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Summary 

To determine whether continuous phototherapy is necessary 
to control neonatal jaundice, groups of jaundiced (Gunn) rats 
were exposed to four blue light regimens: continuous light, 3 0  
min light130 min dark, 6 min light16 min dark, and 6 min light118 
min dark. An exponential decrease in serum bilirubin concentra- 
tion (SBC) was found with all regimens. A logarithmic dose re- 
sponse curve was obtained with a 50% light dose exhibiting 
75% efficacy, and a 25% light dose exhibiting 59% efficacy 
compared to continuous phototherapy. The time constants of 
the decrease in serum bilirubin concentration also varied log- 
arithmically with doses with continuous therapy having a time 
constant of 1.4 days, and 6 min light118 min dark therapy hav- 
ing a time constant of 3 days. 

Speculation 

In view of the concern which has been expressed over the 
potential long term side effects of phototherapy, the present 
study suggests that intermittent photothempy, with a light cycle 
of approximately 30-60 min duration, and a concomitant dosage 
decrease of 50-759'0 may effectively control neonatal hyperbili- 
rubinemia. 

The rate-limiting step of a major component of the mecha- 
nisms of phototherapy of hyperbilirubinemia may be the diffu- 
sion of bilirubin from blood to sites in the skin o r  the associated 
diffusion of bilirubin photoproducts out of the skin into the 
blood (6,  14). These diffusion processes occur slowly relative to  
the rapid (<1 O-n sec) photochemical reaction of light with biliru- 
bin (3 ,  8). We postulate that the light dosage inherent in contin- 
uous phototherapy may exceed that necessary to lower serum 
bilirubin concentration in neonatal jaundice and hypothesize 
that intermittent phototherapy may be equally a s  effective as  
continuous illumination. This study evaluates the effectiveness 
of three intermittent phototherapy schedules in reducing the 
serum bilirubin concentration of adult homozygous Gunn rats. 

Printed in U.S.A. 

MATERIALS AND METHODS 

Dorsally shaved adult homozygous Gunn rats were used for all 
experiments and phototherapy was administered using six West- 
inghouse Special Blue narrow spectrum fluorescent lamps (no. 
F20T12BB, Westinghouse Electric Company, Pittsburgh, Pa.). 
At  thc level of the rats these lamps produced a radiant flux 
(irradiance) of 0.014 mW/cm2 at  310-390 nm; 1.0 mW/cm2 a t  
410-500 nm; 0.15 mW/cm%t 500-565 nm; and 0.045 mW/cm2 
at  635-700 nm, as measured with a light meter constructed by 
one of us and calibrated against a fluorescent lamp at  the Na- 
tional Bureau of Standards (1, 16). 

CONTINUOUS PHOTOTHERAPY 

T o  determine the effect of continuous phototherapy an experi- 
mental group of six rats was studied during three 10-day periods: 
period 1,  a control period of darkness; period 2 ,  a period of 
continuous exposure to  the phototherapy lights; and period 3 ,  a 
recovery period identical to  the control period. A control group 
of two male and two female rats remained in subdued light 
("dark") for 30 days. During the control periods referred to  as  
"dark," thc mean irradianccs were 0.0008 mW/cm2 at  310-390 
nm; 0.01 mW/cm2 at 415-465 nm; 0.01 mW/cm2 at  500-565 
nm; and 0.005 mW/cm2 a t  635-700 nm derived primarily from 
low level, indirect white fluorescent room lights. 

INTERMImENT PHOTOTHERAPY 

Six female experimental rats were studied during seven 10-day 
periods. These periods were: ( I )  a control period of darkness, 
(2) a 30-min light/30-min dark (30L130D) phototherapy period, 
( 3 )  a recovery period in the dark, (4) a 6-min light/6-min dark 
(6L/6D) phototherapy period, (5) a rccovery pcriod in the dark,  
(6) a 6-min light/l8-min dark (6L/18D) phototherapy period, 
and (7) a recovery period in the dark. Simultaneously, four 
control rats received no phototherapy; however, on the last day 
of the second recovery period (period 5)  one control rat died. 

At  the beginning of each experimental cycle, after 8 hr ,  and 
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Fig. 1. Continuous phototherapy. Average serum bilirubin concentrations for three male and three female experimental rats and two male and two 
female control rats. Asymptotes were fitted to experimental rats' data as discussed in text. A is period 1 (control, no phototherapy), B is period 2 
(continuous phototherapy), and C is period 3 (recovery, no phototherapy). Error bars represent ? 1 SD. 
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Fig. 3. Intermittent phototherapy. Average serum bilirubin concentrations for six female experimental rats and four female control rats. 
Asymptotes fitted as discussed in text. A is period 4 (6 min light16 min dark), and B is period 5 (recovery). Error bars represent 2 1 SD. 
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Fig. 2. Intermittent phototherapy. Average serum bilirubin concentrations for six female experimental rats and four female control rats. 
Asymptotes fitted as discussed in text. A is period 1 (control), B is period 2 (30 min light130 min dark), and C is period 3 (recovery). Error bars 
represent 2 I SD. 
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after 1 , 2 , 3 , 4 , 5 , 6 ,  and 10 days, 200 pI blood were drawn from 
the tail vein of each animal. The samples were centrifuged, the 
hematocrit was determined, and the serum was stored frozen in 
darkness. A modified micro Jcndrassik and Grof method using 
5 0  pI serum was used to determine total serum bilirubin concen- 
tration in all samples (4). 

RESULTS 

CONTINUOUS PHOTOTHERAPY 

During the initial period of 10 days of darkness, SBC in the 
control groups remained stable at  10.6 a 0.9 (mean SD) mg/ 
dl for males and 9.3 0.8 mg/dl for females. In the expcrimen- 
tal group, SBC also rcmained in constant range of 10.4 1.3 
mg/dl for femalcs and 10.3 -t 0.9 mg/dl for males (see Fig. 1A). 

During the succeeding 10 days of continuous phototherapy 
(period 2 ,  Fig. IB),  the SBC showed an exponential decrease in 
the experimental group, to average steady state values (asymp- 
totes) of 3.7 mg/dl for males and 2.0 mgldl for females. During 
this period the SBC of control animals remained at  9.4 1 0.7 
(males) and 9.4 1 0.8 mg/dl (femalcs). The fit to  the simple 
exponential model and the determination of the asymptotes is 
presented in the section on data analysis. 

During period 3 ,  a repeated 10 days of darkness (Fig. IC),  the 
SBC showed an exponential increase in the experimental group 
to average asymptotes of 9.5 mg/dl for males and 8.2 mg/dl for 
females. During this period the SBC in the control group re- 
mained at 8 . 8  a 0.6 (males) and 9.6 r l .O mg/dl (females). 

In this initial experiment with continuous phototherapy, the 
SBC of the female animals fell to lower levels than those of the 

males, an effect which has also been observed by other investiga- 
tors (9). In order to  minimize the experimental variability and 
obtain maximum sensitivity to phototherapy, only female rats 
were used in the subsequent intermittent phototherapy experi- 
ments. 

INTERMITTENT PHOTOTHERAPY 

During period 1 ,  1 0  days of darkness, the SBC of the experi- 
mental animals remained constant a t  11.9 r 2.3 mg/dl (Fig. 
2A). During period 2,  30L/30D, the SBC of the experimental 
animals decreased exponentially with an average asymptote of 
4.8 mg/dl (Fig. 2B). During period 3 ,  10 days of darkness, the 
SBC of the experimental animals increased exponentially with 
an average asymptote of 10.7 mg/dl (Fig. 2C). In the control 
animals, remaining in darkness for 3 0  consecutive days, the SBC 
remained in a fairly constant range with slight decrease over 
these three periods (see Fig. 2). 

During period 4 , 6 L / 6 D ,  the SBC of the experimental animals 
decreased exponentially with an average asymptote of 4.0 mg/dl 
(Fig. 3A). During period 5 ,  10 days of darkness, the SBC of the 
experimental animals increased exponentially with an average 
asymptote of 8.6 mg/dl (Fig. 3B). In the control animals remain- 
ing in darkness for 20  consecutive days, the SBC remained 
essentially constant over these two periods (see Fig. 3) .  

During period 6 ,  6L/18D, the SBC of the experimental ani- 
mals decreased exponentially with an average asymptote of 4.0 
mg/dl (Fig. 4A). During period 7 ,  10 days of darkness, the SBC 
of the experimental animals increased exponentially with a n  
average asymptote of 8 .8 mg/dl (Fig. 4B). In the control animals 
remaining in darkness for 20 consecutive days. the SBC re- 
mained essentially constant over these two periods (see Fig. 

Table 1.  Coefficier~ts of exponetltirtl ecluntiotl fitted to pl~oto~l~errrpy dntrt' 

Avg. fit to ae-"' + c 
Normalized SBC de- Time constant, days 

Light regimenZ a b c crease, a/(a + c) (Ilb) -c SD 

2.04 + 0.60 0.767 + 0.016 
+ 1.07 

Cont. (female) 6.60 t 1.32 0.73 t 0.32 -0.42 

13.0 - 4).  
There appears to be an anomalous initial peak in the SBC's of 

5 - A  \, 12.0 the control animals. This point is taken 8 hr  after the start of 
phototherapy in the experimental animals, about 5 PM. All 
other points were taken between 8 and 1 0  AM. The possibility 

_I-=..-...- -.-. -8.8 ----____ -- of the existence of a circadian rhythm of SBC suggests itself, but 
we have not investigated this hypothesis. 

DATA ANALYSIS 

An exponential equation of the form SBC = a exp(-bt) + c, 

3.0- where a = decrease in SBC from beginning t o  asymptote during 

3.72 2 0.98 0.569 2 0.088 + 1.78 
Cont. (male) 4.90 + 0.75 0.39 + 0.16 2'57 -0.75 

3 20-  

5 1.0- 
V) 

SBC: serum bilirubin concentration; Cont.: continuous; L: light; D: dark. 
Duration of light and dark periods is measured in minutes. 

0 ' . . . . . . . . . . . . . . . . . . . . 3  
least squares method to the serum bilirubin measurements of 

55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 each individual animal during each phototherapy period. Thus, 
TIME IN DAYS values of a ,  b ,  and c were determined for each animal by this 

Fig. 4. Intermittent phototherapy. Average serum bilirubin concen- method. 
trations for six female experimental rats and three female control rats. Since the SBC's of all the animals were not identical prior to  
Asymptotes fitted as discussed in text. A is period 6 (6 min light118 min initiation of phototherapy, a normalized SBC decrease was ob- 
dark), and B is period 7 (recovery). Error bars represent 2 1 SD. tained by dividing the SBC decrease during phototherapy by the 

6L/18D 

------- EXPERIM. phototherapy (ASBC), b = time constant, in days-', t = elapsed - CONTROL time in days, and c = asymptotic value of SBC, was fitted by a 
DARK 
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Fig. 7. Variation of the time constant with light dose. Semilogarith- 
RELATIVE LIGHT DOSAGE mic plot of relative light dosage vs. average reciprocal time constant 

Fig. 5. Dose-response curve for phototherapy. Semilogarithmic plot (lib) in days for serum bilirubin concentration decrease during photo- 
of relative light dosage vs. average normalized serum bilirubin concen- therapy. Curve and equation of least squares fit to the 21 data ~o in t s  

tration decrease. Line and equation shown are least squares fit to 21 data are shown. Error bars represent * sE. 

points. Error bars represent 2 1 SE. 
schedule (Table 1). The averagcd normalizcd SBC dccrcasc was 
nearly identical for the 30L/30D and 6L/6D schedules, which 
are similar in that they both consist of a light dosage of 0.5 

-CONT. LIGHT relative to continuous light. They result in a normalized SBC 
+--030L/30D decrease of 0.59 and 0.57, respectively. The 6L/18D schedule, a 
+--.-.O 6 L / 6 D light dosage of 0.25 relative to continuous light, resulted in a 

+----+ 6L/18D 
normalized SBC decrease of 0.45. Continuous phototherapy, a 
relative light dosage of 1,  resulted in a normalized SBC decrease 
of 0.77. Thus a 50% decrease in light dosage resulted in a 
dccrcase in the effectivcncss of phototherapy of only 25%,  and a 
75% decrease in light dosage, an effectiveness decrease of only 
41%. An analysis of variance performed on the differences 

0 among these normalized SBC decreases revealed statistical sig- 
nificance ( P  < 0.001). 

A semilogarithmic plot (Fig. 5)  of relative light dosage of the 
above four schedules against normalized SBC decrease was ob- 
tained by least square fitting to the data from each rat in each of 
the phototherapy schedules (a total of 21 points). A logarithmic 
relationship yields the best fit with a correlation coefficient of 
0.998. A linear model gives a correlation of 0.804 and a power 

I I , series model a correlation of 0.781. An analysis of variance 
showed this logarithmic relationship to be significant ( P  < 1 2 3 4 5 6 7 8 9 10 O.OO1). 

TIME IN  DAYS 

Fig. 6.  Variation of serum bilirubin concentration ( S B C )  with time. RATE OF CHANGE OF SERUM BILIRUBIN CONCENTRATION 

Semilogarithmic plots of SBC differences from asymptote during the Semilogarithmic plots of the time variation of SBC of the 
four phototherapy periods. The lines are obtained from the exponential female experimental rats during phototherapy are shown in 
equations with coefficients from Table 1 for each phototherapy period. Figure 6 .  The agreement between the experimental points and 
The apparent lack of fi t  of the 6 min light16 min dark data is the result of the theoretical curves confirm the exponential nature of the SBC 
a point at day 10 which lies below the asymptote. decrease for all phototherapy schedules. The appearance on day 

4 of a change in slope for the continuous phototherapy group 
initial SBC [a/(a + c)]. The validity of this normalization was may have been due to a random variation, amplified by the 
confirmed by lack of significant correlation between initial SBC logarithmic scale. 
values (a + c) and the normalized SBC decrease [a/(a + c)] for The slopes and time constants of the SBC decrement of all of 
each phototherapy schedule and for the overall experiment. the experimental animals under continuous and intermittent 

The individual values of a ,  b ,  c,  and a/(a + c) obtained for phototherapy are compared in Table 1 .  A semilogarithmic plot 
each animal were then averaged after normalization in order to of relative light dosage against average slope values (b) for 
obtain average coefficients for the equation and a normalized exponential decrease in SBC during phototherapy shows that a 
SBC decrease for the whole population for each phototherapy logarithmic relationship exists (Fig. 7). In spite of the small 
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Table 2 .  Coe fficietzts of exponerztinl erluntion fitted to dotn frotn recovery periods' 

Avp. fit to ae-'" + c - 
Time constant, 

Light regimenZ 'I b c (l/b) t 1 SD 

+0.41 
Cont. (female) -6.01 a 0.58 0.63 + 0.13 8.19 2 1.16 -0.27 

Cont. (male) -5.45 t 1.39 0.26 t 0.13 9.48 -C 2.05 +3.64 
3'85 -1.29 

Cont.: continuous; L: light; D: dark. 
Duration of light and dark periods is measured in minutes. 

2 1  
1 2 3 4 5 6 7 8 9 1 0  

TIME IN DAYS 

Fig. 8. Average serum bilirubin concentration changes of the experi- 
mental rats with time during rccovery periods. Exponentials fitted to 
each recovery period are shown separately. 

number of data points and the apparent variability of the effect 
of the 0.5 light dosage, an analysis of variance revealed this 
logarithmic relationship to  be statistically significant (P < 0.05). 

RECOVERY PERIODS 

Exponential equations of the same form were fitted by a least 
squares method to the data from each animal's recovery periods 
in a manner similar to the SBC decrease under phototherapy. 
The coefficients of these equations were averaged for each 
recovery period (Table 2) and were plotted (Fig. 8). 

Similar rates of increase in SBC for all recovery periods, 
independent of the preceding light schedules, can be seen. How- 
ever, the consistent results from days 5 and 6, which yield values 

lying above the computed asymptote, and values for day 10,  
lying well below the asymptote, lead us to  suspect that two time 
constants are involved in the recovery period but our  data 
cannot, at present, resolve them adequately. 

DISCUSSION 

The time constants of SBC decrease during phototherapy 
reported here are in agreement with the time constants obtained 
by Ostrow (Fig. 2 of Ref. 10). Ostrow collected the bile directly 
by cannulating the common bile duct,  thereby interrupting the 
enterohepatic circulation, whereas our  animals had no surgical 
procedure. The fact that the time constants are  similar in these 
two dissimilar experiments would imply that enterohepatic circu- 
lation contributes only secondarily to  the observed time con- 
stants. 

This series of experiments clearly indicates two effects of 
intermittent phototherapy on adult homozygous Gunn rats. ( I )  
The dose response curve of SBC to the fraction of time that the 
light is on (that is to varying the dose at  constant intensity) is 
logarithmic. The serum bilirubin concentration decrement 
reaches a plateau with increasing dosage. With decreasing dos- 
age the effectiveness is not proportional to  dose. Rather, 50% of 
the dose is 75% as effective and 25% of the dose is 59% as 
effective as continuous phototherapy under the experimental 
conditions used. ( 2 )  The time constant, i .e . .  the time required t o  
reach a serum bilirubin concentration of 0.37 ( I / e )  of the initial 
concentration also varies logarithmically (and inversely) with the 
total dosage at constant intensity. 

Clearly, more experiments, under a wider variety of intensi- 
ties, wavelengths, and on/off periods, are  needed before a com- 
prehensive model of bilirubin dynamics under phototherapy can 
be firmly established and an optimum regimen suggested. 

We can, however, conclude that for adult Gunn rats, and 
probably for neonates, an optimum combination of light inten- 
sity and on/off cycle time exists which represents a therapy 
regimen which produces optimal therapeutic benefit while mini- 
mizing total light dosage. In view of the several suggestions ( 2 , 5 ,  
7, 11,  12,  13, 15) that phototherapy may have harmful long 
term side effects it is prudent to  minimize the total light dosage 
to which the neonate is exposed consistent with effective ther- 
apy. These preliminary experiments with Gunn rats have paved 
the way for similar type experiments with a population of new- 
borns in a hospital nursery. We are currently performing such 
experiments. 

CONCLUSION 

Intermittent phototherapy of homozygous Gunn rats with 
periodicity well below the apparent time constant of the effect 
exhibits a logarithmic dose-response curve if the dose is varied 
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by changing the fraction of time that the light is on. The time 
constant of the decrease in serum bilirubin concentration also 
varies logarithmically with dose and doubles between continuous 
light and 25% light a t  constant irradiance. 
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Summary 

The mononuclear cells of newborn infants compared to those 
of normal adults contain diminished activity of pyruvate kinase 
(PK) (14.9 k 1.2 vs. 22.3 2 1.3 pmol/lOIo cells/min) and 
phosphoglycerate kinase (PGK) (195 * 10 vs. 415 + 19). These 
deficiencies are accentuated in the cells of premature infants (4.9 
+ 0,s and 71 + 15, respectively) and are accompanied by 
reduced activity of adenylate kinase (AK) (14.8 2 1.9 vs. 33.6 
* 2.6). The activities of AK and PGK in adult and neonatal 
mononuclear cells are stimulated by phytohemagglutinin 
(PHA). Although the PK activity of adult cells is stimulated by 
PHA, the PK activity of neonatal cells is not. Mononuclear cell 
glycolysis is stimulated by PHA in both adults and neonates. The 
mean lactate production of neonatal cells is slightly lower than it 
is in adult cells (93 vs. 110 pmol/lO1o cellslhr, unstimulated, and 
151 vs. 181, stimulated), but the differences are not statistically 
significant. The ATP content of neonatal cells (3.8 + 0.4 pmoll 
101° cells) is reduced compared to adult values (6.0 + 0.3). 
Lactate production is directly correlated with PK activity in adult 
and neonatal mononuclear cells. Neonatal mononuclear cell PK 
activity increases to adult levels during the first year of life. 

Speculation 

Glycolytic metabolism of neonatal mononuclear cells differs 
from that observed in adult cells. Pyruvate kinase may play a 
critical role in the energy metabolism of immunocytes. The 
observed increase in mononuclear cell PK activity to adult values 
in the middle of the first year of life may suggest a correlation of 
PK activity with maturation of monocyte function. 

Infection is a major cause of morbidity and mortality in new- 
born infants. The increased frequency and severity of infection 
in neonates suggests that a major predisposing factor may be an 
impairment of cellular immune function. Several observations 
lend support to this hypothesis. For instance, graft vs. host 
disease has been observed after intrauterine and exchange trans- 
fusions (17, 19). Furthermore, skin homograft rejection is de- 
layed in the normal newborn (7) and Uhr et al. (25) have shown 
diminished rate and degree of skin sensitization to dinitrochloro- 
benzene in neonates. The passive transfer of skin reactivity to 
newborns is reduced (26), and Bonforte has described decreased 
reactivity to PHA in premature infants (3). 
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