very useful tool hence to determine
he difference between normal skin, keloids and normal scars. As
umans are the only mammals who exhibit the presence of keloids

n response to physical trauma or at times of surgery [21,52], this
nalysis technique helps evaluate the tendency of certain tissues
o develop to the keloids stage, where the elastin is significantly
igher than for normal skin or scars.

Using this notation, the SAAID value hence approaches -1 when
he collagen present in the sample is completely replaced by the
lastin. In 2014, Cicchi et al. [42], used the SAAID values to evaluate
he effectiveness of laser ablative treatment in removing scarred
issue from normal dermis. In this study, they evaluated over three
ge groups of patients. Group I consisted of those less than 35 years
f age, Group 2 were between 35 and 60, whereas the last group
ere above 60. Their images and results indicated clear differences

n the amounts of collagen and elastin present, after multimodal
maging pre and post laser treatment [9,23].

The results showed clearly that the SAAID values for normal
kin was close to −1 due to the high presence of elastin, whereas
he scores for keloids and scar tissues were closed to 1 owing to
he higher concentration of collagen in the samples. The SAAID
alue measurements are often accompanied in every study by two-
ample parametric test, to be sure of statistical differences observed
or the different sample types and also evaluate the standard devi-
tion and means.

.7. Depth dependant decay measurements

In order for techniques such as SHG and TPEF to be comparably

pplicable to imaging different kinds of tumours, research groups
evised the depth dependent decay (DDD) studies analysis method,
hich helps quantify the SHG signal differing from the change in

he focal plane. It was observed that the signal intensity would
ls Discovery 1 (2015) 10–20 17

exponentially increase with the increase in depth, and such a sys-
tem could be easily represented by a first order equation where ‘x’
represented the imaging depth, and ‘y’ represented the SHG col-
lagen intensity. For such systems, A is the pre-exponential scaling
factor, C is the proportionality constant which ensures the non-
collagen areas to have a null value [22,53,54]:

y = Ae−kx + C (12)

The k value obtained from the above equation is the DDD factor
which is completely dependent on the sample absorption and com-
position. The collagen intensities can be easily obtained against the
different focal plane depths, and extrapolated as per the exponen-
tial equation to obtain the k values for different samples.

Many groups such as Chen et al. [22] in Taiwan have studied the
differences between cartilage, tendons, and normal skin using SHG.
They applied the DDD model to identify the difference between
hypertrophic scars and normal dermis in this study from 2009.

These DDD studies can also be utilized for differentiating
between collagen mixtures of different proportions due the sensi-
tivity of the k values observed. Ajeti et al. [32] used the DDD study to
identify how collagen type I and V showed very different absorption
and scattering properties, the results of which could go a long way
in analysing different artificial tissue samples and their preparation.

4. Different cancer staging methods

Imaging methods such as SHG, have been shown to have a
significant number of advantages over traditional cancer scoring
systems. The different data analysis approaches that can be applied
to the SHG data provide greater details about the sample [56], and
at the same time, they do not damage the sample or use stains of
any kind. It is essential though to see how the standard scoring sys-
tems can be combined with SHG analysis to provide concurrence for
cancer diagnoses. The American Joint Committee on Cancer (AJCC)
[60] compiles information and, along with the International Union
against Cancer (UICC), concurs on the classification of different can-
cer staging processes, as it is not a straightforward process, which
varies widely within particular cancer diagnoses. The motivation
behind the different scoring system remains to provide informa-
tion on the severity of the cancer diagnosis, and allows oncologists
and researchers to identify the next steps in the cancer treatment
processes. AJCC provides thus a ready reference for classifying dif-
ferent stages of cancer and, in the context of high content imaging,
allows for the identification of cancer markers. Most importantly
though, these scoring systems provide for a connection between
the hybrid imaging and clinical data obtained from oncological
research, which clarifies how SHG imaging can become an impor-
tant tool for tumour characterization. We  shall discuss below, some
commonly used oncological scoring systems:

4.1. Metavir Scoring system

In this system, the severity of the liver cancer diagnosis,
observed through histopathological examination of a liver biopsy,
is made on the basis of two  levels [33,34]. Firstly on the basis of
inflammation, where it is graded from A0 to A4-ranging from ‘no
activity’ to ‘severe activity’. And secondly on the basis of the stage
of fibrosis observed as:
• F1—Portal fibrosis without septa
• F2—Portal fibrosis with few septa
• F3—Numerous septa without cirrhosis
• F4—Cirrhosis



18 A. Boddupalli, K.M. Bratlie / Materials Discovery 1 (2015) 10–20

F  bar gr

4

m
e
s

o
s
t
n
w
s
M
o

t
p
a

n
t

ig. 9. Tumour associated collagen signature types in A, B, C, along with associated

.2. TNM system

The TNM system for classifying severity of cancer is one of the
ost commonly accepted and used to differentiate between differ-

nt stages of cancer. Unlike the Metavir Scoring system, the TNM
coring applies to a wide range of cancer diagnoses.

In this system, each letter signifies a different key characteristic
f the cancer diagnosis [55]. Starting with T, which denotes the
ize and hence reach of the primary tumour. For invasive cancer
ypes, it is essential to know whether the cancer has spread to the
earby lymph nodes, and is denoted by N. And lastly, M denotes
hether the cancer has spread to other parts of the body, forming

econdary tumours in a process defined as metastasis-denoted by
.  The values assigned to each of the letters can hence reveal a lot

f information about the cancer diagnosis in a short, clear manner.
For the primary tumour (T) classifications, TX represents that

he tumour could not be evaluated. T0 indicates the absence of the
rimary tumour, whereas T shows that the tumour is non-invasive

t this stage. T1, T2, T3 and T4 all denote the size of the tumour.

In the regional lymph nodes (N) scoring, similarly NX represents
on-evaluable tumour presence lymph node, N0 shows absence of
umour in the nodes. And N1, N2 and N3 denote the severity of the
aph profiles for intensity of collagen signatures for that TACS orientation [57].

lymph node involvement, indicating the number of lymph nodes
affected.

For the metastasis (M)  scoring, MX shows that the metastasis
could not be evaluated, M0  denotes absence of the invasiveness,
and M1  shows its presence [56].

4.3. Tumour associated collagen signatures (TACS)

For the purpose of understanding and defining key charac-
teristics observed in collagen morphologies in cancer tissues,
Provenzano et al. [57] introduced the nomenclature of TACS. Stud-
ies had shown that in the cases of hyperplasia, adenocarcinoma and
ductal carcinoma observed in mice, there were consistent epithe-
lial clusters surrounded by an increased presence of collagen. These
collagen morphologies were observed to always be one of three
types, which helped classify the severity and invasiveness of the
cancer diagnosis in the subjects [31].
• TACS 1-is recognized by highly dense and intense signal imaged
for the small tumour detected.
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TACS 2-is recognized by a smooth tumour boundary, within
which the collagen fibres are majorly aligned parallel to the
tumour boundary.
TACS 3-is recognized by collagen fibres being tangentially or per-
pendicularly aligned to the tumour boundary.

Fig. 9 from the study conducted by Keeley, shows the visual
ifferences between the three TACS classifications.

. Future perspectives and conclusions

Positive trends have been observed for many of the cancer detec-
ion techniques, which have shown that these multimodal imaging
echniques using SHG in combination with TPEF or CARS, have
oncurred with the standard pathology in place. This is a very
mportant step in the establishment of protocol for early cancer
etection, which shall improve the quality of living for the families
ffected by these deadly diseases [57], which are often based on
enetic traits.

We  have discussed the varied applications of SHG and the dif-
erent high content imaging approaches towards cancer research
57–59]. It is evident that these methods produce highly complex
ata, and it thus requires the need for big data analysis. Over the
ourse of our survey of the latest work using SHG analysis, we tried
o observe certain trends and preferences for using set techniques
or the treatment of data, but it was very difficult to do so. Con-
ensus established for optimized methods of testing which satisfy
esearchers across borders can help in global benefits. A possible
tep forward to this goal would be to encourage inter-disciplinary
esearch projects to combat cancer types in laboratories and uni-
ersities across the world. With the advancements, in the field of
nalytics, it would surely not be very long before non-parametric
esting of data [59] as recommended in this review become the
orm. Thereby reducing any bias of the data, based on the tech-
ique themselves, and establishing concurrence sooner with the
xisting clinical pathologies.
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