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Abstract

:

In the early 1970s, environmental conservationists were becoming concerned that a reduction in the thickness of the atmospheric ozone layer would lead to increased levels of ultraviolet (UV) radiation at ground level, resulting in higher population exposure to UV and subsequent harm, especially a rise in skin cancer. At the time, no measurements had been reported on the normal levels of solar UV radiation which populations received in their usual environment, so this lack of data, coupled with increasing concerns about the impact to human health, led to the development of simple devices that monitored personal UV exposure. The first and most widely used UV dosimeter was the polymer film, polysulphone, and this review describes its properties and some of the pioneering studies using the dosimeter that led to a quantitative understanding of human exposure to sunlight in a variety of behavioral, occupational, and geographical settings.
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1. Introduction


In the early 1970s, environmental conservationists were becoming increasingly concerned that changes in the atmospheric ozone layer might be induced by both high-flying supersonic aircraft, and by the build-up of freons and related compounds. It was believed that any reduction in the thickness of the ozone layer would lead to increased levels of ultraviolet (UV) radiation at ground level, resulting in higher population exposure to UV and accompanying subsequent harm, especially a rise in skin cancer.



At the time, no measurements had been reported on the normal levels of solar UV radiation which populations received in their usual environment, so this lack of data, coupled with increasing concerns about the impact to human health, led to the development of simple devices that monitored personal UV exposure.




2. Fundamental Requirements of Personal Ultraviolet Dosimeters


Whilst radiometers and spectroradiometers are used to monitor ambient solar UV radiation, these instruments are not suited to determining the UV exposure of individuals, especially at multiple sites over the body, because of their bulk and generally high cost. Ideally, UV dosimeters designed for personal use should have the following characteristics:




	
The dosimeter should be easy to handle and not impose restrictions on the activities of the wearers.



	
In physical dosimeters, the output electrical signal should increase linearly with irradiance and have a wide dynamic range.



	
In chemical or biological dosimeters, the change produced in the system should increase linearly with UV dose. If not, the dose response curve should at least be monotonic; that is, any given dosimeter response is the result of only one radiation dose.



	
The dosimeter should exhibit photoaddition; in other words, each wavelength acts independently, and the effect of polychromatic radiation is the sum of the effects of all wavelengths involved.



	
The spectral sensitivity of the dosimeter should, ideally, match the action spectrum of the photobiological effect being monitored, most commonly erythema.



	
The dosimeter response should be independent of temperature and humidity, exhibit no ‘dark effect’ (continuing response when radiation exposure is terminated), and be stable in long-term storage.



	
The dosimeter should not require laborious processing, and it should be easy to convert the physical, chemical, or biological response to a measure of UV exposure dose.



	
The cost per dosimeter should be low so that large scale monitoring is feasible.








The most widely used personal UV dosimeter over the past 40 years has been the plastic film, polysulphone. The narrative that follows is told from the perspective of someone who was there at the beginning of the development of personal UV dosimeters and who has contributed to several studies on the measurement of human exposure to solar UV radiation throughout this period.




3. The Birth of Polysulphone as a Dosimeter for Measuring Personal Solar UV Exposure


While evaluating the weathering characteristics of the polymers polysulphone (PSP) and polyphenylene oxide (PPO), Tony Davis and colleagues, based at a UK defense establishment, found that they both darkened when exposed to UV radiation [1]. They realized the potential of these polymers as UV monitors and used PPO to continuously monitor solar ultraviolet radiation at forty sites throughout the world [2].



At a chance meeting in 1975, I suggested to Tony Davis that maybe PPO or PSP might be useful for monitoring personal exposure to UV, analogous to film badges worn by people exposed to ionizing radiation in hospital X-ray departments, for example. An important requirement for any UV dosimeter used to monitor biologically effective UV is that the wavelength response of the dosimeter should be similar to the action spectrum pertinent to the biological effect of interest, which is usually UV-induced erythema in human skin [3].



PPO film shows spectral sensitivity up to 400 nm, unlike PSP, which is not responsive above about 340 nm. Additionally, because PSP is about 10 times more sensitive than PPO, it was more suited for use as a personal UV dosimeter. Therefore, we focused our attention on PSP film (40 μm thick) with a view to developing the material as a possible personal dosimeter to measure exposure of the skin to UV radiation.



When exposed to UV radiation, PSP film degrades and loses tensile properties. At the same time, the initial broad absorption band in the near UV extends with dose towards the visible. As a measure of the degree of degradation of the polymer, we took the change in absorbance pre- and post-exposure measured at 330 nm (∆A330), as a measure of UV dose. This absorbance change was investigated as a function of incident UV exposure for wavelengths ranging from 254 nm to 335 nm [4]. The first dose-response curve, obtained for PSP film irradiation at 297 ± 5 nm, is shown in Figure 1.



To derive the wavelength response of the film, the reciprocal of the dose required to produce a ∆A330 of 0.1 at each wavelength was plotted as a function of wavelength, normalized to unity at the most sensitive wavelength (Figure 2). In Figure 2, the erythemal action spectrum of human skin [3] is compared with the spectral sensitivity of polysulphone; and although the agreement is not ideal, it is possible to allow for this, if the relative spectral distribution of the incident radiation is known (see below).



The absorbance of PSP film before and after exposure can be measured with any standard UV spectrophotometer and takes about 5–10 s per badge, depending on the dexterity of the operator. However, the task can be tedious, especially when several hundred badges have to be processed. To address this problem, a device based on a commercial slide projector was described [5], that read and printed the absorbance of up to 60 badges at a time.



Polysulphone film largely meets the requirements for a personal dosimeter, as listed in the previous section, but there are some shortcomings. The spectral sensitivity is not ideal for a dosimeter designed to measure erythemal radiation (Figure 2); although this limitation can be accounted for, to some extent, in the calibration procedure (see below). The dynamic range is somewhat restricted as a result of saturation effects, necessitating the replacement of film badges on a daily to a weekly basis, depending on outdoor behavior of subjects.



Finally, PSP film does exhibit a dark reaction, in that the ∆A330 measured immediately after exposure is about 8% less than that measured 24 h later, and 10% less than that measured one week later [6]. However, this can be accounted for if the measurement was made at the same time after exposure, e.g., 24 h, that was used during calibration.




4. Calibration of Polysulphone Film as a UV Dosimeter


Because the spectral sensitivity of PSP film is not an exact match to the erythema action spectrum (Figure 2), it is important that the badges are calibrated for each type of UV source to which they are exposed, ideally by spectroradiometric methods [6].



Most applications measure personal exposure to solar UV radiation, and Figure 3 shows the results of calibrating the film using Australian sunlight. Briefly, the spectral irradiance from 290 to 400 nm, in steps of 1 nm, was measured using a scanning spectroradiometer on a flat, unshaded surface every half hour throughout a day in spring in Queensland, and a summer’s day in Victoria. Pairs of PSP dosimeters, placed adjacent to the spectroradiometer, were exposed for varying combinations of time intervals during the day. By this means, it was possible to expose several pairs of dosimeters to approximately the same erythemally effective UV dose, but for differing time periods.



The following day, the optical absorbance of each dosimeter at 330 nm was determined in a spectrophotometer, and the difference (∆A330) between this post-exposure absorbance and the absorbance determined prior to the exposure was determined for each dosimeter. The erythemally effective dose received by a given film badge during a specified time interval was estimated from the spectral irradiance determined every 30 min, combined with the erythema action spectrum [3]. The observed ∆A330 for each film badge is plotted in Figure 3.



The solid line is an equation of the form:


Erythemal dose (SED) = 10.7 [ΔA330] + 14.3 [ΔA330]2 − 26.4 [ΔA330]3 + 89.1 [ΔA330]4











The erythemal dose is expressed in SED (Standard Erythema Dose), where 1 SED is equivalent to an erythemal effective radiant exposure of 100 Jm−2 [3].



The mismatch between the spectral response of PSP and the erythema action spectrum (Figure 2) will lead to calibration errors that are a function of solar altitude and ozone amount. In principle, it is possible to correct such errors using the procedures described by Seckmeyer et al. [7]. Without such corrections, however, it is important to determine the calibration curve under similar atmospheric conditions to the exposure of population groups [8].




5. Using Polysulphone Film as a Personal UV Dosimeter


The very first PSP film badges were made by securing rectangles of the film, approximately 40 μm thick, into standard 35 mm transparency mounts, resulting in a film badge of 50 × 50 mm with an open aperture of 25 × 35 mm (Figure 4a). These mounts were slotted into specially constructed metal holders which were fastened by a safety pin to the lapel site of volunteers as a proxy for facial solar UV exposure. By comparison, personal ionizing radiation monitors utilizing photographic film are normally worn on the torso to give an indication of whole-body dose.



These film badges were not especially liked by volunteers due to their prominent size and so were soon replaced with a cardboard holder measuring 30 mm × 30 mm, with the film mounted in a central aperture of 10 mm × 15 mm (Figure 4b). With this single aperture badge, only a small fraction of the exposed surface area is used for spectroradiometry. In order to increase reliability, Gibbs et al. [9] described a film badge of the same overall dimension incorporating four circular apertures, each of 6 mm diameter (Figure 4c).



However, these four-aperture mounts never became popular due to the increased time required to measure the pre- and post-exposure absorbances, and so for the vast majority of studies of personal exposure reported in the literature, the single aperture mount (Figure 4b) has been the film badge of choice.




6. Pioneering Studies of Human Exposure to Solar UV


The first study on exposure of human subjects to solar UV was reported by Challoner et al. [10], where they compared the exposure received by nine laboratory workers, two hospital gardeners, and six geriatric in-patients, all working or staying in a London hospital. The geriatric patients were divided into those able to sit in the sun on a balcony, and those restricted to the ward. The observations were made during a two-week period in June and July 1975. All film badges were worn by the volunteer subjects on the lapel site.



The results showed that the laboratory workers received about 5% of the ambient weekly dose, and half of this was during leisure activities on the weekend; whereas the gardeners at work received just over 10% of the ambient weekly UV, defined as the exposure on an unshaded, horizontal surface. In fact, the laboratory workers during the weekend showed mean daily exposures comparable to that of the gardeners at work. The geriatric patients received doses ranging from about 0.1% of the ambient for those who were restricted to the ward, to 9% for those who had access to the balcony [10].



A parallel investigation using PSP film on a larger group of office workers over a longer time interval was carried out in Bristol, UK [11]. About 30 office personnel were monitored for eight fortnightly periods during the summer, autumn, winter, and spring. The individuals received about 3–4% of ambient UV, and there was no noticeable variation in this fraction with season.



All the groups in these two studies showed relatively high variance, due to factors such as propensity for spending time outdoors, positioning of the film badges, posture, and behavior.




7. Applications of Polysulphone Film Dosimetry


Following the initial studies described above, personal UV dosimetry using PSP film quickly caught on. In the 1980s and 1990s, there were several publications on the personal solar UV exposure of people, from countries including Sweden, Australia, and the USA, engaging in various occupations and leisure pursuits [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26], or exhibiting either idiopathic [27] or drug-induced [28] photosensitivity.



Sun exposure in childhood is believed to be a critical factor in the risk of developing skin cancer later in life, so it was not surprising that a number of studies were undertaken to estimate the magnitude of solar UV exposure in children, ranging from babies to adolescents [29,30,31,32,33,34,35,36,37,38].



Studies were not limited to natural sun exposure, but extended into exposure from artificial sources of UV radiation, such as industrial light sources [39], welding arcs [40,41,42], phototherapy units for skin disease [12,19,20,43,44], and banks of UVB lamps, designed to produce vitamin D in elderly people [45,46,47].



Further details of these, and more recent studies, can be found in excellent reviews on personal solar UV exposure in both children [48] and adults [49].



Anatomical Distribution of Solar UV Radiation


The small size of PSP film dosimeters means that they are particularly suited to measure the anatomical distribution of solar UV radiation, and a number of studies have addressed this issue on both mannequins and living subjects [16,50,51,52,53]. Of note, are a few studies that recorded solar UV exposure around the eye [54,55,56], and even one study that recorded the anatomical distribution of UV radiation at 17 sites on the surface of horses both outdoors, and underneath UV solaria indoors [57].





8. Other Types of Personal UV Dosimeter


Whilst PSP film remains the most widely used personal UV dosimeter, other systems have been developed with varying degrees of success, and these are briefly described below.



8.1. Plastic Films Incorporating Photosensitizing Drugs


In field studies of drug-induced photosensitivity, the possibility of using a dosimeter which incorporates the relevant drug is an attractive proposition. To this end, several drugs which are known to have photosensitizing effects in humans have been incorporated as the chromophore in a polyvinyl chloride (PVC) film. Photoactive drugs which have been used in this way include phenothiazine [58], 8-methoxypsoralen [59], nalidixic acid [60], and benoxaprofen [61].



As an example, film badges that incorporated the drug 8-methoxypsoralen as the chromophore [58], were used to monitor the personal solar UVA doses received by patients undergoing oral psoralen photochemotherapy (PUVA) for psoriasis [62].




8.2. Diazo Systems


Diazo systems, which are based on diazonium compounds, are one of the oldest photochemical non-silver processes. The two fundamental properties of the diazo type process which make it suitable for use as a UV dosimeter are its capacity to be decomposed by UV radiation, and the ability of the undecomposed diazonium compound to couple with a color former to produce a stable image.



Diazonium compounds are sensitive principally to the UVA and blue regions of the spectrum. Their spectral sensitivity, together with the simplicity, economy, and convenience of the diazo system, have led to their use as film badge dosimeters for UVA and blue radiation [63,64].




8.3. Photosensitive Papers


One drawback of the film dosimeters described above, is that they require laboratory equipment to facilitate readout. An alternative approach is to use a system whereby the photochemical process initiates a color change, so that visual comparisons with stable printed color standards enable the user to obtain a reasonably accurate and continuously readable integrated measure of his exposure to UV radiation. An example of a dosimeter based on this principle was described by Zweig and Henderson [65]. This dosimeter is a polycarbonate film matrix incorporating a chromophore which converts to a red photoproduct following exposure to UV of wavelengths less than 350 nm. The depth of the red color developed depends solely on the radiant exposure.



Another type of dosimeter is based on the reversible color change of photochromic aziridine formulations [66]. The colorless aziridine undergoes isomerization following UV exposure, to form the blue-colored azomethine ylide.



Photosensitive papers have formed the basis of dosimeters designed for consumer use whilst sunbathing [67]. The main drawback of photosensitive papers is that, at best, they provide a semi-quantitative estimate of exposure.




8.4. Thermoluminescent Materials


Several thermoluminescent (TL) materials have been investigated as possible UV dosimeters. These have included LiF:Mg, CaF2:Dy, CaF2:Mn, Al2O3, LiF:Mg, CaSO4:Dy [68], CaF2:TB4O7 [69], and semiconductor-doped Vycor glass [70]. TL materials have never found established roles as UV dosimeters.




8.5. Polycarbonate Plastic


On exposure to UV, the transparent plastic, CR-39 (allyl diglycol carbonate), alters its optical properties. These changes are the basis of its use as a UV dosimeter [71]. After exposure, the plastic is etched in 6N KOH at 80 °C for 3 h, rinsed, and allowed to dry. The degree of UV dose-dependent front surface damage, visible as opacification, is quantified by measuring the transmission at 700 nm. A comparison of CR-39 with polysulphone film [72] has shown the latter to be a more reliable UV dosimeter.




8.6. Biological Systems


The bacteriophage, T7, has been described for use as a UV biosensor [73]. It has been used to monitor ambient UV radiation [74], and when combined with an appropriate optical filter, a spectral response similar to the action spectrum for erythema in human skin can be achieved [75].




8.7. Electronic Dosimeters


The use of integrating dosimeters, such as all of those described above, does not permit an assessment of the magnitude and change in exposure rate during the measurement period. However, the availability of miniature electro-optical UV sensors meant that it was possible to construct small UV detectors that can be electrically coupled to a data logger clipped to clothing or worn on the wrist. By this means, it is possible to sample UV irradiance in short time intervals, over many hours.



An early example of an electronic dosimeter that incorporated a GaP photodiode, and an ultraviolet transmitting, visible light absorbing optical filter coupled to a commercially available data logger, was described by Diffey and Saunders [76]. The detector was clipped to a waistband, and the data logger, which was rather bulky, was carried in a trouser pocket. The instrument was used to monitor variations in exposure rate that occurred during outdoor activities with differing weather conditions. The results demonstrated clearly that behavior outdoors can be a more dominant factor in determining personal UV exposure, than ambient levels [76].



Improvements in electro-optical technology and miniaturization led to other electronic UV dosimeters [77,78,79]. One such device, termed the SunSaver [76], that was developed by scientists at Bispebjerg Hospital in Copenhagen, has been used in several studies of both occupational and non-occupational sun exposure [80].





9. Conclusions


Environmental concerns about damage to the stratospheric ozone layer were the impetus that led to the development of personal UV dosimeters from the 1970s onwards. The most successful and widely used of these is the polymer film, polysulphone. This film dosimeter combined ease of use with low cost and has resulted in several studies of human exposure to both sunlight and artificial sources of UV radiation, in groups of subjects ranging from babies to elderly people. The results obtained from these studies now provide an extensive dataset of human UV exposure levels in a wide range of settings, both geographical and behavioral.
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Figure 1. The first dose-response curve of polysulphone (PSP) film, showing the variation of ∆A330 with incident ultraviolet exposure at a wavelength of 297 nm [4]. 
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Figure 2. The spectral sensitivity of PSP film (solid curve) [4] and the erythema action spectrum (broken curve) [3]. 
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Figure 3. Exposure of PSP film badges to sunlight in Queensland (blue diamonds) and Victoria (red squares). The solid black curve is a quartic fit to the data. 
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Figure 4. Three different PSP film badge holders. 
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