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Highlights 

 

 Low-cost technology for photodynamic therapy (PDT) treatment of oral cancers 

 Complete tumor clearance following a single PDT treatment in 22 out of 30 patients. 

 Intraoral PDT suitable as a day case procedure in rural, resource-limited clinics.  

 PDT is well tolerated, with minimal pain and excellent healing of mucosa.  

 A simple smartphone-based imaging device was validated for treatment guidance.  

 

 

 

 

 

 

 

 

 

 

 

                  



Abstract 

Background 

Morbidity and mortality due to oral cancer in India are exacerbated by a lack of access to effective treatments 

among medically underserved populations. We developed a user-friendly low-cost, portable fibre-coupled LED 

system for photodynamic therapy (PDT) of early oral lesions, using a smartphone fluorescence imaging device 

for treatment guidance, and 3D printed fibreoptic attachments for ergonomic intraoral light delivery. 

Methods 

30 patients with T1N0M0 buccal mucosal cancer were recruited from the JN Medical College clinics, Aligarh, and 

rural screening camps. Tumour limits were defined by external ultrasound (US), white light photos and increased 

tumour fluorescence after oral administration of the photosensitising agent ALA (60 mg/kg, divided doses), 

monitored by a smartphone fluorescence imaging device. 100 J/cm2 LED light (635 nm peak) was delivered 

followed by repeat fluorescence to assess photobleaching. US and biopsy were repeated after 7-17 days. This trial 

is registered with ClinicalTrials.gov, NCT03638622, and the study has been completed. 

Findings  

There were no significant complications or discomfort. No sedation was required. No residual disease was 

detected in 22 out of 30 patients who completed the study (26 of 34 lesions, 76% complete tumour response, 50 

weeks median follow-up) with up to 7.2mm depth of necrosis. Treatment failures were attributed to large tumour 

size and/or inadequate light delivery (documented by limited photobleaching). Moderately differentiated lesions 

were more responsive than well-differentiated cancers.  

Interpretation 

This simple and low-cost adaptation of image-guided PDT is effective for treatment of early-stage malignant oral 

lesions and may have implications in global health.  

Funding: US National Cancer Institute 

Keywords:   Early Oral Cancer; PDT; Low cost treatment; India 

Background 

 

Oral cancer represents more than 30% of cancers in India, where an exceptionally high incidence of oral disease 

is driven by widespread chewing of carcinogenic products.1, 2 Conventional management of advanced disease with 

surgery, radiotherapy and chemotherapy is expensive and often not available.3 This programme set out to identify 

and treat these cancers at an earlier stage in low resource areas, so reducing the number of patients progressing to 

advanced disease. 

 

Photodynamic Therapy (PDT) provides local treatment of cancers with light after prior administration of a 

photosensitising drug. It is minimally invasive and repeatable4, and achieves some degree of tumour selectivity.5 

With no increase in tissue temperature, collagen is preserved and treated tissues like oral mucosa heal with 

remarkably little scarring. It was first reported for oral cancer in 1984 using the photosensitiser HPD 

(haematoporphyrin derivative).6 For low resource regions, the photosensitising agent ALA (5-aminolaevulinic 

acid, metabolised in vivo into the photosensitiser protoporphyrin 9, PpIX) is much more convenient as it can be 

administered orally or topically, the drug light interval is a few hours (rather than days) and there is no prolonged 

skin photosensitivity. Used topically, ALA PDT is well established for premalignant lesions on the skin and in 

the mouth.7  ALA given systemically was first reported for oral cancer in 1993.8 The only comparable report since 

showed that the depth of necrosis in early oral cancers was limited to 1.3 mm.9 Detailed review of this study 

suggested that the results might be improved by refinements of the protocol, particularly related to light delivery. 

Separate laboratory studies on transplanted pancreatic cancers in hamsters showed that ALA PDT could produce 

necrosis to a depth of 8mm,10 so it was considered appropriate to think again on its potential for early oral cancer 

and to proceed with the present study, focusing on light delivery.   

 

Most work on PDT for oral cancer has used lasers,5 equipment not available in low resource areas, where the 

disease is most prevalent. In 2014, the NCI funded this development of a low cost PDT platform for early oral 

cancer in India. If successful, it is envisaged that this approach could be extended to other conditions with high 

prevalence in low resource areas, such as CIN (cervical intraepithelial neoplasia). The non-laser light source 

developed, based on a high power LED (output centred on 635 nm, for activation of PpIX), is powered by a 

                  



conventional electricity supply or a lithium-ion polymer rechargeable battery. With either, the output is stable, 

appropriate for clinical use, and shown experimentally to produce the same biological effect as a laser centred at 

the same wavelength. The output is coupled to a 1mm flexible fibreoptic delivery system with fibre tip adaptors 

designed for intra-oral light delivery.11-13  

 

The extent of a lesion to be treated must be defined to ensure adequate light delivery. Tumours sensitised with 

systemic ALA fluoresce in the red more than adjacent tissue on activation with blue light, a simple way to estimate 

the extent of surface disease.14 This can be done using a smartphone.15, 16 For the present study, a standard 

smartphone has been modified to observe and quantify this fluorescence and the photobleaching after light 

delivery that acts as a surrogate marker to monitor PDT light dose.  Fluorescence is excited by an array of 405 nm 

LED’s mounted around the phone camera, and viewed and recorded through a 610-710 nm emission filter over 

the camera lens (Fig. 1a,b,c,d,e,f).17 Assessment of this device was undertaken in parallel with the present report, 

which describes the first clinical validation study.  

                                                                     <Figure 1> 

 

Fig. 1. (a) Modified smartphone with fluorescence attachment, (b) Ring of blue LED’s (to activate 

fluorescence) with a red filter over lens, (c) Imaging oral mucosa, showing fluorescence image on camera, (d) 

Light applicator for fibre tip, (e) Emitted red light beam from mouth prop attached light applicator, (f) LED 

light source and delivery fibre for PDT, (g) Treatment of buccal mucosa carcinoma. (h) Clinical oral evaluation 

(COE) of early oral cancer and flow chart for 215 patients selected as potentially suitable for the trial on clinical 

grounds. There are 20 rural screening camps spread over 4 districts of Western Uttar Pradesh state of India, 

shown in yellow (Administrative map data file taken from Global Administrative Areas or gadm.org. The file 

was executed in R.). These camps were up to 200 km./124miles away from JNMC, Aligarh. (i) Flow chart for 

patients considered for trial. 

 

 

Methods: clinical validation  

Recruitment and Procedures   

The study was based in the Departments of Radiotherapy and Clinical Oncology, Jawaharlal Nehru 

Medical College, Aligarh Muslim University, Aligarh, India. This hospital treats around 400 oral cancer 

patients per year. All patient studies were conducted according to local institutional guidelines. Approval 

was given by the Dana Farber /Harvard Cancer Center Institutional Review Board and by the India Council of 

Medical Research. Permission was given to treat 30 patients (Clinicaltrials.gov  Identifier: NCT03638622). 

Participants were recruited from patients referred to the ENT clinic of the JN Medical College and from 

outreach camps, screening for oral cancer in rural areas. Inclusion was limited to buccal mucosa lesions, 

stage T1N0M0, in easily accessible sites.18 Other key inclusion criteria were  HPV negative, no active infections 

(HIV, Tuberculosis, hepatitis, oral herpes), and no serious or systemic illnesses considered to render the patient 

unsuitable (details in supplementary data S1). Ultrasound examination of the mouth (puffed cheek technique) 

measured the mucosal extent of disease and depth of invasion. The guidelines for inclusion were depth up 

to 5 mm and width up to 20 mm. Patients meeting these criteria and willing to participate were given written, 

audio, and video information and asked for written consent. The ultrasound measurements defined the area of 

mucosa to be treated and were used to evaluate the smartphone-based fluorescence imaging approach which 

was evaluated as part of this study.  

 

 

 

 

 

 

 

                  



  

PDT Procedure 

 

Patients were admitted to hospital the afternoon before PDT for intravenous rehydration to minimise the risk of 

hypotension after administration of the photosensitizer precursor ALA (DUSA Pharmaceuticals, Inc., 

Wilmington, MA), which leads to accumulation of the photoactive product protoporphyrin IX (PpIX). 

The next day the patient was given an antibacterial mouth wash to reduce bacterial flora (which may 

fluoresce and overlap with the ALA-induced PpIX fluorescence)19 together with a prophylactic antiemetic 

and analgesic. No sedation was required. Photos of the lesion were taken in white light and autofluorescence 

of the area including the lesion imaged, both using the smartphone, followed by the first dose of ALA, 20 

mg/kg, dissolved in fruit juice. Two further doses were given at hourly intervals (total dose 60 mg/kg over 

2 hours) and fluorescence imaging repeated 15-30 minutes after the 3rd dose. 

 

Light delivery started shortly after acquiring the second fluorescence image. Only buccal mucosa 

lesions were treated using a 3D printed applicator with appropriate positioning piece depending on 

lesion position, as described previously,18 to hold the fibre between the teeth adjacent to the treatment 

site. During light delivery, patients were seated in a dental chair and closed their mouth around the optical 

fibre. A small sucker was made available to aspirate saliva, if required. The applicator was  positioned 

so the full extent of the lesion and a surrounding rim of at least 5 mm of normal tissue was covered 

(Fig.1g). 
      

Treatment time was calculated based on the LED power available (maximum 170 mW) and the area to 

be treated to deliver a total dose of 100 J/cm2 at an irradiance of 33 to 54 mW/cm2 at the lesion surface 

for all patients. During illumination, a break of 2 minutes every 10 minutes gave the patient a rest and 

enabled a check on the applicator positioning. This break likely also gave tissue an opportunity to re-

oxygenate.20-22 The total duration of light delivery varied from 30-50 minutes (depending on the irradiance 

achieved) requiring 3, 4, or 5 fractions. Eye safety goggles are not required for LED light sources.  

When light delivery was complete, the fibre and applicator were removed, and a further smartphone 

fluorescence image was obtained. The three fluorescence images for each patient, before ALA, after 

ALA, and after light delivery, were later analysed to map the areas where fluorescence had increased 

after ALA administration for correlation with ultrasound and white light measurements and to document 

photobleaching after light delivery, as a measure of the adequacy of the light dose delivered  (Fig. 2). 

(image analysis and statistical method details in supplementary material S2).   

 
     <Figure 2> 

Fig. 2. White light and fluorescence images of a patient with successful PDT (follow up 81 weeks without 

recurrence). Fluorescence images: (a) Auto-fluorescence (prior to administration of ALA), (b) 15 mins after 

3rd dose of ALA, before light, (c) Immediately after completion of light delivery (56% reduction in fluorescence 

due to photobleaching). White light images: (d) Before PDT, (e) 10 days after PDT, (f) 3 months after PDT. 

 

 

Post-treatment management  

 

Patients stayed in the hospital overnight, protected from bright light for 24 hours. Liver and renal 

function tests were checked the following day and the patient was discharged, to return after 7-15 days 

for repeat ultrasound, biopsy, and blood tests. Those with persistent disease were offered conventional 

treatment outside the trial. Those with no evidence of persistent disease were followed up in the 

outpatient clinic. 

 

Results 

Patient recruitment and presenting symptoms 

 

A total of 215 patients were considered potentially suitable based on reviewing clinical notes related to their 

buccal lesions, but many were excluded due to other exclusion cirteria, as described above. Many from rural 

outreach clinics lived too far from Aligarh to be able to participate due to the cost, lack of help to look after family 

at home etc and reluctance to go to a big city for what many patients with early disease thought was a minor 

                  



problem and a potentially uncomfortable, procedure. Further data is shown in the (Fig.1.h) and flow chart (Fig1.i). 

Many patients first seen in Aligarh had disease too advanced for consideration for this trial. 30 patients were 

recruited, 25 from the Hospital ENT clinic, 5 from rural outreach clinics (26 men, 4 women). All had been chewing 

tobacco and/or related carcinogenic products (bidi, gutka, khaini, katechu) for many years (range 7-42 years, 

median 21, mean 22). At diagnosis, they had had symptoms for 2-48 months (median 6, mean 9). The main 

symptoms were ulceration, white patches (suspicious of pre-malignant change), and nodules or induration of the 

buccal mucosa. In addition, 11 patients complained of pain from the lesion or a burning sensation on eating spicy 

food, nine had trismus (five requiring a Heister gag to enable light delivery), two had pain in the ear, one had 

tinnitus and one had a discharge from an ulcer. 

 

Clinical results 

 

34 buccal mucosal lesions were treated in 30 patients. 13 were located anteriorly, 16 posteriorly, four near the 

RMT (retromolar trigone), and one near the buccal sulcus. 27 lesions had no evidence of cancer in biopsies taken 

7-17 days after PDT. One of these patients presented 28 weeks later with a swollen cheek and induration in a 

white patch adjacent to the treated area, confirmed as invasive cancer with local and lymphatic spread. No patient 

had nodal spread at presentation. It is likely that the post PDT biopsy had been too superficial. No recurrent cancer 

was detected in the other 26 lesions during a mean follow up of 54 weeks (range 14-141, median 50) although 18 

patients still had evidence of dysplasia in these first post-PDT biopsies, warranting careful follow-up.  

 

Patients had remarkably little discomfort during or after the procedure. Two had discomfort during light delivery; 

two had difficulty holding the applicator in their mouth (both related to limited mouth opening); one became 

hypotensive, rapidly reversed by intravenous rehydration; four had nausea and vomiting after PDT; one had a 

mild headache. The other 20 had no problems. No patient had any photosensitivity. Some had discomfort due to 

inflammation in the treated area for a few days, readily controlled with oral analgesics. Minor abnormalities were 

noted in the liver and renal function tests after ALA, which rapidly returned to normal without intervention. 

Although some mild collagenization was seen, no patients noticed any restrictions of jaw movement related to the 

PDT. A few patients showed mild scarring in the treated area soon after PDT, which had resolved in subsequent  

examinations. 

 

The additional presenting symptoms resolved in all patients who had successful PDT (eight of 11 with mouth 

pain, six of nine with trismus (some with help from a Heister gag and mouth opening exercises), one of two with 

ear pain, one with tinnitus. The one with a discharging ulcer failed PDT. Failed PDT cases went on to have 

conventional treatment.  

 

Seven patients had persistent tumour in the first post-PDT biopsy. The patient with persistent disease at 28 weeks 

is also included in this group as it is likely that cancer was missed in his first post PDT biopsy. These lesions were 

located anteriorly one (of 14), posteriorly five (of 16), and near the RMT two (of four). One was lost to subsequent 

follow up, two had excisional biopsies with complete clearance of tumour, one had radiotherapy and is doing well, 

two had wide local excisions (one with clear resection margins, one requiring further treatment). Two (including 

the 28-week recurrence) had progressive disease, with limited response to further treatment, for whom ultimately 

only palliative treatment could be offered (see the supplemental details of treatment failure patients, S3). Histology 

findings are shown in Fig. 3. 

 

 

 

 

     <Figure  3 Histology> 

 

Fig. 3. (a) 10 days after PDT. Zonal necrosis with necrotic foci (green arrow) adjacent to viable tumour (yellow 

star) with clearly defined margin. Lymphocytic inflammatory infiltrate with mildly congested vessels. H & E 

x100). (b) 8 days after PDT. Marked lymphocytic cell infiltrate (yellow star) at the junction (yellow line) with 

necrosed moderately differentiated carcinoma. A few apoptotic bodies (green arrow) and normal keratinized 

tissue (yellow cross). No evidence of viable tumour. (H & E x100). (c)14 days after PDT. No evidence of 

persistent carcinoma. Healing seen with mild to moderate scarring by collagenisation (H & E x100). (d) Six 

months after PDT. Persistent/recurrent moderately differentiated carcinoma not seen on 1st follow up after 

PDT. Viable tumour cells (yellow star) with dense pyknotic nuclei, intense eosinophilic cytoplasm with partial 

tumour necrosis, prominent apoptotic bodies and marked lymphocytic inflammatory infiltrate (green arrow). 

(H & E x100). 

                  



 

 

Correlation of diagnostic and monitoring techniques 

 
Ultrasound (US) 23-25 23-25 23-25 23-25  

These US23-25 examinations were undertaken from outside the mouth through the cheek (puffed cheek technique), 

and the results used as the definitive measurements on which the area to be treated was decided (Table 1). 

 Depth (mm) Length (mm) Volume (mm3) 

PDT   Successful 4.9 (range 2-7.2) 10.9 (range 3.2-22) 174 (range 17-473) 

PDT   Failed 5.0 (range 3.1-8.6) 12.4 (range 5.0-17.2) 344 (range 75-568) 

Table 1. US lesion dimensions for successful and failed PDT. 
 

In all successful cases, at least some changes were seen on post-PDT US (oedema, inflammation, and/or necrosis). 

One lesion healed completely. In contrast, on five of the failures, no changes could be identified, suggesting there 

had been no PDT effect. The scans of 3 of the failures were also markedly more echogenic than those on any other 

patients (Fig. 4). 

   

     <Figure 4 Ultrasound> 

Fig. 4. US Scans (1a) before and (1b) 9 days after PDT. Maximum lesion dimensions increase from 9.8x8.3x3.6 

mm to 13.1x13.2x6 mm due to necrosis and oedema and patient is well at 31 weeks. An arrow up: echogenic 

mucosa, arrow down: hypoechoic lesion in submucosa. (2) Scan before PDT: an arrow shows Echogenic lesion 

in submucosa, 10.6x9.7x5.9 mm, unchanged after PDT (Treatment failure). (3) Scan (3a) before and (3b) 4 

weeks after PDT during healing. Maximum lesion dimensions have fallen from 14x13x5 mm initially to 

11x11x5 mm 7 days after PDT (not shown) to 9x9x3 mm after 4 weeks. An arrow (3a) shows breech in 

echogenic mucosa below hypoechoic lesion and patient is well at 39 weeks. 

 

 

Fluorescence monitoring  

Lesion dimensions 

Three measures were made of the surface extent of disease in the mouth prior to PDT: US, white light 

measurement, and the area of increased fluorescence after administration of ALA. The results from the three 

measures are compared in Fig. 5. Only US could also measure the depth of pathology.  

     <Figure 5> 

Fig. 5.   Regression-correlation of the maximum extent of cancer on the buccal mucosal surface as measured 

by white light and fluorescence with the maximum extent of disease measured by US in the buccal mucosal 

plane.26 (a) White light v Fluorescence, (b) Fluorescence v Ultrasound, (c) White Light v Ultrasound. (US 

scans not available for one lesion). 

For 26 lesions, there was a remarkably good regression correlation between smartphone fluorescence and US 

measurements (regression coefficient of determination; R2 = 0.91, Pearson’s coefficient; r = +0.95). In seven cases, 

the correlation was unsatisfactory. These outliers were identified as reported previously using influence plot 

analysis based on a combination of Hat-values, Studentized residual values, and Cook’s value with R2 = 0.75 as a 

criterion for satisfactory correlation.17 In five of these (out of 20 patients who presented with an ulcerated lesion), 

the US showed a larger lesion than fluorescence, possibly because cells on the surface of an ulcer may be necrotic 

and so produce less PpIX or because the maximum extent of disease was below the mucosal surface and so only 

detected by US. In another two outliers (from ten lesions presenting with an ulcer and other white patches), the 

lesion was larger on fluorescence, most likely because the white patches were immediately adjacent to the main 

lesion and were neoplastic, so PpIX was generated over a larger area.26 Likewise, the correlation of white light 

measurements with US was good for 27 lesions (R2 = 0.75, r = +0.87) although not as strong as the correlation 

between fluorescence and US, with six outliers (four showing a larger lesion on US, likely due to submucosal 

disease and two with immediately adjacent white patches that would not be seen on US). Five of the outliers for 

the white light and fluorescence correlations with US were the same lesions. As expected, the correlation between 

white light photos (same smartphone camera without the fluorescence attachment) and fluorescence was also good 
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(R2 = 0.88, r = +0.94).  

 

Photobleaching 

 

In all cases, the maximum diameter of tissue bleached27 was greater than the original maximum diameter of 

fluorescence from the tumour, as expected, as the area treated included a surrounding ring of normal tissue.  

However, on average, the difference between the maximum diameter of bleaching and the original lesion diameter 

was 13.8 mm (mean, range 8.3-18.9) in PDT failures, compared with 10.9 mm (mean, range 3.8-19.1), in 

successful cases, a difference of 60% in the area treated. Light scattered over a larger area, most likely due to poor 

positioning of the light applicator, meant less light absorbed in the tumour area, suggesting that inadequate light 

could have contributed to the treatment failures.  

 

Measurements of the decrease in fluorescence in the tumour area (photobleaching) after light delivery support this 

explanation.  The degree of photobleaching for all seven lesions that showed persistent tumour in the first biopsy 

after PDT was less than that of all but one of the lesions which exhibited successful complete tumor response.  The 

percentage fluorescence change in the failed cases averaged 25 %, whereas in the successful cases, the average 

was 50 % (p < 0.001) (Fig. 6a, b). 

 

     <Figure 6> 

Fig. 6.  (a) A Cleveland dot plot of Photobleaching. Each line shows the fluorescence before (blue) and after 

(yellow for PDT success and red for PDT failure) light delivery for individual patients (n=34 lesions, t =18.58, 

p < 0.001). (b)Box plot of PpIX fluorescence reduction. Analysis of the change in PpIX fluorescence from 

images acquired before and after PDT reveals a strong positive correlation between the extent of 

photobleaching and treatment outcome. (n=34, t=6.7, p<0.001). All PDT treatment failures had less 

photobleaching than all but one of those with successful PDT. 

 

 

 

Reasons for failed PDT  

 

Photobleaching data indicates that inadequate light delivery was the major factor in failed treatments. However, 

there are other factors. The depth of the tumour missed at the first follow-up was 8.6 mm, considerably above the 

guideline depth of 5 mm, so undoubtedly, this lesion was too large for ALA PDT. Partial necrosis of this lesion 

is seen in Fig. 3d. On two other failed lesions (3.1 and 3.2 mm thick) convincing evidence of a PDT effect was 

seen on US, but the reduction in fluorescence was only 23% and 27%, suggesting inadequate light. 

 

For the other five failures, the photobleaching was limited in two (10% and 11%), so inadequate light undoubtedly 

contributed. However, no PDT changes could be observed on US on any of these five. Three of these lesions were 

more echogenic on US than those associated with responsive cases. All five were well-differentiated cancers at 

presentation, out of only seven well-differentiated cancers in the trial. In contrast, there were only three failures 

in the 27 other lesions (all moderately differentiated). Further, on post-PDT biopsy, four of these five lesions 

showed moderately differentiated cancers rather than the well-differentiated lesions reported prior to PDT.  

The number of lesions treated was only 34, so it is difficult to draw firm conclusions on presentation as to which 

lesions are most likely to respond, but in addition to the comments above, this experience suggests that anterior 

and mid-buccal lesions do better than posterior and retromolar lesions (easier light delivery, as is also true for 

those without trismus); single lesions with mucosal irregularity (ulcer or nodule) fail PDT more frequently (6 of 

11 cases) compared with those showing several discrete lesions or white patches. One of the 2 patients with ear 

pain failed PDT. 

 

We conclude that treating the area of mucosal disease seen on ultrasound, with a depth no more than 5mm, together 

with a 5mm rim of surrounding normal tissue and documentation of adequate light delivery (at least 50% reduction 

in fluorescence after light delivery) is appropriate. We cannot explain the relatively higher sensitivity to PDT of 

moderately differentiated compared to well differentiated lesions. That will require further study.  

 
Discussion  

 

Much clinical research has focused predominantly on new drugs and techniques (often of high cost) for disease 

management in advanced health services. This NCI funded project has shown firstly that ALA PDT for early oral 

cancer can be considerably more effective than has previously been reported (maximum depth of necrosis 7.2 mm 

                  



compared with 1.3 mm)9 mainly due to improved light delivery with consequence of possible photodynamic 

priming28, and also that it can be delivered at low cost in areas with limited infrastructure.  

PDT was approved in Europe for advanced oral cancer using mTHPC when all else has failed as early as 2001, 

and there has been evidence of its efficacy for early lesions for many years.29  The technique is straightforward 

and safe. PDT with ALA, as used in this study, is comfortable for the patient without the need for sedation and 

with minimal side effects. It avoids the prolonged cutaneous photosensitivity associated with photosensitisers like 

mTHPC, leaves little in the way of scarring and is repeatable, which is rarely possible after chemotherapy, surgery 

or radiotherapy. Surgeons, oncologists and radiotherapists in more affluent areas seem reluctant to add PDT to 

their armamentarium although the value of PDT in the overall management of oral cancer is being increasingly 

recognised.29  

This study has opened new doors. It was an obvious development to use LED’s as the light source, but it required 

some ingenuity to develop a cheap, battery-operated device that could deliver enough light for clinical use via a 

flexible fibre and was small enough to be transported by bicycle to remote areas. A comparable LED device has 

been developed in Brazil but that does not have a fibre delivery system.20. The noted absence of pain in the present 

study may be attributed to the relatively low irradiance used (range 34-54mW/cm2). In the  earlier oral cancer 

study9, the intensity varied from about 60-250mW/cm2 (K.Fan personal communication) and the pain increased 

from minimal to severe as the intensity increased. Pain is an important consideration if PDT is to be delivered in 

low resource areas. The problem has been reviewed recently.30 Our results are consistent with the results of  

previous studies of ALA PDT for actinic keratoses31 and superficial basal carcinomas32 in which pain was 

significant at 75 mW/cm2 but minimal at 60 mW/cm2 or below.  

There are many millions of smartphones in India. Using a simple smartphone-mounted device to image 

photosensitiser fluorescence for delineation of lesions and treatment monitoring is a logical low-cost imaging 

option. The patient already has ALA on board for the PDT, so there are no additional drug costs. There was a 

good correlation between white light, fluorescence, and ultrasound for measuring the extent of disease. 

Empirically, estimation of lesion size from fluorescence, in which the lesion is simply a brighter spot against a 

dimmer background, was generally found to be more rapid and robust than size estimates from white light images, 

which required more subtle and subjective interpretation of local variations in tissue colour and texture. Further, 

being able to correlate more than one measurement of the surface area of tumour is reassuring, especially for less 

experienced clinical teams. The results of this study indicate that this simple smarphone-based fluorescence 

imaging approach is sufficiently reliable to guide light delivery in cases where lesions are not clearly visible from 

white-light imaging. Of course assessment of the depth of the lesion will still be important in identifying patients 

who are good candidates for PDT and ultrasound is likely to be the most convenient option. New basic and mobile 

ultrasound equipment may soon become available that can be used in remote areas. 

 

Little change in treated areas is seen under white light until a day or two after PDT. Quantifying photobleaching 

is the only technique to give an immediate measure on the adequacy of the delivered light dose, so more light can 

be delivered during the same treatment session if required. Photobleaching has been widely explored as a way of 

monitoring PDT in real time27, but the smartphone is a particularly attractive way of doing this.17  

 

 

Conclusions 

Of the 30 patients in this study with T1N0M0 buccal mucosal cancers, 22 (26 lesions) had a complete response 

with good healing and without loss of function after a single PDT treatment. Eight failed, mainly due to inadequate 

light. Lesions in other parts of the mouth could be treated with appropriate light applicators.  

 

It is anticipated that with increasing numbers of screening “camps” in rural areas, more early lesions will be 

identified. Chewing oncogenic agents produces field change effects. Treated patients will remain at risk of 

metachronous disease. Being able to offer screening and follow-up to be accompanied, when required, by a simple 

treatment associated with minimal discomfort, in their own village, should encourage patients with early 

symptoms to come forward rather than waiting until more advanced disease has developed. These results should 

stimulate larger clinical trials establishing low-cost PDT as a global health strategy, and expanding to cancers at 

other anatomical sites.33 For India, the next step is to see if these techniques can indeed be used safely and 

effectively in rural clinics. Overnight hospital stays can be avoided by rehydration on the treatment day and careful 

advice on photosensitivity. This approach has considerable potential to reduce the morbidity and mortality 

associated with oral cancer and the costs of managing this unpleasant disease. 
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Figures:  

  Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) Modified smartphone with fluorescence attachment, (b) Ring of blue LED’s (to activate 

fluorescence) with a red filter over lens, (c) Imaging oral mucosa, showing fluorescence image on camera, (d) 

Light applicator for fibre tip, (e) Emitted red light beam from mouth prop attached light applicator, (f) LED 

light source and delivery fibre for PDT, (g) Treatment of buccal mucosa carcinoma. (h) Clinical oral evaluation 

(COE) of early oral cancer and flow chart for 215 patients selected as potentially suitable for the trial on clinical 

grounds. There are 20 rural screening camps spread over 4 districts of Western Uttar Pradesh state of India, 

shown in yellow (Administrative map data file taken from Global Administrative Areas or gadm.org. The file 

was executed in R.). These camps were up to 200 km./124miles away from JNMC, Aligarh. (i) Flow chart for 

patients considered for trial. 

                  



Figure 2 

 

Fig. 2. White light and fluorescence images of a patient with successful PDT (follow up 81 weeks without 

recurrence). Fluorescence images: (a) Auto-fluorescence (prior to administration of ALA), (b) 15 mins after 

3rd dose of ALA, before light, (c) Immediately after completion of light delivery (56% reduction in fluorescence 

due to photobleaching). White light images: (d) Before PDT, (e) 10 days after PDT, (f) 3 months after PDT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  



Figure 3 

 

Fig. 3. (a) 10 days after PDT. Zonal necrosis with necrotic foci (green arrow) adjacent to viable tumour (yellow 

star) with clearly defined margin. Lymphocytic inflammatory infiltrate with mildly congested vessels. H & E 

x100). (b) 8 days after PDT. Marked lymphocytic cell infiltrate (yellow star) at the junction (yellow line) with 

necrosed moderately differentiated carcinoma. A few apoptotic bodies (green arrow) and normal keratinized 

tissue (yellow cross). No evidence of viable tumour. (H & E x100). (c)14 days after PDT. No evidence of 

persistent carcinoma. Healing seen with mild to moderate scarring by collagenisation (H & E x100). (d) Six 

months after PDT. Persistent/recurrent moderately differentiated carcinoma not seen on 1st follow up after 

PDT. Viable tumour cells (yellow star) with dense pyknotic nuclei, intense eosinophilic cytoplasm with partial 

tumour necrosis, prominent apoptotic bodies and marked lymphocytic inflammatory infiltrate (green arrow). 

(H & E x100). 

 

 

 

 

                  



Figure 4 

 

Fig. 4. US Scans (1a) before and (1b) 9 days after PDT. Maximum lesion dimensions increase from 9.8x8.3x3.6 

mm to 13.1x13.2x6 mm due to necrosis and oedema and patient is well at 31 weeks. An arrow up: echogenic 

mucosa, arrow down: hypoechoic lesion in submucosa. (2) Scan before PDT: an arrow shows Echogenic lesion 

in submucosa, 10.6x9.7x5.9 mm, unchanged after PDT (Treatment failure). (3) Scan (3a) before and (3b) 4 

weeks after PDT during healing. Maximum lesion dimensions have fallen from 14x13x5 mm initially to 

11x11x5 mm 7 days after PDT (not shown) to 9x9x3 mm after 4 weeks. An arrow (3a) shows breech in 

echogenic mucosa below hypoechoic lesion and patient is well at 39 weeks. 

 

 

 

 

 

                  



 

Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.   Regression-correlation of the maximum extent of cancer on the buccal mucosal surface as measured 

by white light and fluorescence with the maximum extent of disease measured by US in the buccal mucosal 

plane.26 (a) White light v Fluorescence, (b) Fluorescence v Ultrasound, (c) White Light v Ultrasound. (US 

scans not available for one lesion). 
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.  (a) Cleveland’s dot plot of Photobleaching. Each line shows the fluorescence before (blue) and after 

(yellow for PDT success and red for PDT failure) light delivery for individual patients (n=34 lesions, t =18.58, 

p < 0.001). (b)Box plot of PpIX fluorescence reduction. Analysis of the change in PpIX fluorescence from 

images acquired before and after PDT reveals a strong positive correlation between the extent of 

photobleaching and treatment outcome. (n=34, t=6.7, p<0.001). All PDT treatment failures had less 

photobleaching than all but one of those with successful PDT. 
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S1. Detailed Inclusion Criteria for Clinical Study      

1. Biopsy showing invasive squamous cell carcinoma. 

2. HPV negative. 

3. Age over 21, males or females.    

4. Not pregnant or breast feeding.  

5. No active infectious diseases, (especially HIV, tuberculosis, hepatitis or oral herpes). 

6. Normal Hb, blood urea, serum electrolytes, liver function tests.    

7. No previous treatment in the lesion area. 

8. No current treatment for other malignant disease or participation in potentially confounding 

research. 

9. No serious or systemic illnesses considered by the investigator to render patient unsuitable. 

10. No history of photosensitivity diseases, allergy to porphyrins or ALA, or photosensitising 

medication in previous 6 months. 

11. Willingness to cease use of tobacco and related products.  

12. Willing and able to comply with study requirements - availability/cost of 

transportation, suitability of home environment/caregivers for patient to come to AMU 

for treatment. 

13. Able and willing to give informed, written consent after full explanation of 

investigatory and therapeutic aspects of the trial.  

14. Patient not an employee of participating sites directly supervised by the investigator. 

15. The patient was told that they could withdraw from the study at any time if they 

wished and that the Principle Investigator could withdraw the patient from the study if 

it was considered that there was an increased risk to the patient or of non-compliance 

with the study protocol. 

 

 

 

                  



 

S2. Statistical analysis methods 

The mean and significant values of measured lesion parameters (i.e. pre-PDT, post-ALA, and post-PDT 

lesion parameters) were analyzed by using open source statistical R software (v3.6.3, Comprehensive 

R Archive Network (CRAN))1. The non-parametric nature of PDT lesion data was identified by 

normality testing methods (Shapiro-Wilks test, Q-Q plot). The significant difference in mean values 

and linear regression-correlation among predictors (lesion’s parameters) with responses were identified 

by Student’s paired t-test and linear regression-Pearson’s correlation analysis, respectively. The 

stepwise identification of outliers in the regression model was carried by Influence Plot analysis (i.e., 

based on Hat-values, Studentized residual values, Cook’s values) using the “car” package in the R 

console. Adjusted R2 values (or R2) were reported to explain PDT treated lesion response correlations 

predicted by corresponding predictors (CI; 95%). All statistical analyses were considered significant at 

a P-value of <0.05. 

 

1. Team, R. Core. "R: A language and environment for statistical computing." (2013): 201. 

 

S3: Details of treatment failure patients: 

(a)  with specific clinical conditions: 

i. 1 of 2 patients with ear pain, failed  

ii. 3 of 11 patients with pain at lesion site failed 

iii. 3 of 9 patients with trismus failed 

iv. 0 of 1 patient with tinnitus failed 

v. 1 of 1 patient with discharging ulcer failed 

 

(b) Location of failures:  

8 patients had unsuccessful PDT at the of time of presentation (including the early recurrence). One 

patient was lost to follow up after the first post PDT biopsy. 6 subsequently had a wide local excision, 

including chemoradiotherapy (CRT) in 3, with stabilization of their disease in 5.  Two (including the 

early recurrence) developed progressive disease after CRT and could only be offered best supportive 

care. 

Thus, of the 20 patients with only discrete lesions, 6 failed PDT, but for the other 14 there was no 

recurrence during follow up over a mean of 53 weeks (median 37, range 14-141). In the other group 

with multiple white patches there was only one immediate failure and the early recurrence (probably 

missed persistent disease), but for the other 8 in this group of 10 there has been no recurrence over a 

mean of 57 weeks (range 29-88, median 45). 

This suggests that a single focus of disease may present later (delayed symptom recognition). The other 

group probably represents field change disease with symptom recognition before any one focus of 

disease has progressed too far, but closer follow up required as metachronous disease requiring 

treatment may appear in different areas at different times.  

The ones that showed persistent tumour in the first post PDT biopsy were located anterior 2 (of 13), 

mid posterior 2 (of 16), near retromolar trigone 2 (of 4) and near buccal sulcus 1 (of 1). 

 

 

                  


