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Can daylight-PDT be performed indoor?
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Natural DayLight-mediated PhotoDynamic Therapy (NDL-PDT) is an efficacious treatment option for thin actinic keratosis that offers advantages over conventional PDT in terms of tolerability, treatment duration, and cost. It is now accepted that the minimum criteria required for effective NDL-PDT is a dose of 4 J/cm² with a treatment time of 2 h and a minimum temperature of 10°C, corresponding to a minimum illuminance of 11 000 lux. This value is easily achievable: 20 000 lux can be obtained during a typical overcast day at midday. It can reach 110 000 lux with a bright sunlight However, it is limited to certain times of the year at our latitude. However rain and cold temperatures appear the main limitations of NDL-PDT. Greenhouses make possible to perform the illumination even in harsh weather conditions. Furthermore, it is difficult to install a greenhouse everywhere. Several solutions are now proposed to carry out indoor illumination so-called artificial white light or simulated daylight (SDL-PDT).

Illumination sources installed at the ceiling of the treatment room is one option. Several lamp pairs can be combined to illuminate groups of patients simultaneously. A surgical theatre light can be used or dedicated systems using white LEDs can be used to deliver the required illumination dose. In conclusion, Indoor lightning (or simulated daylight: SDL-PDT or Artificial White Light: AWL) could offer an interesting alternative to NDL-PDT.

Introduction

Natural DayLight-mediated PhotoDynamic Therapy (NDL-PDT), in which the photosensitizing agent is activated by natural light, is an increasingly popular concept that originated in Scandinavia [START_REF] Wiegell | Continuous activation of PpIX by daylight is as effective as and less painful than conventional photodynamic therapy for actinic keratoses; a randomized, controlled, single-blinded study[END_REF] . All PpIX absorption peaks are within the visible spectrum of light which makes daylight a good candidate for PDT. Typically, after a patient applies a chemical sunscreen to block unwanted components of ultraviolet exposure, he or she applies methyl aminolevulinate. Within 30 minutes, patients can begin exposure to daylight, lasting for 2 hours, with light ranging from fully cloudy to a clear blue sky. It is now accepted that the minimum criteria required for effective daylight PDT is a dose of 4 J/cm² with a treatment time of 2 h and a minimum temperature of 10°C, corresponding to a minimum illuminance of 11 000 lux [START_REF] O'mahoney | Use of illuminance as a guide to effective light delivery during daylight photodynamic therapy in the U[END_REF][START_REF] Mordon | A commentary on the role of skin temperature on the effectiveness of ALA-PDT in Dermatology[END_REF] . This value is easily achievable: 20 000 lux can be obtained during a typical overcast day at midday and can reach 110 000 lux with a bright sunlight 4 .

This new illumination technique is starting to catch on in other European

Countries [START_REF] Ibbotson | A consensus on the use of daylight photodynamic therapy in the UK[END_REF][START_REF] Cordey | Daylight photodynamic therapy in Scotland[END_REF][START_REF] Gilaberte | Spanish-Portuguese consensus statement on use of daylight-mediated photodynamic therapy with methyl aminolevulinate in the treatment of actinic keratosis[END_REF][START_REF] Braathen | Daylight photodynamic therapy in private practice in Switzerland: gain without pain[END_REF][START_REF] Fai | Daylight photodynamic therapy with methyl aminolaevulinate in patients with actinic keratoses: a preliminary experience in Southern Italy[END_REF] , Australia 10 , Central and South America [START_REF] Grinblat | Feasibility of daylightmediated photodynamic therapy for actinic keratosis throughout the year in Central and South America: a meteorological study[END_REF][START_REF] Grinblat | Daylight-mediated photodynamic therapy for actinic damage in Latin America: consensus recommendations[END_REF] and United States 13 . NDL-PDT is less expensive and far less painful than traditional conventional PDT (CPDT), in which the photosensitizer is activated by a LED panel. Another advantage of NDL-PDT is the ability to treat a larger surface area in only one session, compared to LED panel. While it is not approved by the Food and Drug Administration for use in the United States, NDL-PDT is a registered treatment modality in Europe, Australia, and South America. NDL-PDT has been demonstrated to have high efficacy with results similar to conventional PDT for the treatment of Actinic Keratosis (AKs) [START_REF] Fitzmaurice | Daylight Photodynamic Therapy: What is Known and What is Yet to be Determined[END_REF] . In fact, though there may be a sufficiently light dose in most locations, the ambient temperature may be too low, becoming a limiting factor in recommending NDL-PDT, in particular for the early months of the year [START_REF] O'mahoney | Use of illuminance as a guide to effective light delivery during daylight photodynamic therapy in the U[END_REF] . In fact, production of PpIX is a strongly temperature-dependent process [START_REF] Mordon | A commentary on the role of skin temperature on the effectiveness of ALA-PDT in Dermatology[END_REF] . No PpIX synthesis was observed when the skin temperature was reduced to 12-18 °C [START_REF] Juzeniene | Temperature effect on accumulation of protoporphyrin IX after topical application of 5aminolevulinic acid and its methylester and hexylester derivatives in normal mouse skin[END_REF] . Another main concern is the risk of rain which is difficult to predict when giving an appointment to the patient. Changing weather conditions with more than 30% of days with rain each month, this appears to be an insurmountable obstacle [START_REF] Ibbotson | A consensus on the use of daylight photodynamic therapy in the UK[END_REF] . Consequently, the treatment is very dependent on geographical location (latitude) and time of the year. Several studies have determined when NDL-PDT is feasible. For example, in Denmark it is only possible to perform NDL-PDT from April to November. Similarly, O'Mahoney et al have identified suitable months for performing NDL-PDT in UK. Again, the main limitation was not light but temperature between October and March in most northern countries. Temperature data showed that it could be too cold for NDL-PDT even when there is sufficient light exposure.

Consequently, several solutions are now proposed to carry out indoor illumination in order to mimic NDL-PDT.

Greenhouse

In rainy, cold or windy weather conditions, with sufficient natural daylight, a greenhouse can be a good solution [START_REF] Lerche | Alternatives to Outdoor Daylight Illumination for Photodynamic Therapy--Use of Greenhouses and Artificial Light Sources[END_REF] . Lerche et al have measured that with clear blue sky the fluence rate of daylight outside the greenhouse was 6.07 mW/cm² (PpIX-weighted) corresponding to 43.7 J/cm² in two hours, while inside the greenhouse it was 4.58 mW/cm² (PpIX-weighted) corresponding to 32.9 J/cm² in two hours. Thus there was a difference of 1.5 mW/cm², caused by the filter effect of the greenhouse glass. In overcast conditions the fluence rate of PpIX-weighted daylight was 1.69 mW/cm² outside the greenhouse corresponding to 12.1 J/cm² in two hours and 1.18 mW/cm2 inside the greenhouse corresponding to 8.5 J/cm² in two hours resulting in a difference of 0.5 mW/cm². The spectrum of daylight inside the greenhouse is slightly affected by the glass used for the greenhouse However, only a limited number of Dermatologists has access to a garden or a park to install a greenhouse.

Artificial white light or simulated daylight

Due to the limitations of NDL-PDT, several teams are now considering using artificial "daylight", also called Indoor lightning, artificial white light or simulated daylight (SDL-PDT) to treat patients all year round. Lerche et al have evaluated five different artificial Daylight sources [START_REF] Lerche | Alternatives to Outdoor Daylight Illumination for Photodynamic Therapy--Use of Greenhouses and Artificial Light Sources[END_REF] . They found that four of the five light sources were usable for SDL-PDT. In the following, only commercially available systems, specifically developed for PDT of AKs will be described.

Surgical theater light source

O'Gorman et al have proposed to use an operating room light source because it had a suitable spectrum, output, distribution of the light emitting diodes (LEDs) [START_REF] O'gorman | Artificial White Light vs Daylight Photodynamic Therapy for Actinic Keratoses: A Randomized Clinical Trial[END_REF] . They evaluated a device commercially available (Maquet Power LED -MPLED500). The illuminance of this theatre light is similar to that on a clear summer's day. The manufacturer's spectrum shows a broad waveband in the visible range with high amplitude at 630 nm [START_REF] Manley | Artificial white light photodynamic therapy of actinic keratosis: Commissioning and dosimetry[END_REF] .

Figure 2 shows the spectrum of this artificial light source (White LED). A white LED is composed of a blue chip with a phosphor coating. The coating converts blues into a chemically-controlled spectrum of photons across the entire visible spectrum. "Warm white" LEDs have a short 460 nm blue peak and a broad slope from green to red. "Cool white" LEDs have a tall 460 nm blue peak and a very similar slope from green to red.

Figure 2 : Light spectra of daylight and operating room light vs normalized PpIX absorption spectrum. The daylight irradiance on a clear sunny day can be over ten times that of an overcast day. The artificial white light emission spectrum is similar to that of a clear sunny day particularly between 450 and 650 nm.

However this surgical theater light is developed for surgery and consequently the light is focused at the center. The output of the light falls off radially, limiting the maximum treatment area to 100 cm² (see Figure 3) With this surgical theater light, the prescribed dose of 50 J/cm² in the red waveband was delivered in a treatment time of 120 minutes. The non-uniform distribution of irradiance from the operating room light resulted in dose variation over the treatment area between 50 J/cm² at the edge to 125 J/cm² at the center of the treatment area. The irradiance in the red waveband ranged from 6.9 to 17.4 mW/cm². With these parameters, the mean (SD) effective daylight dose (weighted daylight dose by PpIX activation spectrum) was 21.38 (13.25) J/cm² .The minimum daylight dose was 3.20 J/cm² and the maximum was 43.00 J/cm². Photodynamic therapy using this operating light source was as effective and well-tolerated as daylight photodynamic therapy. Besides, several patients were unable to tolerate CPDT while they reported that they would be happy to undergo either SDL-PDT again.

Several companies now proposed devices specially developed to simulate daylight. These devices use white LEDs, they were designed to treat large areas. In 2017, 2 systems are commercialized.

Medisun

Medisun daylight 9000 is developed by the company Schulze & Böhm in Germany. Medisun daylight 9000 contains a three-dimensional irradiation field around the head. Medisun daylight 9000 requires little space (1.25 m x 1.25 m) and can easily be installed in any room. The affected skin parts can optionally be treated in one or more sessions by individually selecting the 8 LED spotlights. Medisun daylight 9000 can be programmed with different colors and irradiance. The spectral range is adjustable from 400 nm to 750 nm and the irradiance is adjustable from 0 to 25 mW/cm². An electronic microcontroller allows a dosage input in J/cm² and guarantees an exact, automatically calculated exposure time in minutes and seconds. Medisun is currently conducting some scientific studies with this system and data are now available yet. 

Dermaris

Dermaris was developed by the company Surgiris in France (Figure 5). This system used white LEDs. Its spectrum showed a broad waveband in the visible range with high amplitude at 630 nm (Figure 6). This system was specifically designed for PDT of AK. Consequently the treatment area is much larger than the system evaluated by O'Gorman et al. 320 cm² versus 100 cm² for a surgical theater light (Figure 7). With IndoorLux © , SWISS RED AG has developed a fresh new concept in stimulated daylight PDT (SDL-PDT). At a distance of 110-150 cm from the light source, the system produces 15,000-25,000 Lux. The lamps mimic the green and red components of daylight. The treatment takes place in a specially equipped PDT room in the dermatologist's practice under the supervision of the practice staff and the treating dermatologist [START_REF] Kellner | Simulated-daylight photodynamic therapy with BF-200 aminolaevulinic acid for actinic keratosis: assessment of the efficacy and tolerability in a retrospective study[END_REF] (Figure 8). It consists of paired illumination sources installed at the ceiling of the treatment room. Each pair illuminates one patient. Several lamp pairs are combined to illuminate groups of patients simultaneously. At a distance of 110 cm from the ceiling, the irradiance at 570-590 nm is 21.14 mW/cm² and is 3.04 mW/cm² at 620-640 nm leading to 14.3-24.2 J/cm 2 , depending upon the distance from the light source. A retrospective clinical study involving 32 patients with AK performed by Keller et al observed a complete lesion clearance rate in 93% 21 . This system was well tolerated with no or very mild pain, comparable with NDL-PDT

Conclusion

Natural DayLight-mediated PhotoDynamic Therapy (NDL-PDT) is an efficacious treatment option for thin actinic keratosis that offers advantages over conventional PDT in terms of tolerability, treatment duration, and cost. However, NDL-PDT cannot be performed in locations with variable or extreme weather conditions, or when temperature is too cold. Thanks to recent developments, Indoor lightning (or simulated daylight: SDL-PDT or Artificial White Light: AWL) could offer an interesting alternative to NDL-PDT and should be now considered in the armamentarium of dermatologists to fight against precancerous AKs and field cancerization particularly in the elderly population.
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 1 Figure 1: Greenhouse used in Denmark for NDL-PDT. This greenhouse is composed with one layer window glass with acrylic at the very top (from Lerche et al).
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 3 Figure 3: Light distribution of this surgical theater light. The output of the light falls off radially. Optimal parameters are obtained on a 100cm² surface only.

  Figure 4: Medisun daylight 9000 (http://medisun.de/de/produkteprofibereich/photodynamische-therapie/medisun-daylight-9000.html)
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 5 Figure 5: Dermaris system developed by Surgiris
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 6 Figure 6: Spectrum of Dermaris. A broad waveband in the visible range with high amplitude at 630 nm is observed.
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 7 Figure 7: Profile of Dermaris. Thanks to a specific design, the treatment area reaches 320 cm²

Figure 8 :

 8 Figure 8 : SDL-PDT room equiped with this IndoorLux system. Illumination sources are installed at the ceiling of the treatment room.
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 9 Figure 9 : Spectrum of Indoorlux. Light is mostly emitted between 570nm and 630 nm.