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9.1 | Discussion and Outlook

This thesis provides the readers a perspective on how nonlinear optical imaging (NLOI) can 
potentially be applied for skin cancer diagnostics. The focus of this thesis can be broadly 
categorised into three objectives:
(a) To evaluate the potential biosafety risk that could be caused by in vivo NLOI to minimise 

laser radiation associated hazards for patients.
(b) To establish a useful and easily replicable skin cancer model for biomedical imaging 

purposes. An attempt was made to establish this model in SKH1-hr strain mice as this 
particular strain of mice is hairless and immunocompetent. Therefore skin carcinogenesis 
in SKH1-hr mice would be more translatable for human subjects due to the comparable 
immune status and hair density, as compared to other mice skin cancer models. Due to 
low hair density, this mice skin cancer model can be extremely useful for dermatologic 
research using NLOI as there is minimal interference from hair during the imaging 
process.

(c) To recognise and discover optical and spectral signatures during different stage of skin 
carcinogenesis using in vivo NLOI in the developed murine skin cancer model.

This chapter will focus on the findings presented in the previous chapters and discuss the 
implications these findings could have on clinical translation of NLOI for cancer diagnostics.

9.2 | Biosafety risk associated with in vivo NLOI

For successful translation of NLOI as a diagnostic tool in the clinic, it is essential that the 
biosafety aspects and laser associated radiation hazard for NLOI be examined, especially 
considering the potential long-term effects of NLOI. In Chapter 4, it was seen that femtosecond 
laser irradiation used during NLOI could generate cyclobutane pyrimidine dimers (CPDs) in 
DNA which can trigger carcinogenesis if left unrepaired. In this chapter, it was shown that 
CPD formation during NLOI occurred due to simultaneous two- and three-photon absorption. 
It was also observed that the three-photon process was the primary mechanism for CPD 
production. It was found that modulating various imaging parameters such as laser power 
(peak irradiance), wavelength, pulse duration and pixel dwell time affected the level of CPDs 
produced significantly. To minimise CPD formations, the imaging regime of NLOI in the clinic 
should be customised accordingly. The optimal peak irradiance required for NLOI could be as 
high as 0.1 – 1 TWcm-2. Yet, even with peak irradiances as low as 250 GWcm-2, CPD formation 
still takes place in the DNA [1]. However, it was considered more relevant to estimate the risk 
of cutaneous squamous cell carcinoma (cSCC) induction from NLOI relative to regular solar 
UV exposure, which is a natural source of CPDs in humans. In Chapter 5, a unique risk model 
was developed with which we showed that the increase in CPD-induced cSCC risk from NLOI 



9

173Discussion and Outlook | 

biopsy is insignificant compared to the existing risk from sunlight. For instance, sunbathing at 
a beach for one day every year has a higher lifetime relative risk for cSCC than having 40 NLOI 
biopsies at a peak energy fluence of 500 Jm-2 (20 mW average laser power at focal plane) in that 
individual’s lifetime. In addition, the risk model indicated that the risk for cSCC significantly 
increased upon increasing the NLOI laser power or energy fluence and the number of biopsies 
in an individual’s lifetime. In contrast, use of longer NIR wavelength for imaging and reduced 
number of NLOI scans decreased the risk of cSCC. These findings reported in Chapter 5 again 
imply that NLOI biopsies should be performed with a well-planned protocol.
 The model described in Chapter 5 can however be only applied for cSCC. Since the 
described risk model is based on cumulative sun exposure during one’s lifetime, it would be 
erroneous to extrapolate the risk prediction for cutaneous basal cell carcinoma (cBCC) and 
cutaneous malignant melanoma (cMM) which have a more complex multifactorial aetiology 
[2]. Nonetheless, investigating the risk of cBCC and cMM from NLOI biopsy is equally necessary, 
as BCC is the most common form of skin cancer while MM is the most fatal. Another factor 
to be borne in mind is that the measured risks in Chapter 5 apply mainly to Caucasian skin 
types. The described risk model does not account for non-Caucasians with darker skin who 
have a lower risk of cSCC from sun exposure due to UV protection from melanin. As a result 
of increased light absorption by melanin, NLOI procedures in these individuals may require 
higher laser powers. Consequently the relative risk for cSCC from NLOI maybe higher in non-
Caucasians compared to their Caucasian counterparts. Therefore NLOI should be performed 
even more cautiously in the non-Caucasian population. Additionally, future studies should 
investigate the role of other DNA mutations that can also be caused by NLOI besides CPDs, 
such as oxidative lesions (8-oxo-guanine), DNA single strand breaks, and DNA double strand 
breaks [3]. Since NLOI potentially could have diagnostic applications in other organs besides 
skin, different risk models should be developed to assess the biosafety risk in these organs. 
This is essential as these organs may be more susceptible to radiation induced DNA damage 
unlike skin which is comparatively better protected due to melanin. 

9.3 | Development of a hairless murine skin cancer model for in 
vivo NLOI research

SKH1-hr mice are the most popularly employed for translational skin cancer research using UV 
induced carcinogenesis. Multistage chemical carcinogenesis which gives a deeper insight into 
the stages of skin carcinogenesis has only rarely been employed for SKH1-hr mice. This may 
be because in order to initiate skin carcinogenesis, chemical carcinogens like DMBA require 
presence of active hair follicles with stem cells [4-6] which are sparse or abnormal in hairless 
mice. In chapter 6, a simple and easily reproducible murine skin cancer model was established 
in SKH1-hr mice using DMBA. The results show that complete carcinogenesis was possible 
in SKH1-hr mice with just weekly DMBA topical applications. The possible explanation could 
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be that DMBA may still be able to initiate carcinogenesis from the interfollicular epidermis 
[4] or rudimentary pilosebaceous appendages [7] despite the scarcity of active hair follicles 
in SKH1-hr mice. The results in Chapter 6 further showed that the mouse tumour load is 
highly sensitive to the frequency of DMBA application as well as concentration of DMBA per 
application. Therefore these two parameters must be customised accordingly to establish a 
successful murine skin cancer model. This particular cancer model was successful in producing 
tumours after around 10-11 weekly DMBA applications with malignant transformation 
occurring after just 17 weekly applications. Therefore, all the stages of skin carcinogenesis 
could be demonstrated in this particular murine model in about 17 – 20 weeks of DMBA 
application, which is comparable to conventional UV skin cancer models and quicker than 
DMBA-TPA skin cancer models. We believe that this model will therefore stand to benefit 
biomedical researchers aiming to study all stages of skin carcinogenesis in a shorter duration.
 Among the other important observations in Chapter 6, it was seen that frequent DMBA 
applications produced epidermal hyperplasia in SKH1-hr mice skin. This was further validated 
by assessing the expression of cellular proliferation marker Ki67 which was also increased in 
DMBA treated skin with hyperplasia. However, at present it is not known if DMBA induced skin 
changes are reversible. Further studies are required to monitor skin response upon cessation 
of DMBA applications. The role of H-ras activation marker p-Erk1/2 was not very clear from 
this study as it was predominantly expressed in differentiated keratinocytes for normal and 
early benign lesions, while it was localised in proliferating keratinocytes in the malignant 
lesions. It may be possible that p-Erk1/2 serves a pro-differentiation role in keratinocytes in 
normal skin or early tumour stages and may get altered towards anti-differentiation and hyper 
proliferation of keratinocytes upon malignant transformation. In contrast, keratin 14, a marker 
for basal (undifferentiated) keratinocytes was present in stratum basale and the proliferating 
keratinocytes in all stages of skin carcinogenesis, while its expression was markedly reduced in 
the differentiated keratinocytes. Expression of tumour suppressor p53 and apoptotic marker 
cleaved caspase 3 was present only after the stage of malignant progression. This may be 
because unlike UV carcinogenesis, p53 may not have a prominent role in early stages of multi-
stage chemical carcinogenesis such as initiation and promotion as shown in the study of Kemp 
et al. [8]. This shows a clear difference in the molecular mechanisms involved for UV induced 
carcinogenesis and DMBA induced carcinogenesis. Therefore, there is a dire need to clearly 
delineate the differences and overlap in features of carcinogenesis involved in these two types 
of skin cancer models. In addition, it should be noted that skin in SKH1-hr mice is generally 
associated with dermal inflammation [9]. It is important to evaluate if this pre-existing dermal 
inflammation makes SKH1-hr mice more susceptible for skin carcinogenesis when compared 
to other murine strains. 
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9.4 | In vivo NLOI to monitor early microscopic changes of skin 
cancer 

NLOI that relied on two photon excitation fluorescence (TPEF) and second harmonic 
generation (SHG) has been tested as a skin cancer diagnostic tool in various studies [10-
12]. Only few studies have explored the potential of in vivo NLOI to evaluate the early skin 
cancer changes. In chapter 7, in vivo NLOI was utilised to observe microscopic changes in 
all stages of skin carcinogenesis, which included the preclinical (hyperplasia), early clinical 
(preneoplasia/neoplasia) and late clinical (neoplasia) stages. Furthermore, early changes in 
skin carcinogenesis could be visualised using axial x-z NLOI scans, which are more comparable 
to standard H&E slides and thus more convenient for observation by a pathologist. The 
corresponding transverse x-y NLOI scans were able to provide finer complimentary details such 
as cell size, cell shape, nuclear cytoplasmic ratio and presence of mitotic cells. In this chapter, it 
was demonstrated that in vivo NLOI could clearly detect an increase in the epidermal thickness 
when performed on mice skin regions with preclinical or early clinical changes. The transverse 
x–y scans were additionally sensitive to detect cells with enlarged nuclei and actively dividing 
cells whenever present in the examined skin, suggestive of epithelial atypia and increased 
mitotic activity respectively. The quantitative index expressed as TPEF/TPEF+SHG in the 
imaged skin increased considerably in the early preclinical stage and then continued to rise 
for the further clinical stage of skin carcinogenesis. This rise in the index can be attributed 
to (a) increased TPEF from a proliferating epidermis and (b) decreased SHG detection due to 
downward displacement of dermal collagen by a thicker epidermis. 
 The significant aspect of the findings described in Chapter 7 was that in vivo NLOI could 
detect early microscopic changes in the preclinical stage of carcinogenesis itself, even when 
the skin regions appeared clinically normal. The results therefore showed that in vivo NLOI has 
immense potential as a non-invasive tool to visualise preclinical and early clinical changes 
in skin and other organs as well. This is particularly important as preclinical skin changes 
such as epidermal hyperplasia (acanthosis) can be reversed with the necessary preventive or 
therapeutic measures. For the clinician or dermatopathologist, in vivo NLOI can be utilised 
to track skin changes in patients at high risk or follow through in patients with recurring or 
a previous history of skin malignancies. Additionally, during Mohs surgery [13], in vivo NLOI 
could aid the surgeon to precisely excise the unhealthy or precancerous margins of malignant 
skin lesions to minimise recurrence. 
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9.5 | Spectroscopy and Metabolic assessment using NLSI

In Chapter 8, in vivo nonlinear spectral imaging (NLSI) based on TPEF and SHG was used to 
assess spectroscopic and metabolic changes in the DMBA induced skin cancer model in SKH1-
hr mice. The acquired emission spectra were distinctive for normal skin, skin with preclinical 
hyperplasia and early neoplastic skin tumours. The spectra mainly differed between the three 
categories in the following ways:
(a) Compared to normal skin, the NADH emission at 460 nm predominated in the tissue 

spectra for skin with hyperplasia and early clinically visible skin tumours. This increase 
in NADH emission probably resulted from intracellular NADH being present more 
abundantly following epidermal proliferation that was observed in these stages as 
mentioned earlier in Chapter 7.

(b) Signal for dermal SHG at 382 nm was markedly reduced for skin with preclinical hyperplasia 
and completely absent in early clinically visible skin tumours when compared to normal 
skin. This is again probably due to SHG signal attenuation caused by downward dermal 
displacement as a result of epidermal proliferation, as hypothesised in Chapter 7. 

Chapter 8 also demonstrated that in vivo NLSI can be used to indirectly assess to the metabolic 
changes during early stages of mice skin carcinogenesis. Simulated band-pass filters were 
applied at 450 nm – 460 nm and 525 nm – 535 nm and areas under curve (AUC) were 
measured in these described wavelength bandwidth. The quantified parameters AUC450nm-460nm 
and AUC525nm-535nm served as an estimate to NADH and FAD respectively, as they are the 
predominant fluorophores in skin epidermis at 450 nm – 460 nm and 525 nm – 535 nm. The 
influence of other fluorophores such as keratin, lipids, lipofuscin, elastin and collagen were 
minimsed as the evaluation was performed exclusively on deeper epidermal cells, while 
hair follicle, stratum corneum and dermis were excluded from the data analysis. Therefore 
the ratio AUC450nm-460nm/AUC525nm-535nm could be considered analogous to the ratio NADH/FAD. 
Upon evaluation, a notable increase was observed in the ratio AUC450nm-460nm/AUC525nm-535nm for 
skin with preclinical hyperplasia and clinically visible early skin tumour when compared to 
normal mice skin. Since, the ratio is an indirect estimate of the ratio NADH/FAD, the increase 
in ratio AUC450nm-460nm/AUC525nm-535nm could be explained by an increase in NADH in early stages 
of epidermal proliferation associated with hyperplasia and neoplasia. The increase in NADH 
could have occurred because of upregulation of glycolysis in proliferative epidermal cells due 
to either reduction of the Pasteur effect (reduced oxygen) or the presence of Warburg effect 
(in presence of oxygen) [14,15]. 
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9.6 | Limitations in this thesis 

The biggest limitation associated with in vivo NLOI described in chapters 7 and 8 of this thesis 
was the difficulty to obtain clear NLOI scans deeper than 60 µm in mice skin. There was a 
significant loss of signal intensity at depths below 60 µm upon using the NLOI setup described 
in Chapter 3. Therefore it was only possible to visualise the superficial layers of early and 
smaller clinical lesions. Due to extensive keratinisation present in advanced and larger lesions, 
it was not possible to image beyond the keratin layers that could extend beyond 100 – 200 µm 
deep in these lesions. As a result, no microscopic changes could be visualised at the epidermo-
dermal junction of the advanced neoplastic skin lesions. Since this zone was located at a depth 
beyond the imaging limit of the NLOI setup described in this thesis, it could not be determined 
if the lesion was benign or malignant, as visualising the epidermo-dermal junction of the 
lesion is essential for a pathologist in order to establish the invasiveness of a lesion. It should 
however be borne in mind that performing in vivo NLOI non-invasively on larger skin tumours 
offers no additional benefit to the individual. This is plainly because in such an advanced 
state of carcinogenesis, a classical biopsy followed by appropriate treatment of the tumour is 
unavoidable. 
 It should be duly noted is that the inability to image deeper than 60 µm is more likely a 
limitation of the NLOI setup described in Chapter 3 and not a limitation of NLOI in general. 
Other studies that utilised NLOI for skin cancer diagnostics have successfully imaged as deep 
as 135 – 320 µm in human skin [11, 16]. In those studies, NLOI could be performed at a much 
greater depth because of the following reasons: a) use of an objective with higher numerical 
aperture (NA) [16] resulted in more efficient emission signal collection at greater depths, b) 
use of an oil-immersion objective [16] instead of a water-immersion objective (used in the 
Chapter 7 and 8) resulted again in more effective collection of autofluorescence signals at 
increasing depths, as the former has a lower refractive index mismatch compared to the latter 
[17] and c) use of higher laser power (peak irradiance) [11] provides a higher signal-to-noise 
ratio at greater depths.
 Although axial x-z NLOI scans can provide images analogous to standard H&E slides 
noninvasively, it still suffers from poor visualisation of finer details such as cellular cohesiveness 
and cytonuclear morphology. An alternative to this disadvantage would be to implement an 
imaging protocol which involves combination of axial x-z scans and transverse x-y scans. In 
such a protocol, a quick axial x-z NLOI scan could be performed to identify the suspect region 
of interest in skin. Following this, finer tissue cellular details that are essential for pathologists 
could be obtained by performing a series of transverse x-y NLOI scans in the region of interest 
to identify the cytonuclear features. Since multiple scans are required per spot to obtain useful 
diagnostic information, it would be useful to have rapid image acquisition per scan to keep NLOI 
less time consuming for the patient. In such a scenario, a single axial x-z scan or a transverse x-y 
scan takes about 6.5 seconds with the setup described in this thesis. If an elaborate imaging 
protocol is followed that would involve one axial x-z scan and a complimentary stack of 20 
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transverse x-y scans for the finer cytonuclear details, the process may take about 2 – 2.5 
minutes which is clinically feasible for the patient. Although the NLOI protocol may last only 
a couple of minutes, it could result in images that contain motion artefacts arising from the 
patient. This can interfere with image analysis and therefore needs to be resolved.
 It is also quite challenging to arrive at a specific histopathological diagnosis for a skin 
tumour or to differentiate one cancer subtype from the other by solely using in vivo NLOI. 
This is essentially because in vivo NLOI provides very poor intra-nuclear details at present [18, 
19]. Nuclear details such as nuclear hyperchromaticity are often needed by the pathologist 
to determine the dysplasia grade. With the present limitations, the current scope of in vivo 
NLOI would be to determine the requirement or the best location of an invasive biopsy on a 
suspect region, rather than to provide an accurate pathology diagnosis. This would still help in 
reducing the number of unnecessary invasive biopsies considerably benefitting the patient, 
the dermatologist and the pathologist. 
 Another factor to be considered while utilising NLOI to assess the metabolic status of 
epidermal cells in the skin, is that AUC450nm-460nm and AUC525nm-535nm only represent indirect 
approximations of NADH and FAD respectively in the epidermis. To obtain a more precise 
estimation of the epidermal metabolic status, more complex algorithms should be utilised 
to unmix NADH and FAD from other fluorophores in the epidermis. Future studies should try 
to utilise algorithms such as classical linear unmixing , principal component analysis (PCA), 
parallel factor analysis (PARAFAC), non negative matrix factorisation (NMF) and spectral 
phasor analysis (SPA) to quantify NADH and FAD levels in normal and cancerous tissues more 
accurately [20]. 

9.7 | Future outlook

Despite the limitations observed in this thesis, it is possible that in the near future technological 
advancements could deliver:
(a) 3-photon based NLOI that may enable deeper tissue penetration [21,22].
(b) Compact NLOI based micro-endoscopy tha could detect cancerous changes in visceral 

organs [23,24].
(c) Spatial overlap modulation NLOI that can further reduce background noise [25]. 
(d) Advanced motion compensations during optical imaging that may minimise motion 

artefacts [26]. 
(e) Photon counting detection that could improve signal-to-noise ratio [27].

These advancements could substantially enhance the quality of NLOI images that may 
then be able to provide histopathological diagnosis in not just skin but other organs as 
well. These advances would also ensure more efficient cancer detection in a non-invasive 
manner with improved sensitivity and specificity. In addition, there are studies where NLOI 



9

179Discussion and Outlook | 

has been efficiently combined with other emerging optical imaging techniques such as 
optical coherence tomography (OCT) [28-30] and coherent anti-Stokes Raman’s spectroscopy 
[16,31-34]. As a result, anatomical, physiological as well as biochemical details can now be 
jointly obtained from these multimodal imaging techniques with increased sensitivity. In this 
manner, the limitations of one particular optical imaging technique are countered by the 
other complimentary imaging modality.
 With regard to clinical feasibility, it should be noted that NLOI setups are quite complex and 
expensive for diagnostic or surveillance purposes at present. This is primarily because NLOI 
devices are often home built mainly only for academic or research purposes at the moment, 
with the exception of Dermainspect and MPTflex developed by Koenig et al. [16]. Of late, there 
have however been attempts to build NLOI in a more cost-effective manner as shown by 
Kieu et al. [35]. At the moment, NLOI still needs to be successfully established through clinical 
trials with further sensitivity and biosafety evaluation. Only then commercial healthcare 
industries would invest in manufacturing simpler and more affordable instrumentation NLOI 
for primary or specialist clinics. Once cost-effectiveness and improved sensitivity is achieved 
for in vivo NLOI, it would indeed be a highly suitable non-invasive alternative to conventional 
histopathology.
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