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Introduction

The Bunsen-Roscoe law (BRL) of reciprocity states that a certain biological effect is directly proportional to the total energy
dose irrespective of the administered regime.[1] Dose is the product of intensity and the duration of exposure and thus the
time required to deliver a certain dose is influenced by the intensity of the source and whether the exposure is continuous or

fractionated (Fig. 1). This law has been given the name of R. Bunsen and H. E. Roscoe who by their classic work in the 19th
century opened a new field of research entitled by them "photochemistry". [1] (Fig. 2). For photochemical reactions it can be
assumed that this law is valid only , at least within a certain dose range which has to be individually defined for each reaction
(Fig. 32). However, responses of cells and tissues to electromagnetic radiation usually involve a sequence of interacting
biological reactions making a linear dose-time relationship less likely. Additionally, photosensitizing molecules might induce
different cellular and molecular responses than does radiation alone. In photomedicine knowledge of the validity and the limits
of the BRL is crucial for the understanding of the pathophysiology of photodamage and of the mechanisms of phototherapy.
To date only few data on the role of the BRL in photomedicine are available. In this review we summarize the pertinent
literature with regard to the effects of dose-time relationship in experimental and clinical photodermatology.

1. Ultraviolet radiation

In order to examine the influence of psoralen plus UVA (PUVA) on hemolysis, Potapenko irradiated erythrocyte suspensions
to which psoralen solutions had been added and varied both dose and intensity of monochromatic 366 nm radiation. Results
showed that PUVA-induced hemolysis at low UVA intensity (20 W/m?) was proportional to the square of the dose. At a high
intensity (150W/m?2), however, the correlation between UVA-dose and erythrocyte lysis showed a dose-threshold and was
found to be S-shaped. The rate of complete hemolysis decreased at higher doses, but was many-fold higher than the rate of
low-intensity PUVA hemolysis at equal doses.[2](1) Subsequently the same group investigated the effect of 366 nm radiation
on the yield of psoralen photooxidation products (POP) in psoralen aqueous solutions. After irradiation at constant doses with
different intensities, respective psoralen solutions were either incubated with human erythrocytes or injected into sensitized
mice to test their ability of inducing hemolysis or of inhibiting delayed type hypersensitivity (DTH) responses. It was found that
immunosuppressive POP were more efficiently formed at lower intensities (20.8 W/m? vs. 150 W/m?), whereas POP
hemolysins were produced with higher efficacy at higher intensities (180 W/m? vs. 26 W/m?).[3](2) These experiments
demonstrate the limits of the BRL, even in a rather simple photochemical reaction. These limits might be due to both, the
photochemistry of psoralen photooxidation itself and the biological read-out system (i.e. hemolysis, immunosuppression)
selected by the authors.

Dzidic et al irradiated Escherichia coli with UVC at a total dose of 100 J/m? administered in either a single exposure or in
equal fractions separated by 20 minutes intervals of incubation and determined cell survival and mutagenesis. After
fractionated irradiation a higher rate of survival was observed compared to acute irradiation. Interestingly, a larger number of
fractions (and a concomitant decrease of dose per fraction) was needed to induce a comparable effect when bacteria were
cultured in phosphate buffer compared to cultures with nutrient media. Fractionation had no effect on the number of UV-
induced mutations in cells cultured in nutrient media. In contrast, in starving cells the frequency of mutations was reduced with
increasing numbers of fractions. These results were explained by the reduced synthesis of repair enzymes in starving cells [4]
(3) and provide an example where failure of reciprocity depends on the physiological state (thriving vs. starving) of the
irradiated organism.
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Work from the authors” laboratory recently addressed the question of dose-fractionation on eukaryotic cells. UVA and UVB
from a metal halide source were delivered either as a single dose or as four equal fractions to a keratinocyte derived cell line
(A431). Cell death was used as an endpoint in this study and determined by FACS analysis of annexin V binding and
propidium iodide uptake. UVA-induced cell death was increased by about 100% upon fractionated exposure compared to a
single dose. In contrast, no influence of dose fractionation on cell death was observed with UVB (Figure 43). [5](4) This result
indicates that wavelength and spectral distribution of a source is an addition variable influencing the effects of dose-time
distribution on living matter.

Forbes et al irradiated hairless mice with constant weekly doses of broadband UV (250-400nm). The weekly doses were
either delivered in one single session or split into 3 and 5 equal portions given on 3 and 5 days, respectively. The endpoint of
the study was formation of skin tumors. Interestingly, the most fractionated pattern of irradiation was the most tumorigenic. [6]
(5) This suggests that at equal doses fractionation with daily irradiation increases carcinogenic potential of UV as compared to
intermittent high dose exposure. These results are in accordance with findings from DeGruijl and associates who noted that
the total dose delivered in a mouse model for the induction of skin tumors had to be higher if a high daily dose of UV-R (FS40
sunlamps, 280-360nm, peak at 312nm) was used in comparison to lower daily doses. [7](6) A similar result was obtained by
Willis and Menter who exposed hairless mice to filtered solar-simulating radiation (290-400nm) in order to investigate the
dependence of carcinogenesis on spectral distribution and dose-regimen. [8](7) Taken together, these studies consistently
demonstrate that time-dose reciprocity is absent for UV-carcinogenesis in mice as at equal cumulative doses intermittent high
dose exposure has been found to be less carcinogenic.

Although the same might be true for the formation of non-melanoma skin cancer in humans, the situation for melanoma
formation appears to be different. Epidemiologic studies point to the fact that intermittent exposure of body sites that are
usually shielded from sunlight is the main environmental melanoma risk factor. A pathophysiological model based on the
relative inability of melanocytes to undergo apoptosis in response to high doses of UV has been proposed recently as an
explanation for this finding. [9](8) According to this model melanocytes would be able to repair small to moderate amounts of
UV-induced DNA damage but will acquire potentially carcinogenic mutations if their repair capacity is overwhelmed by high
dose exposure.

Knowledge of time-dose effects might be of particular importance for phototherapy of human skin diseases. There is
increasing evidence from a prospectively defined large cohort of patients from the United States, that photochemotherapy of
psoriasis with PUVA is carcinogenic. [10-13](9-12). Other studies -mainly of European origin- demonstrated a much lower or
absent risk for PUVA-carcinogenesis. [14](13) Although the statistical power of these latter studies might be weaker than that
of the prospective US study, a clear difference in PUVA associated cancer risk between Europe and the US has been
assumed and explained by different treatment protocols. In Europe UVA radiation is applied in individualized doses according
to the minimal phototoxic dose (MPD) 3—4 times / week resulting in higher individual and lower cumulative doses than in the
US where lower individual doses are applied and higher cumulative doses are needed to achieve a certain clinical response.
[15](14) This interpretation of different epidemiologic findings is in accordance with the results of a study by Gibbs et al. In a
murine model of topical PUVA they found that lower daily doses were more tumorigenic in 8-MOP treated mice than higher
individual doses. [16](15)

Although it is likely that dose fractionation and intensitiy of the source influence clinical efficacy and long term safety of other
phototherapeutic modalities (including UVB, narrow band UVB, UVA and UVA1), respective data are not available to date.

According to the evidence described above the BRL does not apply in UV-carcinogenesis and multiple variables such as
wavelength, pattern of exposure, target tissue, and other host responses such as UV-induced immunosuppression determine
the tumorigenic effect of UV on the skin.

The latter was investigated by DeFabo and Kripke [17] (16) who determined the susceptibility of mice to subcutaneously
transplanted fibrosarcomas (induced by long-term irradiation with unfiltered FS40 sunlamps) after exposure to different
regimes of UV radiation (250-400nm, peak at 313nm) at doses of 7.2 and 115.2kJ/cm? . Radiation patterns consisted of
applications of constant total doses with different numbers of treatments and different duration. The authors found the
susceptibility to tumor challenge to be directly proportional to the totally applied dose. When a dose of 86.4kJ/cm? was
delivered either in one single exposure or in a fractionated manner, the continuous 12h UV exposure was as effective as the
fractionated delivery which would point to the validity of the BRL for UV-induced inhibition of tumor-rejection. However, further
information, particularly with regard to delayed type hypersensitivity and cutaneous sensitization are lacking.

Visible and IR radiation

With the availability of laser sources and their potential to focus high radiation intensities of visible and infrared radiation to
small spot sizes research concentrated on their biological effects and on possible applications in biology and medicine.
Moreover, the possibility of pulsing the emitted radiation allows for the delivery of high energies for variable time-periods, thus
inducing such different responses as vaporization and athermic modulation of cell metabolism.

http://www.photobiology.com/reviews/bunsen/index.htm 2/8



3/5/2018 The reciprocity rule in photobiolgy - a review

Horwitz [18](17) investigated the validity of the Bunsen-Roscoe law in a fungus model. He irradiated colonies of the common
soil fungus Trichoderma harzainum with single pulses of a neodymium laser (wavelength 355 nm), UVA (peak 350nm), and
blue light (peak 455 nm) varying either pulse duration (nanoseconds to minutes) or intensity. No differences in the rate of
sporulation were observed for either light source. Lubart and colleagues [19](18) investigated the effect of low light intensities
on mammalian cells. They found that the induction of fibroblast proliferation at a constant dose depends on the applied
intensity in a non-linear manner. Moreover, they demonstrated distinct combinations of dose and intensity at which the
induction of cell proliferation was maximal in a wavelength-dependent manner. Applying monochromatic light at 540 nm from
a tunable Xenon lamp fibroblast proliferation was maximally inducible at a dose of 4 J/cm? and an intensity of 15 mW/cm?,
whereas exposure to light in the 600-900 nm region delivered by the same source triggered proliferation best at 24 J/cm? and
330 mW/cm2.

Van Breughel irradiated fibroblast cultures with a helium-neon (HeNe) laser (wavelength 632.8 nm) at a constant dose of 43
mJ/mm? varying intensity and exposure time. Results show that the proliferation and collagen production could be only
stimulated with medium intensities and exposure times (1.2 mW for 145 s). [20](19) Karu measured DNA synthesis in
exponentially growing HelLa cells and proliferation after constant low doses of 632.8 nm (0.01 J/cm?) and 454nm (0.3 J/cm?)
laser irradiation applied within different exposure times (i.e. with different intensities). Her findings again point to the non-
validity of the reciprocity rule as the biological response varied clearly with different intensities peaking between0.001 W/cm?
and 0.02 W/cm?, respectively.[21] (20)

A possible explanation for the partial non-validity of the BRL might be found in the different amounts of reactive oxygen

species (ROS) induced by different intensities of visible and IR (laser) light and the repair mechanisms of the specific cell type

or organism. [20,22](19,21) This hypothesis is backed by a study from our group in which induction of ROS upon irradiation
with low intensities of visible light was clearly demonstrated in Escherichia coli. [23](22) According to findings by Friedmann
and co-workers [24](23) low doses of light intensify the formation of a transmembrane electrochemical proton gradient in

mitochondria upon absorption of mitochondrial chromophores such as cytochromes which is followed by calcium release from

mitochondria into the cytoplasm by a calcium/hydrogen antiport system and subsequently triggers mitosis and cell

proliferation. At higher doses, however, too much calcium is released which causes hyperactivity of CaZ*-ATPase calcium
pumps and exhausts the ATP pool of the cell, thereby inhibiting cell metabolism. Summarizing these data, it seems that
certain biological responses to low doses of visible and near infrared light are maximally induced by wavelength-specific
"ideal" combinations of intensity and dose. It must be assumed that for these reactions the reciprocity rule is valid only in a

very restricted dose range. Knowledge of these limits may be a prerequisite for the successful therapeutic application of these

light sources. Interestingly, the few in vivo studies which are available to date do not demonstrate a strong influence of light
intensity on in vivo effects, i.e. wound healing and mast cell degranulation.

Al Watban [25](24) investigated the validity of the reciprocity rule in the process of low intensity laser-mediated wound healing

in rats and found that with intensities between 3.7 and 15.9 mW/cm? delivered by 632.8 nm helium neon laser no significant
difference in the healing time were noted although a clear dose-dependence was found. Similar results were obtained by
Trelles who found a significant reduction in mast cell count and histamine content in rat tongue tissue upon irradiation with a
HeNe laser. Applying a constant dose of 2.4 J/cm? with two lasers of different power output, the respective intensities were 4
and 15 mW/cm?2. Again, no significant difference between these two intensities was detected.

However, it is intuitively evident that at the extreme borders (i.e. at very high and very low intensities) the Bunsen Roscoe Law

will loose its validity. Laser sources used in clinical routine give a nice example of the contrasting consequences that result
from exposure to very high- and very low-intensity visible radiation. The importance of time and intensity-dependence of
biological responses upon exposure to even low doses of visible radiation becomes evident when the effects of pulsed lasers
used for selective photothermolysis, e.g. in the treatment of vascular skin lesions, and lasers applied for the enhancement of
wound healing are compared (Fig.ure 54). While in the former case low doses between 6 and 8 J/cm? of 535 nm light are
emitted within milli- or microseconds, in the latter comparable doses of red light (632.8nm) are delivered over periods of

minutes. On the one hand, selective destruction of blood vessels is achieved [26](25), whereas on the other hand formation of

new capillaries can be induced. [27-29] (26-28)
Summary

This survey of the available literature on dose-time relationships in photobiology strengthen the view that the Bunsen-Roscoe
law seems to be restricted to rather narrow limits for most photobiological reactions. With this knowledge it is surprising that
the available information on the influence of radiation intensity is poor and that in most experimental and clinical studies
variations in radiation intensity are not included in the experimental setup (or simpler: are not studied). In photomedicine
where endpoints such as therapeutic efficacy, carcinogenesis, immunosuppression and photoaging are of major importance,
validity and failure of the BRL are either completely unknown or subject of speculation based on experience from animal
models and comparison of historical data. Beyond phototherapy, investigations into the molecular events underlying the
differential effects of equal doses and varying intensities are necessary for a comprehensive understanding of the way living
matter responds to electromagnetic radiation. In this regard to date most information comes from basic research into the
effects of low level radiation and it can be expected that these data will influence phototherapy. Systematic exploration in
carefully designed studies may thus result in optimized phototherapeutic regimens with an improved therapeutic index, i.e. a
maximized therapeutic benefit with minimized adverse reactions.
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Figure legends.
Figure 1: Constant doses may results from various combinations of time and energy. [30](29)

Figure 2: Title pages of reprint of original papers by R. Bunsen and H.
E. Roscoe

Figure 32: The figure demonstrates the dependence of a hypothetical photochemical reaction from the radiation intensity at a
given constant dose. It can be assumed that there exist treshold levels beyond which the intensity is either too low (A) or the
exposure time is too short (B) to initiate the reaction. Between (A) and (B) the Bunsen-Roscoe law would be valid.

Figure 43: Cells (A431) were exposed to increasing doses of UVA (upper chart) and UVB (lower chart), respectively, either
continuously or as four equal fractions interrupted by intervals of 15 minutes. Cell death was determined by FACS analysis.

Figure 54: Dependence of radiation-induced biological effects on exposure time, dose, and intensity. Note that equal doses
may induce such different effects as biostimulation and photoablation. Adapted from Berlien et al.

http://www.photobiology.com/reviews/bunsen/index.htm

5/8



3/5/2018 The reciprocity rule in photobiolgy - a review
PHOTOCHEMISCHE ‘ PHOTOCHEMISCHE
UNTERSUCHUNGEN | UNTERSUCHUNGEN

|
vamn | Yom
R. BUNSEN ued H. E. ROSCOE. K. BUNSEN wnd H. E. ROSCOE.
(1855—1551) [185h-=—=I554%.)
' Twelte Nalfte.
Erste H&lfte. welte Halfie INSTITOY
R iy Y 1H[|]“I':T|3UH; PHYSIK
! ﬂ:}ﬁ\suhﬂ‘éﬁ_ Herunsgegehben '.E.G}'.; Hernsagegohbon URIVERSITAT WIEN,
=
' & Zeniral %,'-‘__ INSTITOT | f/cg& Q Eo’*f I, K,

i L = =,
|. s Bibliothek <+ guowaa. THEORETISCHE PHISIK | | /5° = w.onbeaa, PHYSIALISCHES
\Z @'/ DNIVERSITAT WIEN, [ Vs Bibioy., & RETITUT

Jj’e '\%. ar = TS,
t f-‘mm Mit 13 Figurow fm T Eii‘l‘ﬂlr:JsGHr ‘ t?ffp “\':\‘.':“h'r’ru 15 Flguren ln Toul
It o IEEDOh b Ll l': { 5 \ ! 4

|J iNSTITUT it
1 LEIG éfé/].k ‘ LEIPALG é?é/3s
| VEELAG VOX WILHELM EXUELMANS { VERLAG VOX WILIELM ENOELMANN
[ LR 1581
l ¥ |

F

L

U

X

TIME

Figure 21.

http://www.photobiology.com/reviews/bunsen/index.htm

.Figure 1.

6/8



3/5/2018

Effect (arbitrary units)
[—]
n

The reciprocity rule in photobiolgy - a review

B

0 I I I
0 20 40 60 30
Intensity (arhbitr ary units)
Figure 32.
80
60 e LEEEE. L
-
40 | Mmoo = -
- . A
20 . I
N---.. [ -.\. T
= Tz —
0

http://www.photobiology.com/reviews/bunsen/index.htm

6 12 24

6 12 24

hours after UV A

100

-l - 4x10
—=—40

4x15
60

- -l - 4x20
—=— 80

7/8



3/5/2018 The reciprocity rule in photobiolgy - a review

100
80 =
-—’v- ".'4X32‘
6o e —m—128
4x64
10 256
--®- 4x128
20 —m— 512
| e —— S
0
6 12 24
hours after UV B
Figure 43.
Intensity W/cm?
A
10 16 “I™.,  Photodisruption
10 12‘\ '\ J— Dose ljcm?
\.‘_‘\« Phaotoablation 4
8 ."".. Iy 10
10¢ - X
102\\~~
100 - Vaporisation
- N ™
10 E;Il;ﬂ;i "‘-...‘\}0‘2.._\\ : Coagulation
Thermal
effects Phetodynamic
100 ] Therapy
Photochemical ™ N\Euostimulatuon
effects Mo
e 1 =

I I |
102 10° 10% 107 10°

Figure 54.

need ch rumatugrap?y_ software?
%ead® cuerusTry-sertiare .= ()M

http://www.photobiology.com/reviews/bunsen/index.htm

8/8



