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Abstract. The spectral irradiance of narrow band and broad spectrum radiation sources
have been measured and the erythemally effective irradiance calculated by weighting the
spectral irradiance of each source by an erythema action spectrum for human skin and
integrating over the range of wavelengths in each spectrum. The ratio of the erythemally
effective irradiancesdetermined in this manner have been compared with theratio of
exposure times necessary to produce a delayed minimal perceptible erythema on the trunk
skin of fair-skinned subjects irradiated with the two different sources. There was close
agreement between the two ratios, supportingthe notion of photoaddition applied to
erythema elicited by UVB radiation.

1. Introduction
The assumption of linear additivity,or photoaddition,is commonplace in photobiology.
Photoaddition is assumed whenever a photobiological action spectrum
is multiplied
by a spectral irradiance curveof some source of optical radiation to predict or explain
an observed response (Parrisher a1 1978). Ultraviolet erythemais one example where
the concept of photoaddition is often applied; for example,by dermatologists engaged
in the evaluation of phototherapeutic regimens for skin diseases (Parrish 1982), orby
illumination engineers in estimating the erythemal content of different light sources
(Brundrett and Johnston 1972).
The notion that photoaddition holds for ultraviolet erythema was first suggested
by Adams et a / (1931). Evidence supportingthis was subsequently published by Sayre
et a1 (1966) and by Ying et a1 (1974), although Findlay (1967) presents tentative
evidence to show that threshold erythemal responses to irradiation with an unfiltered
xenon arc lamp cannot be accounted for by applying the principle of photoaddition.
Furthermore, other workers have suggested that synergistic or protective interactions
may exist between wavelengths. Willis et a1 (1973) found that UVA radiation (315400 nm) exhibited a photoaugmentative effect on erythema induced by UVB radiation
(280-3 15 nm) and interpreted their
findings as a pronouncedsynergistic effect between
UVA and UVB. On the other hand, van der Leun and Stoop (1969) showed that the
effect of irradiation of human skin with UVB may be slightly reduced by subsequent
exposure to indoor daylight; a phenomenon known as photorecovery or photoreactivation.
In this preliminary study our intention was to limit the spectralpower distributions
such that for the narrow band and broad spectrum radiations
used here, the erythemal
efficacy of bothradiations
was confined almostentirely
tothe UVB spectrum.
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Consequently any photoaugmentation
or photorecovery effects of UVA and visible
radiation were assumed to be too small to play any significant role.
If photoaddition is applicable to U V B erythema, and if no significant synergistic or
protective interactionsexist between wavelengths, it is possible to define an erythemally
effective irradiance (W m-') relative to some reference wavelength A. nm as

&=x

E ( A ) & ( AAA
)

(1)

where E ( A ) is the spectral irradiance (W m-' nm") at wavelength A nm at the point
of interest, & ( A ) is the relativeeffectiveness of radiation of wavelength A nm (normalised
to unity at A. nm) in producing the desired end-point,
e.g., a delayed minimal erythema
observed 24 hours following irradiation, and AA is the wavelength interval used in the
summation. In principle, the summation is over all wavelengths for which both E ( A )
and & ( A ) are non-zero.
The purpose of the present investigation was to measure € ( A ) using narrow band
of the
(monochromatic)andbroadspectrumradiationsand
to compare the ratio
calculated erythemally effective irradiances with the ratio of exposure times necessary
to produce a delayed minimal perceptible erythema (MPE) on the skin of subjects
irradiated with radiation of different spectral distributions. Agreement between the
Eefl ratioandtheratio
of exposuretimesfora
MPE would supportthe idea of
photoaddition.

2. Materials and methods
The untanned skin on the backs of five fair-skinned Caucasian males was irradiated
with narrow band radiation of wavelength around 300 nm and with broad-spectrum
radiation extending from about 285 to 740 nm (approximately 'solar simulated radiation').
The apparatus used to irradiate the subjectsconsisted of a 900 W xenon arc lamp
mounted in a housing with two exit ports at 180" to each other. One exit port was
optically coupledto a single diffraction grating monochromator,
with the otherallowing
for modification of the full spectrum radiation by means of an optical filter holder. A
liquid-filled light guide, 2 m in length and5 mm inner diameter, conducted the radiation
from either the exit of the monochromator or the exit aperture on the filter side to

Figure 1. A subject being investigated with the photoirradiation system.
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the subject’s skin (see figure 1). This light guide transmitted radiation in the spectral
interval 240 to 740 nm with 50% or more transmission in the region 300 to 600 nm.
The spectral irradiance at the subject’s skin was measured using a semi-automated
prototype version of a portable scanningspectroradiometer (Diffey and McKinlay
1983). The bandwidth of the spectroradiometer was kept constant at 3 nm and a
wavelength stepping increment AA of 1 nm was used in all measurements. Wavelength
calibration was obtained using a HeNe laser (632.8 nm), an argon ion laser (514.5
and 488 nm) and a low pressure mercury discharge lamp (253.7 nm). The spectral
sensitivity calibration of the instrumentwas obtained by reference to a NationalPhysical
Laboratory calibrated deuterium spectral irradiance standard. The uncertainty
associV. This is equivalent toan
ated with electronicandoptical
‘noise’ was < *2 X
uncertainty in spectral irradiance of 2.4 X lo-’ W m-2 nm” at 300 nm.
Eachsubject was irradiated in anarithmeticalseries of exposure times in each
spectral region as follows:
(i) Narrow band irradiation (central wavelength of 299 nm with full bandwidth at
half maximum intensity of 5 nm)-exposure times ranging from 8 to 40 S in steps of
was chosenas it lies approximately midway in the U V B
2 S . Thisspectralregion
spectrum and the photobiological effects of wavelengths around 299 nm have been
studied extensively.
(ii) Broad spectrum irradiation (xenon arc spectrum modified by Schott WG305
glass filter 3 mm thick)-exposure times ranging from 2 to 6 S in steps of 0.2 S . The
WG305 filter was inserted to remove the uvc component of the radiation beam since
the mechanisms of UVB and uvc erythema are thought to be different (van der Leun
1972).
Theirradiated siteswereobserved
visually 24 h following exposureandthat
exposure which producedathreshold,
or justperceptible,reddening
of the skin
(so-called ‘minimal perceptible erythema’, MPE) was noted.

3. Results
The spectral irradiances in each of the wavelength regions used in this study are shown
in figure 2. No attempt has been made to deconvolute the measured spectral irradiance
curves to account for the finite ( 3 nm) bandwidth of the spectroradiometer.
In order to calculate the erythemally effective irradiance (EeR)in each spectral
region it is necessary to adopt someactionspectrumfordelayederythema.
The
numerical values of the actionspectrum & ( A ) employed here are based uponthe
weighted mean values calculated by Diffey (1982) from a statistical analysis of the
results of erythema action spectrum studies carried out by six independent groups of
investigators in the period(1964-74).These
data only cover thespectralrange
250-320 nm and so the recent action spectrum data publishedby Parrish et a1 (1982),
which cover the spectral range 250-405 nm, have also been included. The tabulated
values of & ( A ) at selected wavelengths used in the present study are given in table 1.
Logarithmicinterpolation was used to calculate & ( h )atintermediatewavelengths.
From equation 1 the erythemally effective irradiance relative to monochromatic radiation at 300 nm is calculated to be 12.5 W m-* for the narrow band spectrum and
54.3 W m-2 for the broad spectrum radiation, which indicates that if photoaddition is
applicable and both photoaugmentation and photorecovery
are insignificant, irradiation
with the narrow band spectrum should take 4.3 times as long to achieve a 24 h MPE
than with the broad spectrum radiation.
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Figure 2. The spectral irradiancein the ultraviolet region(280-400 nm) at the subject’s skin. Broken curve,
narrow band radiation; full curve, broad spectrum radiation.

Mackenzie (1983) hasshown that the distribution of doses required for a MPE
amongst normal individuals can be represented more reliably by a lognormal, rather
than Gaussian, distribution. Consequently the logarithm of the observed times for a
MPE in each of the five subjects for narrow band and broad spectrum irradiation are
given in table 2. It may be seen that although there is a wide range in the inter-subject
MPE times for a given irradiation spectrum, reflecting differences
in the individuals’
susceptibility to sunburn, the intra-subject ratioof MPE times for the narrow band and
Table 1. Theerythemaactionspectrum(normalised to unity at 300 nm) used in the present
analysis.

Wavelength
(nm)
250
260
270
280
290
295
300
305
310
320
334
365
380
405

Relative erythemal
effectiveness,
&(A)

1.74
1.90
1.43
1.31
1.43
1.51
1.00
0.51
0.075
8 . 7 10-3
~
1.5x
5.7~ 10-~
1 . 9 1~0 - ~
1 . 4 1~0 - ~
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Table 2. Logarithm of exposure times for delayed (24 h) minimal perceptible
erythema.
_ _ _ _ _ _ _ _ ~

~

log,, (time for

1.34
1.26
1.20

MPE (S))

Subject

Narrow band

Broad spectrum

log,, ratio

1

1.08

0.51
0.70
0.66
0.58
0.41

0.57
0.64
0.60
0.62
0.59

2
3
4
5

1.00

Mean
0.604*0.037
0.57*0.16
1.18*0.14
Median ratio = 4.0
9 5 % confidence limits, 3.4 to 4.8

broad spectrum irradiationshows much less variability (coefficient of variation of 6%).
Also the median ratio of exposure times for a MPE from the two spectra is 4.0 with a
95% confidence interval of 3.4 to 4.8. The median value of 4.0 agrees closely with
the predicted ratio of 4.3 given above.
4. Discussion

The most common approachto photobiological dosimetry is the conceptof photoaddition, thatis, that thevarious wavelength componentsof a sourceof ultraviolet radiation
exposure may be combined in a simple additive mannerbut incorporating a multiplicative constant (action spectrum) appropriate for each wavelength (Calkins 1982). The
results of the present study apparently support this concept with regard to erythema
elicited with U V B radiation.
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Figure 3. The cumulative erythemal content of three different sources of radiation. Broken curve, narrow
band radiation; full curve, broad spectrum radiation; chain curve, midday summer sunlight in the UK.
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If, however, the cumulative erythemal content
to any given wavelength A is expressed as

of a source of optical radiation up

0

it may be seen from figure 3 that for the broad spectrum radiation used in the present
beamonlycontributes
4% of the
study,the UVA component of theradiation
erythemally effective dose required for minimal
a
perceptible erythema, and
is probably
too low to play any significant photoaugmentative role, assuming such a phenomenon
exists. Figure3alsoshowsthecumulativeerythemalcontent
of terrestrialmidday
summer sunshine in the UK (latitude 53 O N , solar zenith angle 30°, ozone thickness
0.32 cm) and indicates that under these conditions solar U V A contributes about 25%
of the erythemally effective exposure.
Finally, the results of this study may not necessarily apply to sources of radiation
which contain significant erythemalquantities of UVA radiation in addition to the
UVB. In these cases photoaugmentation and/or photorecovery may be important.

Resume
Etude preliminiare de la photoadditivite pour I’Crytheme dQ au rayonnement

UVB.

Les auteurs ont mesurC la repartition spectrale de I’Cmission de sources B bande etroite et de sources a
large bande. 11s ont calculC I-Cclairement CnergCtique efficace pour la production de I’Crythime (dCbit de
dose CrythCmale) en pondirant I’Cclairement inergttique spectrique dCi B chaque source avec les donnCes
du spectre d’action de 1’Crythime la
depeau humaine et en intigrantsur la bande spectrale relative B chaque
spectre d’Cmission. Les rapports des dtbits de dose Crythimale obtenus parla mCthode prCcCdente ont &C
compares aux rapports des durCes d’exposition respectivement nicessaires avec les deux types de sources
pour produire I’irythime retard6 minimal perceptible sur le tone de sujets a peau Claire. Un bon accord
a CtC o b s e d entre les deux types de rapports, confortant I’hypothkse dela photoadditiviti pour I’Crytheme
produit par le rapport ultraviolet.

Zusammenfassung
Eine vorlaufige Untersuchung iiber Photoaddition und Erythema aufgrund von UVB-Strahlung.
Die Spektrale Strahlungsdichte schmalbandiger und breitbandiger Strahlungsquellen wurde gemessen und
die erythemwirksame Strahlungsdichte berechnet durch Wichtung der spektralen Strahlungsdichte einer
jeden Quelle mit Hilfe eines Erythemaktionsspektrums fur menschliche Haut und durch Integration iiber
so bestimmte Verhaltnis erythemwirksamer Strahlden Wellenlangenbereich eines jeden Spektrums. Das
ungsdichten wurde verglichen mit dem Verhaltnis der Bestrahlunszeiten, die notig sind ein verzogertes,
minimalwahrnehmbaresErythembeihellhaugtigenPersonenzuerzeugen,die
mit zwei verschiedenen
Quellen bestrahlt worden waren. Die gute Ubereinstimmung zwischen den beiden Verhaltnissen unterstiitzt
die bisherigen Vorstellungen iiber die Photoaddition bei ultravioletten Erythemen.

References
Adams E Q, Barnes B T and Forsythe W E 1931 J. Opt. Soc. Am. 21 207-22
Brundrett G W and Johnston P D 1972 Erythemal effects of ultraviolet radiation from fluorescent lamps
(275-360 nm) ECRC/N512 (London: Electricity Council)
Calkins J 1982 in The Role of Solar Ultraviolet Radiation in Marine Ecosystems ed. J Calkins (New York:
Plenum Press) pp 169-79
Diff ey B L 1982 Phys. Med. B i d . 27 715-20
Diffey B L and McKinlay A F 1983 Phys. Med. Biol. 28 351-8
Findlay G H 1967 Br. J. Dermatol. 79 148-52

Preliminary
study

on photoaddition
and

erythema

425

Mackenzie L A 1983 Er. J. Dermatol. 108 1-9
Parrish J A, Anderson R R, Urbach F and Pitts D 1978 U V - A : Biological Efects of Ultraviolet Radiation
with Emphasis on Human Responses to Longwave Ultraviolet (New York: Plenum Press) p 122
Parrish J A 1982 in The Science of Photomedicine (ed. J D Regan and J A Parrish (New York: Plenum
Press) pp 511-32
Parrish J A, Jaenicke K F and Anderson R R 1982 Photochem. Photobiol. 36 187-91
Sayre R M, Olson R L and Everett M A 1966 J. Invest. Dermatol. 46 240-4
vol. 3, part
van der Leun J C 1972 in Research Progress in Organic, Biological and Medicinal Chemistry
11, ed. U Gallo and L Santamaria (Amsterdam: North Holland) pp 711-35
van der Leun J C and Stoop T 1969 in The Biologic Efects of Ultraviolet Radiation (with Emphasis on
the Skin) ed. F Urbach (Oxford: Pergamon Press) pp 251-4
Willis I, Kligman A and Epstein J 1973 J. Invest. Dermatol. 59 416-20
Ying C Y, Parrish J A and Pathak M A 1974 J. Invest. Dermatol. 63 273-8

