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Preface

Instead of evolving smoothly in a progression of logical steps, medical
advances often develop haltingly by a combination of empiricism,
serendipity, and investigation. Studies of light as a therapeutic modality
have followed this latter pattern over the past two decades. Only re-
cently has there been systematic scientific investigation of some of the
biological effects of light that may be relevant to health. The fact that
a significant segment of our newborn population is receiving photo-
therapy each year for hyperbilirubinemia has given renewed emphasis
to these studies.

A symposium on phototherapy was held in Washington, D.C., Febru-
ary 12 and 13, 1973, under the sponsorship of the Committee on Photo-
therapy in the Newborn. This volume includes selected papers presented
at the symposium and additional papers prepared by various members
of the Committee. It is intended to be of interest to photobiologists,
photochemists, bioengineers, physicists, medical researchers, and clini-
cians.

The Committee hopes that this effort will provide additional perspec-
tive concerning this field and stimulate further investigation.

RicHARD E. BEHRMAN, M.D., Chairman
Committee on Phototherapy in the Newborn
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ROBERT J. ANDERSON, THOMAS P. VOGL, and
JOHANNA S. SCHRUBEN

The Radiometry of Phototherapy

Introduction

The widespread use and apparent clinical acceptance of the technique
of phototherapy for the treatment of neonatal hyperbilirubinemia have
increased the necessity for accurately measuring the dosage of light
administered. Although measurement of dosage is fundamental to both
safety and efficacy of phototherapy, monitoring instruments appropriate
for clinical use are not available. To further compound the problem,
there is ambiguity and confusion in regard to the quantities that should
be measured; the units and dimensions cited in the literature are gener-
ally either inconsistent or inaccurate, or both; and the instrumentation
that is being used for radiometric measurements of phototherapy con-
sists of a variety of instruments performing unrelated measurements, in
part because the measurement procedures are not standardized.

This paper attempts to clarify the problem by reviewing the theory of
radiometric and photometric measurements and units, defining what
measurements need to be made, and specifying the characteristics to be
sought in clinical radiometric instruments used for phototherapy.

Radiometry, Photometry, and Units

Strictly defined, light is radiation that is capable of producing visual re-
sponse in human observers, but for many purposes it may be defined as

1
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TABLE 1

Quantities in Radiometry and Photometry

Radiometric Photometric o
Dimension * Quantity Symbol SI Units Quantity Symbol SI Units
Q Quantity of radia- Q. Joule (J) Quantity of light Q Lumea-ucond_(_l—r;l.-_a)‘
tion
w Radiant flux &, Watt (W) Luminous flux & Lumen (Im)
W/A Radiant emittance M. Watts per square Luminous emittance M Lumen per square
meter (W/m"*) meter (Im/m*)
W/A Irradiation E. Watts per square Illumination E Lux (1x)*
(irradiance) meter (W/m?) (illuminance)
W/ Radiant intensity I. Watts per steradian Luminous intensity 1 Candela (cd)
(W/sr)
W/0A Radiance L. Watts per steradian Luminance L Candela per square
per square meter meter (cd/m®)
(W-m%?)

s 0 = energy, W = power, A = area, {2 = solid angle.

® Foot-candles in the English system of units (1 Ix = 0.0929 fi<).
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electromagnetic radiation within a certain band of frequencies. Radiation
in the regions immediately below or above the range of frequencies that
can produce a visual response in human observers is called ultraviolet
or infrared, respectively, and is frequently included in the term light in
its broader sense.

Precise measurement is a fundamental principle of science, and the
concepts upon which measurements are based are an important part of
science. Unfortunately, in the measurement of light, the concepts have
led to a vocabulary that is both ambiguous and confusing. We shall
therefore review this vocabulary in terms of the standard accepted nota-
tion.

When the total power of the radiation is the quantity to be measured,
the process of measurement is termed radiometry and the adjective
radiant is used. If the measurement of power that is effective in producing
a visual response in a human observer is of interest, the process is called
photometry and the adjective luminous is used to describe the quantity
measured. Hence, measurements in the visible region of the spectrum
may be accomplished either by radiometry or photometry, with analo-
gous quantities being denoted by the same symbol. However, the sub-
script “e” is used to identify the radiant quantity whenever there is
danger of ambiguity. Although both radiometry and photometry measure
quantities related to the power contained within a beam of light, photom-
etry is related solely to the ability of that power to produce a visual
response in the human eye. (Photometric measurements have no mean-
ing in either the ultraviolet or infrared region of the spectrum.) More-
over, measurements in photometry are not absolute in the same sense
as are those of radiometry, since there are individual variations in the
ability of human observers to respond to visual stimuli, and it has there-
fore been necessary to arbitrarily define a “standard observer” for pur-
poses of photometric measurements.

Table 1 summarizes the quantities used in radiometry and photometry.
The symbols and units given are those of the International System of
Units_l-s, 8, 9,13, 14

RADIOMETRY

The basic quantity in radiometry is the radiant power traversing a sur-
face defined arbitrarily in space. This power flow is called the radiant
flux (¢.). The unit of measurement of radiant flux is the watt. The total
quantity of radiation that is passed through the surface is the time inte-
gral of the radiant flux and is measured in units of watt-seconds (joules).

The radiant flux impinging on a unit area is called the irradiation (or
irradiance) of that area. It is given the symbol E, and is expressed in
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watts per square meter. Similarly, the radiant flux emitted by a surface
is called the radiant emittance, M., and is also expressed in watts per
square meter.

If the distance between a surface and the source of the radiation is
great in comparison with the size of the source, the irradiation of the
surface varies inversely with the square of the distance from the source.
The proportionality factor is called the radiant intensity, /., and is ex-
pressed in watts per steradian—that is, the power density per unit of
solid angle traversing the surface.

When, as in phototherapy, the area of the radiating source is com-
parable with or larger than the area through which the flux is passing,
the intensity per unit area becomes the important quantity. This quantity
is called the radiance, is given the symbol L. (or B), and is expressed in
watts per steradian per square meter. This quantity becomes particularly
important if the surface being irradiated is three-dimensional—that is,
not planar. (See Appendix A.)

SPECTRORADIOMETRY

When radiation is distributed over a broad spectral region and the
variation of the various radiometric quantities with wavelength is of im-
portance, the measurement process is called spectroradiometry. The
quantities measured are the same as the normal radiometric quantities;
however, their names are preceded by the word spectral, and their sym-
bols are subscripted by the usual symbol for wavelength, A. The spectral
quantity will depend on the width of the spectral region over which it is
measured; however, as the spectral region becomes infinitesimally nar-
row, the amount of radiation becomes proportional to this width. We
may therefore define any spectroradiometric quantity, X, in terms of its
radiometric counterpart, X., by

i XeOa Mo+82) _ 0X,

where A\ is the width of the spectral region located at the wavelength
being measured, A,. It should be noted that this definition of spectro-
radiometric quantities makes it necessary to use narrow-band detectors,
if consistent and accurate results are to be obtained.

=X (M), (1)

PHOTOMETRY

When a human observer is to be the detector in an optical system,
knowledge of the total power emitted from a source is not enough to
permit prediction of its visibility; the distribution of that power over the
visible region of the spectrum must be given, and each spectral region
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must be weighted by a factor proportional to its effectiveness in stimu-
lating visual response. Once this human visual response function has
been established, it is possible to define photometric quantities X that
are analogous to radiometric quantities X, by

X= f K()X.(A)dA, )

where K is a function of wavelength and is the response function of the
human observer. K is normally referred to as the spectral luminous
efficiency.

From Table 1 we see that the photometric quantity corresponding to
the radiant flux in watts is the luminous flux in lumens. The total quan-
tity of light, Q, is given by the time integral of the luminous flux in units
of lumen-seconds.

The quantities corresponding to the radiant emittance and the irradia-
tion are the luminous emittance and the illumination; the luminous emit-
tance is given in lumens per square meter and the illumination in lux.

The quantity corresponding to the radiant intensity is the luminous
intensity and is given in candelas, while the quantity corresponding to
the radiance in watts per steradian per square meter is, in luminance,
given in candelas per square meter.

The examples given in Table 2 and Figure 1 are intended to give a
better appreciation of the difference between radiometric and photo-
metric measurements. In these cases, the radiometric measurement accu-
rately quantifies the radiation from lamps used in phototherapy, but the
photometric measurement does not, since much of the radiation lies in
a band in which the response curve of the human eye is greatly reduced.

TABLE 2 Example of the Difference between Irradiance and Illumi-
nance ¢

Ten 20-Watt Irradiance at Illuminance,
Fluorescent Lamps 425-475 nm, mW/cm* ftc®
Daylight 03 350

Special blue 29 32

sounce: R. E. Behrman, A, K. Brown, M, R. Currie, J. W, Hastings, G. B. Odell, R.
Schaffer, R. B. Setlow, T. P. Vogl, R. J. Wurtman, R. J. Anderson, H. J. Kostkowski, and
A. P, Simopoulos. Preliminary report of the Committee on Phototherapy in the Newborn In-
fant. J. Pediatr. 84:135-143, 1974. Reprinted by permission.

® Specific results from a bank of ten 20-watt fluorescent lamps (daylight and special blue)
placed about 18 in. from the meter,

* Lux in metric units.
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SPECTRAL IRRADIANCE

SPECTRAL IRRADIANCE

N

WAVELENGTH (nm)
Special Blue Fluorescent Lamp

FIGURE 1 Charts illustrating the extent to which illuminance (as measured by a
light meter) can differ from irradiance (as measured by a spectroradiometer) at
425-475 nm. The distributions of spectral irradiance are shown for two types of
lamps commonly used for phototherapy of hyperbilirubinemia—a daylight fluo-
rescent lamp and a special blue fluorescent lamp. Hatching shows the irradiance
at 425-475 nm for each lamp, the dashed curve is the standard eye response, and
the dotted area is the integral of the spectral irradiance weighted by the eye
response, Irradiance at 425-475 nm is larger for the special blue lamp, but the
opposite is true for illuminance. (From R. E. Behrman, A. K. Brown, M. R.
Currie, J. W. Hastings, G, B. Odell, R. Schaffer, R. B. Setlow, T. P. Vogl, R. J.
Wurtman, R. J. Anderson, H. J. Kostkowski, and A, P. Simopoulos. Preliminary
report of the Committee on Phototherapy in the Newborn Infant. J. Pediatr.
84:135-143, 1974. Reprinted by permission.)

WAVELENGTH (nm)

The derivation of a function analogous to the spectral luminous efficiency
but applicable to the in vivo sensitivity of bilirubin to photocatabolysis is
discussed in Appendix B.

The Measurement Problem in Phototherapy

Having described radiometric and photometric concepts, we now turn to
the application of these concepts to the measurement problem in photo-


http://www.nap.edu/catalog.php?record_id=20078

The Radiometry of Phototherapy 7

therapy. The goals of the phototherapy measurement are (1) characteri-
zation of the spectral output of the light sources used in phototherapy
to document the total exposure history of the patient; (2) measurement
of the irradiance impinging on the patient to ensure that a photothera-
peutic dose rate is being received, particularly within the spectral region
implicated in the in vivo photodegradation of bilirubin; and (3) mea-
surement of the total exposure, particularly within the wavelength region
implicated in the photodegradation of bilirubin, to ensure that the total
light dose received is not more than is necessary to achieve the desired
reduction in the level of serum bilirubin. Since, as we have seen, pho-
tometry is weighted to the visual response function of the human ob-
server, such measurement is clearly irrelevant to the present purpose.
On the other hand, while spectroradiometry can fully provide the desired
information, most spectroradiometers are inappropriate for routine clini-
cal use because they are complex and expensive. However, spectro-
radiometric principles can be used for the measurement and characteriza-
tion of phototherapeutic dosages.

The most complex of the three goals to achieve by the measurement
process as applied to phototherapy is the complete characterization of
the exposure history of the patient. Difficulty arises from fluorescent
lamps that emit some electromagnetic radiation in ranges outside the
limits of the visible spectrum **- *? and often emit some relatively sharp
bands. Different types of lamps have different spectral distributions over
the entire region. Environmental lighting must also be considered. Thus,
a complete exposure history of the patient involves the measurement,
over the entire wavelength spectrum incident on the patient, of spectral
irradiance expressed in W/cm? per unit wavelength.

One alternative to relying on the measurement of spectral irradiance
at the wavelengths to which the patient is exposed would be the measure-
ment of the power density of the incident light in relatively broad bands;
such measurements would be expressed in units of W/cm® over the wave-
length interval defined by the broadband filter. In the opinion of many
photobiologists, the measurement of the power density in a number of
broad bands, provided the bands were contiguous, would yield an accept-
able measure of the complete exposure history of the patient. A set of
contiguous bands considered useful for this purpose is indicated in
Table 3.

A second alternative would require the selection of a standard lamp
and standardized lamp housing material to be used for phototherapy. In
principle, if the spectral output of the source and fixture can be main-
tained constant with time, the phototherapy source needs to be moni-
tored only at a single wavelength to completely characterize its wave-
length distribution. However, to permit this simplification, it must be
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TABLE 3 Ranges for Monitoring Irradiation Exposure

Wavelength Range,

nm Reason for Consideration

Below 380 Substantially filtered out by the protective Plexiglas shields
on incubators or lamps

380425 Contains wavelengths that are absorbed by some circulating
substances

425-475 The region for maximal absorption by bilirubin and many

other biologic compounds, and probably implicated in the
in vivo photochemistry of bilirubin

475-650 Contains much of the daylight spectrum important in pro-
ducing the neuroendocrine effects of light
Above 650 Affects surface temperature and peripheral circulation

sourcé: R. E. Behrman, A. K. Brown, M. R. Currie, J. W, Hastings, G. B. Odell, R. Schaf-
fer, R. B. Setlow, T. P. Vogl, R. J. Wurtman, R. J. Anderson, H. J. Kostkowski, and A. P.
Simopoulos, Preliminary report of the Committee on Phototherapy in the Newborn Infant.
J. Pediatr. 84:135-143, 1974. Reprinted by permission.

emphasized that neither the lamps nor the housing can be permitted any
significant change in spectral characteristics over the life of the unit.

The second goal of measurement, to ensure that the intended thera-
peutic dose is being administered, requires (1) that the irradiance inci-
dent on the patient within the bilirubin activation band be measured, and
(2) that the total exposure, defined as the total quantity of radiation
received during the entire time of the phototherapy, be recorded. In gen-
eral, irradiance measurements would need to be performed only occa-
sionally, provided that the construction of the phototherapy unit and
standard operating procedures and maintenance ensure that the irradi-
ance from the phototherapy unit remains relatively constant. Together
with these periodic checks of irradiance, a set of prescribed conditions
for performing phototherapy—that is, an established number of lamps
placed at an established distance from the patient, in an established
environment—would need to be fixed. This would suffice for the sub-
sequent recording of the irradiance incident on the patient only if the
phototherapy light source is standardized to the extent that a single type
of fluorescent lamp and a single type of reflector material are used. Many
kinds of reflectors, light sources, and lamp housings are used in photo-
therapy units at present.

The measurement of the total therapeutic exposure received during
phototherapy is the last of these measurements to be considered. Assum-
ing (1) that the light sources used in phototherapy are maintained at
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a constant distance from the baby during the exposure, (2) that the baby
is not moved during the exposure, and (3) that the radiant flux density
emitted from the lamps does not change over the duration of the expo-
sure, it is possible to make a single measurement of the radiant flux. The
product of the radiant flux and the time duration of phototherapy pro-
vides the time integral of the radiant flux, i.e., the total exposure. How-
ever, if the radiant flux is not constant over the duration of the photo-
therapy—for example, because the baby or the phototherapy lamp unit
is moved during the exposure or because the phototherapy lamp unit is
operated on an intermittent, rather than a continuous, basis—it becomes
necessary to record the radiant flux effective in producing photodecom-
position as a function of time and to integrate the area under this curve
to obtain the radiation dose.

Radiometric Instrument for Phototherapy

Several approaches may be used in obtaining the time integral directly
without the use of any mathematical processing. The first is electrical
and involves the use of a detector whose output is coupled to a capacitor
in such a way that the charge stored across the capacitor is proportional
to the quantity of effective radiation, Q.. (See Appendix B.) As the
radiant flux increases or decreases, the incremental charge stored by the
capacitor is larger or smaller; the total charge on the capacitor is pro-
portional to Q..

An alternative electrical approach is to use a detector whose output
is a series of pulses whose frequency is dependent upon the radiant flux
detected. The total number of pulses is then counted over the duration
of the phototherapy, and this number is proportional to Q..

A second approach, somewhat simpler than the electrical methods, is
a direct optical method in which the quantity of absorbed radiation
induces a proportional amount of a chemical reaction and thus measures
the total quantity of chemical product formed by the radiant flux. This
process, known as actinometry, is discussed in a number of textbooks on
photochemistry.®

The special case of actinometry in which the photochemical reaction
used involves a photographic emulsion is known as dosimetry * ' and is
used to determine the total quantity of absorbed radiation. The total
light absorbed by the photographic emulsion may then simply be ob-
tained by measuring the optical density of the emulsion in a colorimeter
or densitometer and relating the measured optical density to the quantity
of absorbed radiation through a suitable calibration curve. This -tech-
nique is well known in the measurement of ionizing radiation.
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Use of an appropriate film as a recording medium for the radiant flux
makes possible the direct integration of the radiant flux for the duration
of the phototherapy. With a filter matching the action spectrum of bili-
rubin photocatabolysis (the wavelength interval effective in photother-
apy; see Appendix B) incorporated in a film badge dosimeter, the total
quantity of absorbed radiation effective in phototherapy can be measured
directly by its exposure in the same environment as the baby. An instru-
ment of this type is under development by Robert J. Anderson, but none
is commercially available.

Irradiance meters to cover a selected band of wavelengths (in con-
trast to spectroradiometers, which incorporate dispersive optical ele-
ments) are generally constructed by using photosensitive detectors pre-
ceded by a suitable spectrally selective filter. For example, interference
filters can be produced by the evaporative deposition of appropriate
materials of different refractive indices, each of the correct thickness
(usually about one quarter wavelength). Such filters can have sharp
cutoffs on both ends of the region of transparency; however, they are
generally designed for use with nearly normal incident light, and if they
must accept radiation over a wide distribution of angles, their spectral
purity suffers unless extreme precautions are taken in their design and
manufacture. Such precautions would make them prohibitively expensive
for the present application. The colored glass or gelatin filters that are
available can separate different portions of the visible spectrum, but
these generally have sloping band pass characteristics, typically with a
150-200 nm region between the 10 percent and the 80 percent trans-
mission points. Nonetheless, it would appear practical to produce an
irradiance meter covering the bands of Table 3 by using photodiodes and
colored filters.

Summary and Conclusions

In the preceding discussion we have defined the processes of radiometric
and photometric measurement and have described the symbols, units,
and dimensions that are appropriate to these measurement processes.
Photometric instrumentation is inappropriate in the monitoring of photo-
therapy, since the wavelengths implicated in the in vivo photodecomposi-
tion of bilirubin lie well below the maximum response to instruments
designed to measure visible radiation; furthermore, the fluorescent lamps
used emit radiation at wavelengths both above and below the visual
region. Thus, in phototherapy, the use of such instruments as photo-
graphic light meters is contraindicated.

The nature of the measurements required in clinical phototherapy
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has been discussed, in particular, as they apply to the three primary
goals of phototherapy monitoring: (1) characterization of the spectral
output of the light sources used in phototherapy, so that the total expo-
sure history of the patient can be documented; (2) measurement of the
irradiance impinging on the patient to ensure that the phototherapeutic
dose rate is within the spectral region implicated in the in vivo photo-
degradation of bilirubin; and (3) measurement of the total exposure,
particularly within the wavelength region implicated in the photodegra-
dation of bilirubin, to ensure that the total light dosage received is not
more than is necessary to achieve the desired reduction in the level of
serum bilirubin.

The radiometric function required to ensure accurate measurement,
developed in Appendix A, is extremely complex and can only be deter-
mined experimentally. It is still necessary to measure the radiant flux
incident on the baby as a function of both wavelength and time and to
integrate this radiant flux over wavelength and time to obtain the quan-
tity of radiation absorbed by the baby during phototherapy. Direct mea-
surement of the integrated quantities was found to be possible through
the use of an appropriate filter/detector combination and through use
of suitable time integrating devices, either electrical or chemical.

Probably the simplest means of measuring the total quantity of the
absorbed radiation is the use of a photochemical actinometer, utilizing
an emulsion laid down on a film base. This type of actinometer can
appropriately be called a film dosimeter. The quantity of radiation
absorbed by the infant during phototherapy is obtained by monitoring
the optical density of the film at the conclusion of the phototherapy. The
use of an appropriate filter over the film restricts the exposure of the film
to the wavelength region effective in phototherapy, and the film badge
dosimeter therefore integrates the radiant flux over both wavelength and
time.

Although neither suitable irradiance measuring instruments nor do-
simeters for measuring total exposure received during phototherapy are
commercially available, it is apparent that the continued use of photo-
therapy will make it necessary to produce these instruments commer-
cially. It should be realized, however, that biochemical research is still
required to elucidate the action spectrum in vivo, and this knowledge is
essential for construction of an appropriate filter.


http://www.nap.edu/catalog.php?record_id=20078

12 ANDERSON et al.

APPENDIX A: CALCULATING THE LIGHT
INCIDENT ON A BABY UNDER PHOTOTHERAPY

Total Light

We simplify the calculation of the total light received by a baby under
phototherapy by assuming that the baby can be represented by a cylinder
whose diameter equals the chest diameter of the baby. We further assume
that the cylinder is infinitely long and therefore can compute the total
light incident per unit length on the baby. The cross-sectional geometry
is shown in Figure 2.

The light received by the circle representing the baby from any point
on the lamp is

¢
B f cos ¢ d¢, 1)
o
where B is a constant determined by the radiance of the lamp and ¢ is
an angle measured from the normal, N, to the lamp, of halfwidth L,
which varies between the angles ¢, and ¢,. The included angle subtends
the infant.
The total direct light (TpL) is the sum of light from each point on
the lamp:
L

1
TDL=f f B cos ¢ d¢ d&. (2)
L o

FIGURE 2 Cross-sectional
representation of a baby on a

I fr———— sheet under a bank of lamps.
‘ Lamps — R is the radius of the baby
¥ (measured at the sternum), D
%o is the separation of the sheet
N from the lights, L is the

D semiwidth of the lamp bank,
£ is an arbitrary point within
L, N is a normal drawn to

. T the lamp bank, and ¢, and ¢,

are the angles from point ¢
that are tangent to the baby.
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The value of this integral is
ToL=4 BR arctan (L/(D—R)). (3)

Note that if the lamp is curved or segmented, the calculations are
performed for an equivalent flat lamp as illustrated in Figure 3. It is,
therefore, a limitation of the present calculation method that the lowest
point on the lamp must be higher than the highest point on the infant.

To determine the light reflected from the sheet, we need to calculate
the light received by each point on the sheet. The power received at the
sheet from the lamp is diffused by the sheet. Let B(y) be the effective
radiance of a point on the sheet at a distance y (Figure 4) from the
intersection of the baby from the sheet. Then the emitted irradiance is

r/2
Eeutea= f B(y) cos ¢ d6=2B(y). (4)
-x/2

In the above, the angle ¢ is measured from the normal to the point
on the sheet. Since the emitted irradiance equals the received irradiance
multiplied by the reflectivity . of the sheet,

B(y)=p/2 x, ()

where x is the received irradiance.

The irradiance received on a point y on the sheet is B multiplied by
the integral of the cosine of the angle that a ray of light makes with the
normal to the sheet as the ray varies along the width of the lamp or
perhaps until it is blocked by the shadow of the baby.

Lamp

FIGURE 3 Cross-sectional
representation of a baby on a 2L
sheet under a curved lamp

bank. A curved lamp bank

can be evaluated on the same
basis as a flat bank of equal D
brightness, provided that
the distances L and D are »+
measured as shown.

Sheet
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FIGURE 4 Cross-sectional
I 2 - representation for calculation
Lamps | of partial shading for a
baby on a sheet under a bank
of lamps. The region on the
sheet directly under the baby,
from 0 to y,, is completely
shaded by the baby. The
region between y; and y:
receives only part of the
direct light and is therefore
partly in shade, The region
beyond y. is in full light.
This figure illustrates the
derivation of the reflected
*"w light from the sheet falling
0
]

on the baby.

If y>y., the baby causes no shadowing. It can be determined that

pB L+y )
B(y)="+ + . 6
Bl=g [VDE+(L+y)2 vn=+(L—y)°-] ©

Ify, <y<ys

pB L~y =i
B =7 [vm*wmz]' i

If y <y, no light reaches the sheet and B(y) =0.

The light reflected to the baby from a point y on the sheet is the
radiance of that point multiplied by the integral of the cosine of the
angle that a light ray makes with the normal to the sheet over the angle
subtended by the baby. This may be evaluated as

2B(y) R*/(R*+y°). (8)
Thus, the total reflected light (TRL) on the baby is
ia
- B(y)
TRL—ZR’[ iR dy, (9)

Va

where y, is the semiwidth of the bed. We can now insert the appropriate
values of B(y) and obtain
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= (L-y)
=2,BR? d
TRL=24B {f P+ R VD + (L) >
L]
y'_'_Rz
*] rRy
" (L+y)
*] rrVDE T P } 9

The results of evaluating this function are plotted in Figure 5 for a typi-
cal commercial Bililight 48 cm deep located 70 cm above a bed 36 cm
wide. The irradiance at the sternum is assumed to be 1 pW/cm® so
that the results plotted are in units of uW/cm of the baby’s length per
#W/cm? incident on the sternum. We have assumed that the reflectivity
of the sheet is 0.75. We observe that the reflected irradiance is nearly
constant over the range of common infant circumferences and the total
and direct irradiances are practically linear functions of circumference.

FIGURE 5§ Components of
the total optical power inci-
dent on the baby. The total
power incident on the baby
per unit of its length may be
found from these curves. To
find the power incident on

the baby due to direct light
from the lamps, or to
reflected light from the

sheet, or to their sum (the
total light), multiply the value
in uW/cm per uW/cm®
obtained for the infant's

chest circumference by the
irradiance measured at the
sternum. This will yield

the power incident per unit
length of the baby. Multi-
plying this number by the
length of the baby will

give the total radiant flux in
watts. Here and in Figure 7, a
sheet reflectivity of 0.75, 0 1 1 1 1 1 I
light depth L = 48 c¢m, and ] 10 20 30 40 50 60
a bed width 2ys =36 cm INFANT'S CHEST CIRCUMFERENCE (cm)

have been assumed.

uW/em (of infant’s length) per uW/cm? incident on sternum
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Irradiance at a Point on the Baby

We shall now calculate the irradiance received at any point P on the
baby as a function of the angle ¢ illustrated in Figure 6.

As before, the direct irradiance at P is found by multiplying B by the
integral of the cosine of the angle that a ray of light from the lamp makes
with the normal at P. The limits of this integral are determined by the
tangent line to the circle at P. Let y, be the intersection of this line with
the sheet.

If yo>y., P receives light from the entire lamp. By evaluating the
integral described above, we find the direct irradiance E4(8) to be

(D—R)sin 6+ L cos 8 +
V(L+R sin )*+ (D—R—R cos §)*
Lcos® — (D—R)sin 6 :|
V(L—Rsin )2+ (D—R—R cos §)*
If y, <yo<y2, only part of the lamp illuminates P and
L cos §—(D—R)sin @ ] (12)
V(L—R sin 8)*+ (D—R—P cos 0)*

If yo<yi, no direct light reaches P; that is, E4(6) =0.
The position of the tangent line at P also determines the reflected
light E.(6) reaching P. If y, extends past the edge of the bed defined

Ed(o)=8[
(11)

E,(6)=B [1+

FIGURE 6 Cross-sectional
representation for evaluation
of the light at a point on

the circumference of a baby
on a sheet under a bank of
lamps. The line tangent to the
circle at P intersects the
plane of the sheet at y, and
intersects the lamp so as

to divide it into two portions.
One of the portions con-
tributes direct light at P and
the other does not. Light

is reflected onto P from point
y on the sheet between y, to
ys; ¥s is the edge of the bed.
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by the point y,, then no reflected light is incident at P and E.(8) =0.
If yo<lys,

@ivo)
E0=[  B(#)cos 4 s, (13)
¢va)
where ¢ is the angle that a reflected ray of light with radiance B(¢)
makes with the normal to the circle at P. This integral may be expressed
in terms of y instead of ¢:

- " [y sin 8—R(1+4cos 8)]
E®= [ B0 mte ot GoR ey FE (09

where B(y) vanishes or is given by Eq. (6) or Eq. (7), depending on
the value of y.

Equation (14) can be integrated directly by numerical methods or it
can be expressed in closed form in terms of elliptic integrals, which we
will omit for the sake of simplicity.

The total irradiance at P is found by adding E4(8) to E.(6). The
variation of irradiance along the circumference of several typical infants
is shown in Figure 7 for the same bed and light characteristics as given
in the previous section. In this figure the energy per square centimeter

1.0
08
08

0.7
086
05 1~
0.4 i~

Circumference of Baby = 18.8 cm
Circumference of Baby = 37.7 cm

Circumference of Baby = 3.4 cm

incident on sternum

03
02 -
0.1

0 1 1 i o8 1 1 | 1
0 20 40 60 80 100 120 140 160 180

ANGLE (deg) WITH APEX AT THE CENTER OF BABY

uW/em (of infant's length) per uW/em?

FIGURE 7 Normalized irradiance on circumference of baby. To find the ir-
radiance at a point on the circumference of the baby given by the angle 6 (defined
in Figure 6), where 0° represents the baby's sternum, multiply the ordinate of the
point appropriate for that angle and the baby's circumference by the irradiance
measured at the sternum.
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incident on the surface of the baby is plotted against the angle on the
baby at which that power is incident. To obtain the total power per
linear centimeter of the baby from this curve, the area under the curve
must be multiplied by the circumference of the baby and divided by 360
(to convert degrees into 2 radians).

The equations given and the sample curves of Figures 5 and 7 permit
one to calculate the irradiance incident on a baby from a large class of
phototherapy units both in terms of the irradiance per unit length of the
infant and in terms of the angular dependence of the irradiance around
the circumference of the baby. Persons interested in obtaining copies of
the computer program are invited to write directly to the third author.

APPENDIX B: DETERMINATION OF THE
IN VIVO ACTION SPECTRUM OF BILIRUBIN

The work of Cremer et al.,® Hewitt et al.,” Ostrow and Branham,** and
others, as well as consideration of the photochemical process, leads to
the conclusion that some wavelengths of light are more effective in de-
composing bilirubin than others. It follows, even though we do not know
its exact shape, that a curve of in vivo effectiveness in bilirubin decom-
position versus wavelength must exist. The ordinate of such a curve
would be in units of molecules of bilirubin decomposed per photon or
per watt of absorbed energy in a certain wavelength interval. (Note that
the word absorbed is used; light that is not absorbed cannot participate
in the photochemical process.) Such a curve could also be viewed as a
curve of quantum efficiency of bilirubin photodegradation versus wave-
length. Conceptually, it is equivalent to the spectral luminous efficiency
(see p. 5), which is proportional to the quantum efficiency of the eye.

Attempts to derive the shape of this curve theoretically on the basis
of chemical kinetics quickly lead to mathematically intractable formula-
tions. Not only is the order of the reaction unknown, but the rate-
limiting step (which may not be the photochemical step) and its kinetics
are also unknown. The problem is compounded further by the fact that,
as the light decomposes the bilirubin, more bilirubin is being generated
by the infant. Another difficulty is that the light, instead of interacting
with the bilirubin in the vascular space, may interact in the cutaneous
and subcutaneous tissue.’® Before a meaningful theoretical model can be
built, we must take into account the diffusion dynamics of the bilirubin
into that space, how easily it diffuses back out as the serum bilirubin
level drops, and how easily the degradation products diffuse out. All this
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is the appropriate subject for research that should be undertaken as soon
as possible.

An alternative approach would be to determine the in vivo action
spectrum clinically. Groups of infants could be irradiated with narrow
bands of radiation and the effect on serum bilirubin determined. If the
bands are sufficiently narrow and span the range of effective wave-
lengths, the action spectrum in vivo would be established. However, it
must be borne in mind that in each band the effect of the light will
probably depend on the spectral irradiance (that is, the effect may not
be linear with spectral irradiance) and that, in addition, the effect may
depend on the degree of jaundice as well as the length of time the patient
has been jaundiced and the amount of cutaneous and subcutaneous tissue
and the effectiveness of peripheral circulation. Thus, the experiment is
not easy to perform. However, even a simple experiment of this kind
conducted on a group of “typically” jaundiced infants could give a good
initial estimate of the action spectrum.

Once the action spectrum in vivo has been determined, even approxi-
mately, it is possible to construct either a dosimeter or an irradiance
meter that will faithfully measure the therapeutic dose or dose rate. It
would consist of a photosensitive element, chemical or electronic, whose
spectral response is known. A filter could then be constructed with a
spectral transmission chosen in such a way that the product of its
transmission curve and the spectral response curve of the sensing device
is the same as the action spectrum for photodegradation of bilirubin.

Ultimately, such a device would be ideal for the clinical monitoring
of the phototherapeutic dose.
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Photooxidation

Organic molecules on absorption of light are converted to chemically
reactive electronically excited states. Only light that is absorbed can
cause photochemical reactions. Absorption of light promotes an electron
to a higher orbital without change of spin; thus, the first state formed is
the singlet, in which there are no unpaired spins.

Weakly bound electron

Vacant
orbitals

|

LHT H

hv

1
!

wn "TE
s P -+~
~H— Excited

Ground state singlet triplet
state state

Oxidizing “hole”

There are many mechanisms of photooxidation, but only those that take place
in the_presence of oxygen are discussed here.

21
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The singlet in many cases undergoes a spin inversion very rapidly to give
the triplet state (which has two unpaired electrons). Usually the triplet
state lasts much longer than the singlet; both states involve electrons
promoted to higher orbitals. As these orbitals bind the electrons less
strongly than do those of the ground state, one would expect that elec-
trons in these orbitals would be more readily removed by oxidizing
agents than would those in the ground state. By the same token, the
holes left by the promoted electron are in orbitals that bind electrons
comparatively strongly; thus, one would expect that the excited molecule
that results would be more readily susceptible to reducing agents than
would the molecule in the ground state. Both expectations are realized:
Excited singlet and triplet molecules are both oxidized and reduced more
readily than ground-state molecules; oxidizing behavior is especially
common.

Photosensitized oxygenations of organic compounds have been studied
for many years.™ ' 2> The interest of chemists was attracted by biolo-
gists’ observation that the combination of sensitizing dyes, light, and
oxygen is capable of damaging organisms of virtually all classes.®: -
The effects (referred to as photodynamic action) include membrane
damage, mutagenesis, interference with metabolism, and death. The
chemical basis of these effects has been traced to damage to many dif-
ferent cell constituents, including lipids (which are peroxidized) and
certain enzymes and peptides (methionine, histidine, tryptophane, and
tyrosine are the most susceptible to photosensitized oxidation), and to
nucleic acids (the guanine residues are the most sensitive).*® 41-#* Re-
cent studies have led to greatly increased understanding in this area. It
is now possible to recognize several distinct mechanistic pathways, and
to make a beginning in predicting which mechanism will occur in a
given case.’

With few exceptions, sensitized oxidations proceed via the sensitizer
triplet state, at least in part because the lifetime of the triplet is much
longer than that of the singlet.?: 17- 1% 23, 39, 41-43 The most effective sensi-

Sens = 'Sens > 3Sens

1-20X 10"
~2x10“ 103 - 104

FIGURE 1 Diagram showing rates per second of internal electronic processes for
typical photosensitizing dyes.
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tizers are those that give a long-lived triplet state with high quantum
yield. Many dyes, such as methylene blue or eosin, natural pigments
(chlorophyll, hematoporphyrin, flavins), and aromatic hydrocarbons
(rubrene, anthracene), are effective sensitizers. Bilirubin appears to be
a weak sensitizer. Most of these compounds absorb visible or long ultra-
violet light, the effective wavelengths for photodynamic action. Figure 1
shows rates of formation and deactivation of the two excited states of
typical sensitizing dyes.?”

Mechanistic Classification

There are two broad classes of reaction open to the sensitizer triplet.*
The first is one in which the sensitizer interacts with another molecule
directly, usually with a hydrogen atom or electron transfer. The radicals
thus formed undergo further reaction with oxygen or other organic
molecules. This reaction has been classed Type I by Gollnick.?* The
second class of reaction, Type II, is one in which the sensitizer triplet
interacts with oxygen. The most common of the Type II interactions has
been shown to be energy transfer to give singlet molecular oxygen, which
reacts further with various acceptors in solution.!™ ** Less efficiently,
electron transfer to oxygen occurs with the formation of the superoxide
ion (O.7); this reaction occurs in less than 1 percent of the deactivating
collisions of oxygen with the sensitizer triplet.** ** These reactions are
summarized in Figure 2.

The rates of reaction, k; and kq;, of the two processes are now well
enough known that many of the factors governing them can be stated
definitively. The rate of the Type I process depends on the sensitizer
and the substrate and varies over a wide range. Table 1 shows how this

3sens
Substr7 Yz 1-3X10°m™ 1 s
|

H or Electron 10, (>> 0.9
2 2
Transfer 1
reactions reactions

FIGURE 2 Diagram of processes involving the sensitizer triplet.
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TABLE 1 Rates of Type I Process

Rates of Reaction (k1)
with Sensitizer, M3

Solvent Benzophenone Eosin
Ethanol ~ 10" ~ 100°
Dimethylaniline 27x10°" 2x10°°

@ Rate for isopropyl alcohol. Data from Sherman and Cohen.*
® Data from Nemoto et al.®

¢ Quenching + reaction.
4 Data from Cohen and Litt.”
¢ Data from C. S. Foote and R. Denny, unpublished.

rate varies for a few selected cases. It is seen that benzophenone is a
stronger hydrogen abstracter than eosin toward ethanol, by a factor of 4
powers of ten. Both benzophenone and eosin are capable of reacting
very rapidly, however, toward the much stronger reductant dimethylani-
line. In general, as might be expected, the types of molecular structure
that favor Type I (substrate-sensitizer) chemistry are those that are
readily oxidized (phenols, amines, etc.) or readily reduced (quinones,
etc.). Compounds that are not so readily oxidized or reduced (olefins,
dienes, aromatic compounds) more often favor Type II reactions;
however, Type II reactions of amines,® phenols,** and other sub-
strates are also known. The rates for the Type II process depend
mainly on the oxygen concentration in solution, since the rate constant
(ki) with few exceptions falls in the range 1—-3x10° M-s~* for all
sensitizers.’” ** Thus, for example, oxygen is much less soluble in water
than in most organic solvents, so that in studies carried out in water
saturated with air, the product k;; [O,] is much smaller than in organic
solvents saturated with oxygen, as shown in Table 2. Unfortunately,
biologists have tended to favor studies under the former set of conditions,

TABLE 2 Rates of Type II Process ¢

Condition kn[Os], s Reference
Water saturated with air ~ 5%10° A. McDonagh, p. 56,
this volume
Organic solvents saturated ~2x10° Ref. 16
with oxygen

e Assuming ky; ~ 2 X 10° M-15-1.
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whereas most mechanistic chemical studies have been carried out under
the latter.

The significant competition that determines whether Type I or Type II
reaction occurs is thus between substrate and oxygen for triplet sen-
sitizer. Table 3 shows that, for benzophenone in oxygen-saturated etha-
nol, the Type I process (with solvent ethanol) competes effectively with
the Type II process; however, with eosin under the same conditions, the
Type II process predominates and would continue to predominate even
at very low oxygen concentration. It is probable that the same is true for
bilirubin. Thus, changes in sensitizer, substrate, or concentrations of
substrate and oxygen may change the mechanism of the photooxidation
from Type I to Type II. It is also important to recognize that binding
of dye to macromolecular substrates is likely to favor Type I mech-
anisms.% 4

Products of the Reaction

Type I chemistry usually involves the production of free radicals or
radical ions. These radicals have a very wide variety of possible reac-
tions, such as reaction with or electron transfer to oxygen, electron or
hydrogen abstraction from other substrates, initiation of chain autoxida-
tion, and recombination. Many apparently simple reactions of this type
are found to involve complex sequences of reactions when scrutinized
carefully. For example, the oxidized dye formed by electron donation to
oxygen or another oxidizing species (including another dye molecule)
can oxidize the substrate, regenerating dye and giving a new reactive
species capable of further reaction or recombination with reduced pri-
mary oxidant (Figure 3) .20 **

If the end fate is recombination, there may be no visible reaction, and
only by probing with such techniques as flash spectroscopy or chemical
trapping can the intermediacy of these species be detected. There are
many similar types of complex reaction involving electron transfer to or

TABLE 3 Competitive Rates of Type I and Type II Processes for
Triplet-State Sensitizer in Ethanol

Rates of Reaction by Type, s
Sensitizer ka[S] ku[O:]

(CeHs)L=0 ~ 107 ~2x10°
Eosin ~ 10 ~2X10°
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dye bleaching

3 -
Sens + 0, —— Sens__ +02

Sens + 02
reductant

Sens + reductant

FIGURE 3 Diagram of interaction of the sensitizer triplet with oxidizing
substrates.

from excited dye and substrate or the dye itself. Koizumi has subclas-
sified Type I reactions as p—D (interaction with dye) and p—R (inter-
action with substrate) and refers to Type II reactions as b—o (interaction
with oxygen).?* Another example of a complex reaction is given in Figure
4. Figure 5 gives two examples of Type I reactions: the oxidation of
alcohols by benzophenone, which can lead either to ketone or hydroxy-
hydroperoxide, depending on the conditions,®® and the oxidation of
amines, which may proceed either by hydrogen or electron transfer.®

The Type II reaction produces singlet molecular oxygen as the primary
reactive species. 2! There are two excited states of singlet oxygen. The
higher, 3.+, has an energy of 37 kcal; its lifetime in solution is believed
not to exceed 10~ s, The lower energy state, 'A,, lasts much longer and
is now believed to be the only singlet oxygen species that is reactive. The
higher '3;* state, if it is formed at all, appears to be quenched to the 'A;
state before reacting. The lifetime of !A, oxygen has recently been deter-
mined by direct methods and is moderately subject to influence by sol-
vent. The lifetime is shortest in hydroxylic solvents: In water, the lifetime
is about 10-¢ s.*» ¥ " 30 In aprotic solvents, and particularly in those
with no hydrogens whatever, the lifetime is longer and reaches several
hundred microseconds.

360 +E0 — = Eof+Eo"
Eof+ ATU ——— Eo+ATU,,

ATon T Products

FIGURE 4 Diagram of p-p oxidation of allylthiourea (ATU). Eo = eosin.
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b oy M B T
Q‘H./ "\-m (CgHg),C=0 Q’"./ NoH 0, c]“./ \ﬂ'l ‘3:“-/ “\w
LN \
g™ om

o '
c":;c-o + [m.u.l,-c- ],

R, N—CH, ——e ——== R NCHO ——= A NH

FIGURE § Examples of Type I reactions.

TABLE 4 Rates of Reaction of Some Typical Substrates with 'O,

Acceptor ki, M's?
2,5-Dimethylfuran 1.4x 10"
2,3-Dimethyl-2-butene 5x107
2-Methyl-2-pentene 1x10°
1-Methylcyclohexene 2x10°
Cyclohexene Ix10°
trans-4-Methyl-2-pentene Ix10°

SOURCE: Foote,” Adams and Wilkinson,® Merkel and Kearns,® Merkel ef al..® and Foote
et alv

There is thus a second competition, between the decay rate of singlet
oxygen and the product k4[A]; if kA[A]< <k,, the main result of a Type
IT reaction is simply the quenching of triplet sensitizer, and again one
may observe no reaction at all. Rates for some typical substrates are
given in Table 4. The rate for bilirubin has not been determined but is
probably very large.*

Certain dyes that are less efficient oxidizers can also transfer an elec-
tron to oxygen, giving an oxidized dye molecule and superoxide ion.?* 22
For example, eosin reduces oxygen on a small fraction (<1%)
of quenching collisions; 2> 2> the other collisions give singlet oxy-

1
> 99% %

3Eosin —

’ \-——Eosin +0,°

<1% ox 2

* We have recently determined the rate of reaction of bilirubin with singlet oxygen
to be 2.5 10° M's™, the remainder being physical quenching (C. S. Foote and
T.-Y. Ching, in preparation).
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gen.1%.17.18.21,25 The subsequent chemistry of the oxidized dye and super-
oxide is not well established. In some cases, the oxidized dye appears to
oxidize the substrate (for example, trytophane or tyrosine); ** 2* how-
ever, the overall efficiency of this path (which may be one of the major
causes of dye bleaching) is low, and a singlet oxygen mechanism for the
main path of tryptophane and tyrosine oxidation has not been ruled out.
The chemistry of O,+ is largely that of electron transfer to reducible
substrates (for example, cytochrome, tetrazolium blue).? 28 31

Two classes of reaction of singlet oxygen are particularly important:
addition to olefins, giving allylic hydroperoxides, analogous to the Alder
“ene” reaction of Eq. (1), and additions to diene systems to pro-

duce endoperoxides, analogous to the Diels—Alder reaction of Eq.
(2)_9, 17, 18, 25, 36

= 0 0
Qu—-— Cu @
(0] (0]

To these should be added two other classes of somewhat less gener-
ality, a 242 cycloaddition to electron-rich olefins (e.g., enamines and
vinyl ethers) and a very few other olefins to produce dioxetanes [Eq.
(3)], which are sometimes of moderate stability but readily cleave into
two carbonyl-containing fragments,*: ** 27 and oxidation of certain hetero-
atoms, notably sulfur and phosphorus [Eq. (4)], a reaction exemplified
by the oxidation of diethyl sulfide to diethyl sulfoxide, in which two
moles of sulfoxide are formed for each mole of oxygen consumed.'*
Oxidation of bilirubin appears to combine reactions of the second and
third classes. The intermediacy of singlet oxygen has been shown

0 -T—0 —I—_o
+ I — — 3)
A
0 (0] —r_—_o

2(C,Hg), S+0=0-2(C,H,),§-0 (@

rigorously for each of these reactions by careful mechanistic stud-
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ies.* 8 10,13, 14. 21, 27 {Jpder ordinary conditions (dye sensitizer, oxygen-
saturated in organic solvent, dilute substrate), Type I mechanisms do
not occur for these types of substrate. Certain phenols and amines have
also been shown to react with singlet oxygen; these reactions may well
involve hydrogen or electron abstraction by singlet oxygen, and the
overall chemistry resembles that observed in Type I cases.** ** Amines
and phenols can also quench singlet oxygen; the mechanism of this
quenching may also involve electron transfer.* ** These reactions, how-
ever, will require a great deal more study before their nature is thor-
oughly understood.

One other significant interaction with oxygen has been established.
One of the functions of carotenes in photosynthetic organisms appears
to be protection against photodynamic damage to the organism by
various natural sensitizers.?* For example, carotenoidless mutants or
plants in which carotene synthesis is blocked are known to be killed by
light and oxygen under conditions that are normally harmless. Carote-
noids have also been shown to protect organisms against exogenous
sensitizers. Carotenes are known to quench triplet dyes at a very high
rate, but we have also shown that they are extremely efficient quenchers
of singlet oxygen.'? Furthermore, the efficiency of quenching is a function
of the number of conjugated double bonds in the polyene chain; those
carotenes with nine or more conjugated double bonds are efficient
quenchers, whereas those with seven or fewer quench only inefficiently
or not at all.** This is also the range in which the effectiveness of natural
carotenes in protection of organisms changes; those with nine or more
double bonds are effective protective agents, whereas those with eight
or fewer are less effective or ineffective.? 2¢ This parallelism suggests
that quenching of singlet oxygen may be an important mechanism of
protection against the photodynamic effect and that singlet oxygen is
important in at least some types of photodynamic effect.’

The various reactions that have been shown to occur with triplet
sensitizers are shown in Figure 6; careful study of this figure shows how
sensitive the course of the reaction can be to conditions. Several authors
have demonstrated the switch from one mechanism to another by simply
changing conditions.5:

Several methods for distinguishing Type I and Type II mechanisms
are now available. Simple kinetic studies may be misleading since both
Type I and Type II reactions can give Stern—Volmer plots under the
right conditions. One of the most powerful techniques for demonstrating
the intermediacy of singlet oxygen is by competitive inhibition with a
known singlet oxygen acceptor that is not a good Type I substrate.®: *
Very few such substrates are known that are soluble in water, however;
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FIGURE 6 Summary of reactions with triplet sensitizers.

we are now studying some water-soluble carotenoids and olefins that may
be satisfactory substrates.

Kearns has recently developed a technique for demonstrating singlet
oxygen intermediacy based on the fact that the lifetime of singlet oxygen
is much longer in D,O than in H.O; this may give a higher rate of reac-
tion in D,O than in water.?® However, there are assumptions that must be
made before this technique can be used. The assumption that there is no
change in efficiency of the Type I reaction in D,O as compared with H.O
has not yet been tested. Also, this technique will yield positive results
only if the singlet oxygen reaction is in the first order range—that is,
where ky[A]<kq; if the reverse is true, there will be no change in effi-
ciency of the singlet oxygen reaction in D,O coinpared with the efficiency
in water.

Another effective technique for determining whether the reaction is
Type I or Type II is to determine whether substrate and oxygen are
competitive or not; in reactions in which the Type I reaction is much
slower than Type II, there is no oxygen pressure dependence even at
very low oxygen concentrations.’ % 25 In a Type I reaction, there is
often an oxygen presure dependence; oxygen may actually inhibit the
reaction, although this is not the only possible behavior. These tech-
niques have been used by McDonagh to establish that singlet oxygen is
the intermediate in bilirubin photooxidation (page 56, this volume).
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DAVID A. LIGHTNER

In Vitro Photooxidation Products
of Bilirubin

In Vivo Formation and Metabolism of Bilirubin

The yellow, lipophilic bile pigment bilirubin IXa (Figure 1) is formed
principally from the prosthetic heme group (Figure 1) of hemoglobin
in the catabolism of red blood cells by a process that occurs normally
in the reticuloendothelial cells of the liver, spleen, and bone marrow.
Other hemoproteins may contribute approximately 20 percent of the
bilirubin formed under physiologic conditions in man,*® and a minor
fraction of the hemoglobin is converted to metabolites other than
bilirubin.*® ¢ 5° Although other portions—namely, iron and protein of
the hemoglobin (hemoprotein) molecule—re-enter the metabolic pool,
the heme is not reutilized but suffers rupture of its macrocyclic ring by
specific oxidation on and in the region of the a-methene carbon. The
oxidation is accomplished in several steps * by a mixed-function, micro-

This research was supported by the National Science Foundation (GP-32483X and
GP-35699) and the National Institute of Child Health and Human Development,
U.S. Public Health Service (HD-07358).

* These involve oxidation at the a-carbon to give an a-hydroxyheme Fe** followed
by tautomerization to the a-oxophlorin Fe®. The latter adds oxygen (presumably
ground-state oxygen), bridging the adjacent pyrrole rings and rearranging with
expulsion of CO to give an Fe® biliverdin complex, Loss of iron leads to
biliverdin.

34
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FIGURE 1 Structural formulas for bilirubin (1), hematin (2), and biliverdin (3).

somal heme oxygenase with resultant extrusion of CO (C of the a-meth-
ene bridge) and Fe** and subsequent formation of the green bile pigment
biliverdin IXe (Figure 1).4 °* Biliverdin reductase converts biliverdin
to bilirubin efficiently.

The excretion (hepatic transfer from blood to bile) of the toxic,
lipophilic bilirubin is facilitated by its conversion principally to a water-
soluble diglucuronide. Thus, the bilirubin that is carried in the plasma
as an albumin complex (one albumin molecule effectively binds * and
transports two bilirubin molecules) is transferred across the sinusoidal
surface of the hepatocytes and into the cell after prior dissociation from
albumin. The plasma membrane of the liver cells excludes the large,
water-soluble albumin-bilirubin complex but is permeable to unbound
lipophilic bilirubin. This transfer may be assisted by acceptor proteins
in the hepatic cytoplasm,* but it clearly requires the bilirubin to become
dissociated from albumin at the transfer site. Glucuronyl transferase and
associated enzymes catalyze the esterification of the two propionic acid
groups of bilirubin to their glucuronyl esters and thereby serve as the
principal means of converting lipophilic, unconjugated bilirubin to a
water-soluble conjugate, bilirubin diglucuronide. Other bilirubin con-
jugates—e.g., monoglucuronides, sulfates, acylglycosides of glucose and
xylose, and disaccharides of hexuronic acids—have been reported but
their functional importance is uncertain.* Bilirubin diglucuronide is
secreted from the hepatic conjugating site into the bile, whence it enters
the gut and is subject to further chemical change, usually hydrogenation,
the nature of the change depending upon the presence and capabilities
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of the fecal flora.’® 3 It is normally excreted in the feces in a highly
reduced but optically active form, l-stercobilin(ogen) .2 21. 33

Hyperbilirubinemia of the Newborn—Causes and Treatment * **

The circulating, unconjugated, albumin-complexed bilirubin is present
in normal human serum to the extent of 0.1-1.5 mg/100 ml.*” However,
the normal percentage of unconjugated bilirubin may be dramatically
increased to dangerously high levels, 15-25 mg/100 ml or greater,® 4 47
by at least three types of abnormalities: overproduction of bilirubin,
inadequate hepatic uptake, and defective conjugation.*®: *° Conjugated
hyperbilirubinemia is usually caused by “regurgitation” of bilirubin diglu-
curonide into the plasma as a result of functional cholestasis, disruption
of the hepatic architecture, or extrahepatic biliary obstruction.®® How-
ever, it is unconjugated bilirubin that may cross the blood-brain barrier,
gain access to the central nervous system, and lead to irreversible damage
(kernicterus) with resultant retarded motor development, cerebral palsy,
or even death. Other adverse metabolic effects associated with uncon-
jugated hyperbilirubinemia include inhibition of DNA synthesis and stimu-
lated CO, production from acetate in the liver and brain.*

Nearly all newborn infants show elevated levels of unconjugated bili-
rubin shortly after birth, but the concentration rarely exceeds 12 mg/100
ml in full-term infants and usually drops significantly during the first
postnatal week.** However, even 12 mg/100 ml of unconjugated biliru-
bin may be a dangerously high level for the neonate, particularly when
the albumin levels are low or the albumin-binding capacity is impaired.
Moreover, if the major components of the bilirubin transport system—
hepatic uptake, conjugation, and biliary excretion in the neonatal liver,
which is functionally immature at birth—do not develop rapidly, the
infant will suffer a continuing and increasing exposure to neurotoxic
unconjugated bilirubin at levels exceeding the binding capacity of the
existing albumin. Thus, neonatal hyperbilirubinemia can be an extremely
dangerous condition.

Jaundice of the newborn has been treated successfully by com-
plete blood transfusion to remove the excessive circulating biliru-
bin,®: 45 46, 40, 50 by administration of phenobarbital to stimulate hepatic
uptake,5. 46, 49-31, 5%, 50 apd by phototherapy to destroy the bilirubin and
convert it into water-soluble, excretable products.? 27 38 40, 45, 46, 40-51
The phototherapy method was first reported by Cremer et al. in 1958 *
and has since been increasingly applied.? 27 3¢ 40, 49-51 However, there
are many unanswered questions associated with this treatment, and it
remains a controversial,*® widely discussed procedure.? % 37, 39, 43-46, 49-61
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Phototherapy and Bilirubin

For whatever reasons the infant might be jaundiced at birth, available
data % 37 4% ¢%, 4% jndjcate that exposure of the neonate to sunlight or
artificial blue or white light lowers the total serum bilirubin levels, espe-
cially unconjugated bilirubin; that the yellow coloration disappears from
the irradiated exposed areas of the skin; and that a portion of the cir-
culating bilirubin is excreted into the bile, urine, and feces as unknown
but presumably water-soluble substances. One might therefore logically
ask: What, specifically, does the light do, and are there any special light
energies (wavelengths) that are more important than others for the
success of the phototherapy? The answers to those questions have already
been given in part. The light clearly stimulates a lowering of serum
bilirubin levels, and it also appears to convert the bilirubin into water-
soluble derivatives (but apparently not bilirubin glucuronides). The most
effective wavelengths of light in this process are in the visible region of
the spectrum, roughly between 400 and 500 nm.** Light emission farther
into the red is either much less effective or ineffective, but emission in
the ultraviolet may be effective. However, in regard to the latter, the
process of exposing the infant to ultraviolet irradiation has potential side
effects inherent in it and should be approached with extreme appre-
hension.®®

How does the light act to lower serum bilirubin levels? The primary
process in the phototherapy doubtless involves light absorption by biliru-
bin. It is not surprising therefore that 400-500-nanometer light is most
effective and coincides with the 440—-460-nanometer absorption band of
bilirubin (Figure 2). The breadth of this band, whose wings extend to
400 and 500 nm, suggests that any light emitted from an external source
in that region will be absorbed to some extent. Light at longer wave-
lengths, i.e., beyond the 440—460-nanometer absorption band of bili-
rubin, will not be absorbed and should therefore be ineffective. However,
light at shorter wavelengths may be absorbed by the higher energy
absorption bands (A ~ 300 and 230 nm) of bilirubin. The efficiency and
product distribution of in vitro photolysis of bilirubin at the absorption
bands mentioned is under investigation in our laboratories. However, the
matters of special interest in connection with jaundice phototherapy are
the biochemistry associated with light absorption in the vicinity of the
long-wavelength electronic transition (440-460 nm) and the consequent
promotion of bilirubin to its lowest excited state.
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FIGURE 2 Visible-ultraviolet spectral curves of bilirubin (0.4 mM in methanol
plus a trace of NH,OH) at time O h and at various reaction times (h) during its
photooxygenation. All spectra are run after a concentration dilution of 1:22.5.
The photooxygenation was carried out in a Pyrex water-cooled immersion appara-
tus with which a Sylvania 500 Q/CL, 500-W tungsten-halogen lamp was used.
(From Lightner et al.® Reprinted by permission.)

The Fate of Bilirubin

What is the fate of bilirubin in its lowest excited state?

1. McDonagh has shown that excited-state bilirubin is a singlet oxy-
gen ('0,) sensitizer.® 3* However, it is apparently not as efficient a
sensitizer as, for example, methylene blue and hematoporphyrin. None-
theless, the lowest-singlet excited-state bilirubin (~ 63 kcal/mol) would
appear to undergo intersystem crossing to a triplet excited state that
transfers energy and inverts electron spin in triplet ground-state oxygen
to product-singlet oxygen, presumably 'A..!* Singlet oxygen is thought to
be responsible for tissue damage in porphyria.*

2. Excited-state bilirubin has also been shown (in vitro) to add hy-
droxylic solvents to its vinyl groups.>® Thus, bilirubin could conceivably
add water, sulfhydryl, hydroxyl, or perhaps even amino groups of cellular
proteins. However, such photochemical additions to the reactive vinyl
groups do not destroy the bilirubin chromophore and as such may not be
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directly responsible for the disappearance of bilirubin from the skin of
exposed infants. Nonetheless, if the bilirubin were rendered water-soluble
by this type of conjugation with the vinyl groups, its excretion might be
facilitated.

3. Excited-state bilirubin might isomerize to a more rapidly excreted
form.

4. Excited-state bilirubin could transfer all or some its energy to other
substrates, thereby inducing a special reactivity leading to its elimination.
In photosynthesis of blue-green and red algae, energy transfer from
biliproteins to chlorophyll is known to occur.*? However, energy transfer
from bilirubin has not been extensively reported.

With the belief that an important mechanism for the lowering of serum
bilirubin levels is closely tied to the photooxygenation of bilirubin, I now
address myself to that phenomenon.

Photooxygenation In Vitro

Following the observations of Ostrow et al.** that aqueous alkaline solu-
tions of bilirubin were unstable during illumination, we initiated our
bilirubin photooxidation studies in water or methanol solvents, using
sufficient ammonia to dissolve the bilirubin. However, when we became
interested in jaundice phototherapy, it was necessary to determine
whether oxygen was required for the in vitro photodestruction of biliru-
bin. A carefully deoxygenated aqueous ammonia solution of bilirubin
was thus photolyzed for a period of 72 h under nitrogen.* In the workup
a substantial amount (30% ) of bilirubin was recovered by preparative
thin-layer chromatography (TLc), and the remaining products were
mainly green, blue-green, pink, and violet pigments. In contrast, oxy-
genated aqueous or methanolic ammonia solutions of bilirubin were
rapidly photodegraded, as shown in Figure 2.1 The photooxygenation
reaction was markedly accelerated by the addition of known singlet-
oxygen (*O.) sensitizers, e.g., methylene blue or rose bengal. McDonagh
then demonstrated that 'O, was indeed involved in the photodegradation
and showed that bilirubin is a 0. sensitizer, albeit an inefficient one.**
These findings were recently confirmed by Bonnett and Stewart.® It
would appear, therefore, that bilirubin may sensitize its own photode-

* Hanovia 8A36, 100-W, medium-pressure mercury lamp. Water-cooled Pyrex
immersion well apparatus.

T Concentrations varied but were usually ~ 1.5 mM in bilirubin and 18 mM in
NH.. Some NH, is doubtless removed for solutions by the oxygen flow. In a
control reaction without light, 91 percent of bilirubin was isolated from a metha-
nolic ammonia solution oxygenated for 20 h.
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struction in vitro, and we assume that such a phenomenon might also
occur in vivo for bilirubin deposited in the cutaneous tissues of the
jaundiced neonate. Presumably, the oxygen necessary for the in vivo
photodegradation diffuses into the skin from the air or is supplied by the
circulatory system. We do not know of any studies relating atmospheric
oxygen concentration and the efficacy of the phototherapy method.

Reaction of Bilirubin with *O.: The Potential Intermediates

Several well-known types of reactions of 'O, with organic substrates are
depicted in Figure 3. They include the “ene” reaction, a Diels—Alder
reaction involving 1,4-addition of *O. leading to an endo-peroxide (inter-
mediate), and reaction of electron-rich carbon-carbon double bonds
leading to products via a dioxetane intermediate from 1,2-addition of
'0,.** Accordingly, one might logically examine the structure of bilirubin
for the various sites where these “type” reactions might occur. Drawing
from literature examples, McDonagh *' first suggested that bilirubin
might photodegrade by attack of O, at two sites: the vinyl groups and
the enamine-like bridges (a and c) [structures (4) and (5) of Figure 4].

(3 —

H

Cy — O

X2 — 3

1 N
/N

FIGURE 3 Three characteristic reactions of singlet oxygen. Top: “Ene” reaction.
Center: Diels-Alder reaction, Boftom: Addition to electron-rich double bond
(enamine).
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FIGURE 4 Structural formulas for some of the possible reaction intermediates of
bilirubin with singlet oxygen following reactions of the type shown in Figure 3.

In an extension of this reasoning and by making further use of the 'O,
reactions shown in Figure 3, a dioxetane intermediate might be concep-
tualized for the carbon—carbon double bonds of the central pyrrole rings
(2 and 3) as depicted in structure (6). Furthermore, 1,4-addition of
10, to those same pyrrole rings generates endo-peroxide structures such
as structure (7). The possible products of the “ene” reaction (Figure 3)
are many, and we suggest just one, structure (8), as shown. The implica-
tions of such sites of attack by *O, on bilirubin and the fate of the struc-
tures indicated are examined in the following section.

Reaction of Bilirubin with *O.: The Products

1,4-Addition of 'O, to the vinyl groups of protoporphyrin IX with sub-
sequent rearrangement to isolatable hydroxy-aldehydes is shown in Fig-
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FIGURE 5 Diagram of reaction of singlet oxygen with a vinyl group of proto-
porphyrin IX.

ure 5.’ Should such a reaction occur with bilirubin, the expected prod-
ucts would be the corresponding hydroxy-aldehydes (Figure 6). We
have not as yet detected any hydroxy-aldehyde products of the general
type indicated; however, the stability of such types of compounds is un-
known, and they cannot be ruled out as “early” photoproducts. The reac-
tion of 0, at an enamine double bond is well known from the work of
Foote and Lin,'* who have shown that carbonyl products result from
collapse of a dioxetane intermediate (Figure 7). When McDonagh ap-
plied this precedent to bilirubin,** he postulated as products methylvinyl-

FIGURE 6 Diagram of proposed reaction of singlet oxygen with a vinyl group
of bilirubin.
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FIGURE 7 Diagram of reaction of singlet oxygen with an enamine double bond.

maleimide and a tripyrrolic aldehyde [structures (9) and (10) of Fig-
ure 8] or, as a consequence of a second reaction of this type, a dipyrrolic
dialdehyde [structure (11)] composed of the two original, central rings
of bilirubin. Thus, although several potential products are revealed from
two of the analogies presented in the foregoing, to date we have not iso-
lated any hydroxy-aldehyde photoproducts of the type suggested, nor
have we isolated any di- or tripyrrolic aldehydes that might arise from
the “enamine” reaction.

Even before these possibilities were suggested,’* we were at work iso-
lating and determining structures of the bilirubin photooxidation prod-
ucts with special emphasis on methylvinylmaleimide and hematinic acid.
We reasoned that these might represent stable photoproducts, but we
slowly became aware of the special lability of methylvinylmaleimide.
Thus, our very early attempts to find methylvinylmaleimide were not at
all successful, and we were concerned that the vinyl groups were par-
ticularly reactive [structure (4) of Figure 4] toward oxidation. To test
this notion, we constructed a model compound that is structurally similar

2
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FIGURE 8 Structural formulas of proposed reaction products of singlet oxygen
at the enamine-like double bonds of bilirubin via dioxetane intermediates.
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FIGURE 9 Visible-ultraviolet spectral curves of 5'-0x0-3',4,4'-triethyl-3,5-dimethyl-
1',5'-dihydro-(2,2')-dipyrrylmethene (0.55 mM in methanol) at time 0 h and at
various reaction times (h) during its photooxygenation. All spectra are run after
a concentration—dilution of 1 : 16, then 2 : 3. The photooxygenation was carried
out in a Pyrex water-cooled immersion apparatus with which a Sylvania 500
Q/CL, 500-W tungsten—halogen lamp was used.

to one half of bilirubin and has a comparable visible-ultraviolet spectrum
(Figure 9). In fact, it is structurally and spectroscopically reminiscent
of Fischer’s bilirubinic acids.** This dipyrrolic model compound [struc-
ture (12) of Figure 10] has no vinyl groups, and the two rings are dis-
tinguishable (as possible imide precursors) by virtue of their different
sets of B-substituents. In the absence of added known 'O, sensitizers,
methanolic solutions of the model compound underwent the spectral
alterations shown in Figure 9. The rate of change was accelerated with
added rose bengal. We surmise that the model compound is a weak O,
sensitizer, as is bilirubin.

The products of photooxidation of the model compound were isolated
by preparative TLC and the structures proved by spectroscopic methods.?*
The major products isolated were xeronimide and methoxylactam [struc-


http://www.nap.edu/catalog.php?record_id=20078

In Vitro Photooxidation Products of Bilirubin 45

c CyH; CH, CyH,
- i\ —_—
A \
H H
1 »
c’". 3 cl"l 3 cl"‘
N OHC- Ny My . N
H H H ]
13 1 »
4% 35%

FIGURE 10 Diagram of a photooxygenation reaction of 5'-0x0-3',4,4"-triethyl-3,5-
dimethyl-1,5'-dihydro-(2,2’)-dipyrrylmethene (12) involving a dioxetane inter-
mediate (16) and leading to monopyrrole products (13) and (14) in methanol.

tures (13) and (14), respectively, of Figure 10]. We could not find the
expected kryptopyrrole aldehyde, structure (15), which was the alde-
hyde product anticipated from normal cleavage (see Figure 7) of dioxe-
tane [structure (16)]. We therefore examined the rose bengal-sensitized
photooxidation of structure (15) and discovered that it was smoothly
and efficiently converted into structure (14).2° We conclude therefore
that methoxylactum arises as a secondary photoproduct and suggest that
tri- or dipyrrolic aldehydes [structures (10) and (11)], should they be
formed, might not be found as such following bilirubin photooxidation
but would undergo rapid photooxidation to new products.

The photooxidative enamine cleavage was also demonstrated with
mesobilirubin [structure (17)], from which we isolated methylethyl-
maleimide (Figure 11).?* Here again, the problem of the vinyl group
reactivity was circumvented as mesobilirubin has ethyl, rather than vinyl,
groups. However, the generality of this type of reaction was confirmed
when methylvinylmaleimide was isolated after careful and rapid workup
from both bilirubin 2* ** and biliverdin *® either with or without added
rose bengal.

The possibility of a third type of 'O, reaction of bilirubin—one pro-
ceeding via 1,4-addition to the central pyrrole rings [structure (7) of
Figure 4]—was examined. Looking for a precedent, we searched for
sensitized photooxidations of monopyrroles and discovered that very
little information had been reported. The first report of a product-isola-
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FIGURE 11 Diagram showing imide photooxidation products from mesobilirubin,
bilirubin, and biliverdin.

tion of pyrrole itself appeared in 1939, but it was not until the work of
DeMayo and Reid ® that the structure of that photoproduct was proved
(Figure 12). The same authors suggested an endo-peroxide precursor
to their isolated hydroxy-lactam. We found that we could repeat the
reaction and that one mole equivalent of oxygen is quite rapidly con-
sumed during the photooxygenation. The products from photooxidation
in methanol are shown in Figure 13.4¢ It may be noted that these prod-
ucts doubtless arise from pyrrole endo-peroxide, which may react with
solvent or undergo internal structural reorganization.

Secking a better model for the central two rings of bilirubin, we
examined the rose bengal-sensitized photooxidation of 3,4-diethyl-2,5-
dimethylpyrrole [structure (18)] in methanol and isolated and proved
the structures of the major photoproducts.?® (See Figure 14.) It was
surprising to discover that either of the methyl groups or both may be
lost to give methoxylactam and imide [structures (20) and (19), re-
spectively]. Those products appear to arise from the anticipated endo-
peroxide intermediate [structure (21)]. In addition, we have evidence
for a dioxetane intermediate [structure 22)] in the isolated products
[structures (23) and (24)], which can only arise by cleavage of the
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FIGURE 12 Diagram of two reported dye-sensitized photooxidations of pyrrole
in aqueous solvent.

enamine-like double bonds of pyrrole. Whether the dioxetane intermedi-
ate is formed by 1,2-addition of *O. or by rearrangement of endo-
peroxide (21) is not established. Evidence for even further oxidation is
found in structure (25).

The formation of imide and methoxylactam suggests that bilirubin
endo-peroxide [structure (7) of Figure 15] might undergo analogous

é\s ——— -

N HANAH

H H
00

. OQ: ol:)g" 000
N OCHy H OH -+

H
26% 10% 3%
FIGURE 13 Diagram of the rose bengal-sensitized photooxygenation of pyrrole

(methanol solvent) involving an endo-peroxide intermediate and leading to lactam
and imide products.
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(25) and proposed intermediates (21) and (22) from rose bengal-sensitized
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FIGURE 15 Structural formulas for the photooxygenation products of bilirubin
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reactions leading to hematinic acid [structure (26)] and methoxy or
hydroxy propentdyopents (depending on solvent) [structures (27) and
(28)1. In fact, all of these, structures (26)—(28), were found,?? in addi-
tion to methylvinylmaleimide (9), when either an aqueous or methanolic
ammonia solution of bilirubin was photooxidized with or without added
rose bengal-sensitizer.* In addition, in aqueous solvent, imide hydrolysis
products [structures (29) and (30)] were obtained. Some biliverdin is
also isolated. In keeping with these findings, if one re-examines the
visible-ultraviolet spectral decomposition curves taken during bilirubin
photooxidation (Figure 2), the appearance of weak biliverdin absorption
maxima near 650 and 370 nm may be noted. Furthermore, the emer-
gence of a relatively strong absorption maximum near 290 nm may be
assigned to the propentdyopents (27) and (28). The major new absorp-
tions that appear during bilirubin photooxygenation are therefore taken
into account in addition to the structures of the major photoproducts
produced in hydroxylic solvents.

The Formation of Biliverdin and Its Photooxidation

Biliverdin was one of the earliest suspected photoproducts of bili-
rubin,®® 4* as suggested by the observation that bilirubin solutions exhib-
ited a transient green coloration during photooxidation.'* %8 Questions
as to whether biliverdin is the primary photoproduct of bilirubin photo-
oxidation and whether it is also the precursor to all other bilirubin prod-
ucts have arisen.?® ?* 41. 58 We have shown that biliverdin is a product of
bilirubin photooxidation, and that it is not the precursor to the majority
of the isolated monopyrrole and dipyrrole photoproducts (Figure 15)
formed in protic solvents.?® If one examines the rate of biliverdin forma-
tion and compares it with the rate of bilirubin destruction during photo-
oxidation in methanol, it may be concluded (Figure 16) that bilirubin
photodegrades at a much faster rate than does biliverdin. Furthermore,
the rate of bilirubin photodestruction is slowed somewhat by the in-
creased concentration of biliverdin. This observation is in keeping with
McDonagh’s finding that biliverdin is a *0. quencher.*® At the proper
reaction time, as much as a 16-percent yield of biliverdin may be iso-
lated from photooxidation of bilirubin in methanol; in chloroform sol-
vent, we have isolated biliverdin in a 38-percent yield.*®

Just how the biliverdin is formed is not yet understood. It might arise
initially from the “ene” reaction [structure (1) of Figure 3] near the

* Westinghouse or Sylvania tungsten-halogen lamp, 500-W, 500 Q/CL. Water-
cooled Pyrex immersion well apparatus.
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FIGURE 16 Yield (percentage) of biliverdin at various
times of photooxygenation of bilirubin and decrease in
optical density (100% at 0 h) of bilirubin versus time of
photooxygenation. (From Lightner et al.™ Reprinted by
permission.)

central methylene bridge of bilirubin [structure (8) of Figure 4] to give
first a hydroperoxide (Figure 17) that undergoes deprotonation at nitro-
gen and elimination of hydroperoxide ion. Alternatively, a radical reac-
tion initiated by triplet sensitizer could lead to hydrogen abstraction at
the central methylene bridge followed by reaction of that radical with
oxygen. More work needs to be done on the reaction mechanism.
Finally, it is of some interest to note that photooxidation of biliverdin
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FIGURE 17 Structural formulas in a possible reaction sequence for the formation
of biliverdin from bilirubin involving singlet oxygen.

is pH-sensitive. We have found the rate of photodestruction of biliverdin
(as measured by decrease of the 375-nm absorption) to be 2-3 times
faster at pH 7-8 than at pH 5. In addition, the rate of photooxidation
of biliverdin in methanol is virtually the same as that of biliverdin di-
methyl ester. Our preliminary results on the isolation and structure proof
of the biliverdin photooxidation products (methanol solvent) include
methylvinylmaleimide (9) ** as previously noted, hematinic acid [struc-
ture (26)], and one of the isomeric methoxypropentdyopents [structure
(28)].%® (See Figure 18.)
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The Photochemistry and
Photometabolism of Bilirubin

Introduction

Complete assessment of the safety of phototherapy and formulation of
effective guidelines for its use will be difficult until it is known how
phototherapy works. This will require a complete understanding of the
photometabolism of bilirubin in the neonate, which, in turn, will prob-
ably require detailed knowledge of the photochemistry of bilirubin.

In this paper I shall discuss the photochemistry of bilirubin in solution
in vitro and some recently discovered thermal reactions of bilirubin.
This will be followed by some preliminary results of our current studies
on the photometabolism of bilirubin in the jaundiced Gunn rat. The
paper will conclude with some comments on the mechanism and poten-
tial hazards of phototherapy.

In Vitro Photochemistry of Bilirubin

Bilirubin has a strong absorption band in the visible at 420-460 nm.
Irradiation of bilirubin solutions with light within this wavelength region

This work was aided by a grant from the United Cerebral Palsy Research and
Educational Foundation, by U.S. Public Health Service Grant AM-11275, and by
generous support and gifts of equipment from the Duro-Test Corporation, North
Bergen, New Jersey.
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will cause excitation of ground-state bilirubin to excited-state bilirubin
(denoted by the asterisk) as in Eq. (1).

Bilirubin hy , Bilirubin* (1)
~ 450 nm

Bilirubin* _________, Bilirubin 2)
— Energy

Bilirubin* HX , Bilirubin- HX (adduct) 3)

Bilirubin* 0. , Oxidation products 4)

Following this primary event, the excited-state bilirubin can undergo
three secondary processes, the process depending on the reaction condi-
tions. These processes are as follows (see Addendum, p. 71):

Radiationless decay back to the ground state, Eq. (2). This is, of
course, a trivial process.

Photoaddition, Eq. (3).

Photooxidation, Eq. (4).

PHOTOADDITION

Irradiation of bilirubin in the presence of alcohols or thiols results in
Markovnikoff addition to the exo-vinyl group of the bilirubin molecule
(Figure 1).7*-1¢ This reaction has been shown to occur with primary and
secondary alcohols,’ 2-mercaptoethanol,*® glutathione,’® and N-acetyl-
L-cysteine.’® So far, the reaction has only been observed to occur under
anaerobic conditions; and relative to the well-known photooxidation of
bilirubin that takes place under aerobic conditions, photoaddition ap-
pears to be a slow reaction.

Of particular interest with respect to the mechanism of phototherapy
is Manitto’s observation !* that, when bilirubin is irradiated in chloroform
in the absence of methanol under nitrogen and methanol is then added

N\ 7N /N xn
J A \J‘MCJ\/ o | —m o
NN N . / \H/% TN\
Bilirubin | Xa X=0,58

FIGURE 1 Diagram of photoaddition of alcohols and thiols to bilirubin.
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to the solution in the dark, the methanol adduct (XR =OCH,; in Figure
1) is still formed. This observation is intriguing because it indicates that
irradiation of bilirubin can lead to an excited state or photoisomer hav-
ing a lifetime of at least a few seconds.

PHOTOOXIDATION

When bilirubin is irradiated in the presence of air or oxygen, the pigment
is photooxidized to a mixture of products containing biliverdin, propent-
dyopents, methylvinylmaleimide, hematinic acid imide, and unidentified
other constituents.? *-** There is evidence that the photooxidation can
proceed simultaneously via two main pathways (Figure 2).% ® % One
pathway (I) leads to biliverdin and then, by a very slow photochemical
reaction, to lower molecular weight products. The other pathway (II)
leads directly from bilirubin to mono- and dipyrrolic products. The
relative importance of these two routes varies with the reaction condi-
tions, especially the nature of the solvent and the initial bilirubin con-
centration. However, although some biliverdin is invariably formed when
bilirubin is photooxidized, pathway II predominates under all in vitro
conditions so far studied.

Therefore, biliverdin is not an intermediate in the main pathway of
bilirubin photooxidation as formerly proposed.?® It should be noted that
biliverdin, unlike bilirubin, is relatively stable to photooxidation * * **
and actually inhibits photooxidation of bilirubin.’* As far as photo-
therapy is concerned, it is unlikely that formation of biliverdin makes
any important contribution to-the lowering of levels of serum bilirubin
during irradiation in vivo. If any biliverdin were formed, it would surely
be reduced back to bilirubin by the ubiquitous enzyme biliverdin reduc-
tase.*®

Abundant evidence exists that photooxidation of bilirubin in vitro is
predominantly a photochemical Type II process involving singlet oxygen
(i.e., molecular oxygen in its first excited singlet energy state).”* In
this process (Figure 3), absorption of light by ground-state bilirubin
leads to formation of bilirubin in its first excited singlet state, which by

————— = Biliverdin
Imides
h
= Products and

Bilirubin 3
o2 Propentdyopents

1]
‘o,

FIGURE 2 Diagram showing pathways for the photooxidation of bilirubin,
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Bilirubin & = Bilirubin®
Bilirubin® + 302 = Bilirubin + 1{:c2
Bilirubin + 'oz > Products

FIGURE 3 Diagram showing the mechanism of bilirubin photooxidation. ( Asterisk
indicates triplet excited state.)

intersystem crossover converts to triplet bilirubin. Triplet bilirubin inter-
acts with ground-state (triplet) oxygen (°0.) to give ground-state bili-
rubin and singlet oxygen ('0.). Rapid attack of bilirubin by singlet
oxygen then leads to products.

The evidence for the involvement of singlet oxygen in the reaction is
as follows:

1. The rate of the reaction is accelerated by the presence of known
singlet-oxygen sensitizers, such as porphyrins, methylene blue, or rose
bengal,’® with no qualitative difference in the nature of the photo-
products.®

2. The reaction is inhibited by singlet oxygen quenchers, such as
B-carotene and certain tertiary amines.” 1 (The observed inhibition by
biliverdin,’® mentioned above, is due to quenching of singlet oxygen also
by biliverdin.)

3. The reaction is competitively inhibited by compounds that react
readily with singlet oxygen.?

4. Singlet oxygen can be “trapped” during the reaction by the addi-
tion of dimethyl furan, and the corresponding derivative of dimethyl
furan has been isolated.”

5. The reaction is accelerated when it is carried out in certain deu-
terated solvents in which the lifetime of singlet oxygen is increased.”

6. The products that have been isolated from the photooxidation are
those expected on the basis of a singlet-oxygen mechanism.* *-!!

There is, therefore, convincing evidence that bilirubin is a photosensi-
tizer and that the photooxidation of bilirubin in vitro is a self-sensitized
reaction involving singlet oxygen. This finding explains why bilirubin has
photodynamic properties and can cause photohemolysis of red cells
in vitro.% ** 27

In vivo bilirubin is largely associated with albumin. The albumin
molecule contains unsaturated amino acid residues that react with singlet
oxygen ** ** and that, in the presence of bilirubin, could compete with
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FIGURE 4 Diagram of the isomerization and autoxidation of bilirubin in water.
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the pigment for singlet oxygen. Hence, the photooxidation of bilirubin in
serum or in aqueous solutions containing albumin is likely to be slower
than it would be in the absence of protein. Under these conditions, the
Type I process (Figure 2) may assume greater importance.

Nonphotochemical Reactions of Bilirubin in Aqueous Media

Although bilirubin is relatively stable in the dark in organic solvents
(e.g., chloroform, dimethyl sulfoxide, and ammoniacal methanol), it is
not as stable in water, especially in the absence of binding proteins or
stabilizers. This instability makes photochemical studies of bilirubin in
water more complicated. Therefore, the dark reactions that bilirubin
tends to undergo in aqueous solution are worth considering briefly.

Recent studies have shown that at least two major reactions, auto-
oxidation and isomerization, occur simultaneously when bilirubin is dis-
solved in aqueous buffers within the pH range of about 7.4—-12 (Ref. 20
and unpublished observations by A. F. McDonagh, F. Assisi, and
L. Palma).

AUTOXIDATION

When aqueous solutions of bilirubin are exposed to air or oxygen in the
dark, the pigment slowly disappears and is converted predominantly into
colorless products. If the reaction is followed by spectrophotometry, a
sequence of changes is observed that is qualitatively similar to the se-
quence observed when bilirubin is photooxidized. Although the products
of the reaction have not been identified, they give a strong positive pro-
pentdyopent test, indicating that they may be similar to the photooxida-
tion products of bilirubin. In the presence of albumin, this autoxidation
reaction is markedly inhibited.

ISOMERIZATION

Under the same conditions, bilirubin not only autoxidizes but also
isomerizes to a mixture containing three isomers: bilirubin Ille, bilirubin
IXa, and bilirubin XIIlg (Figure 4). This reaction is reversible and
occurs readily at physiological pH and temperature.

The detailed mechanism of the isomerization reaction is not clear, but
free radical intermediates appear to be involved, and, under normal
conditions, it is atmospheric oxygen that initiates the process. In the
absence of oxygen or other radical initiators, the reaction does not occur.
The reaction is inhibited by radical scavengers, such as ascorbic acid and
glutathione, and does not occur when the bilirubin is bound to albumin.

Therefore, in an aqueous solution of bilirubin in equilibrium with air
at moderately basic pH values, two interrelated reactions are occurring.
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There is a rapid and reversible isomerization of the bilirubin, and there
is a slower bleeding-off of the pigment to autoxidation products. The
relative importance of each reaction appears to vary with the oxygen
tension and initial concentration of bilirubin. It is not clear whether
either of these reactions has any direct relevance to phototherapy. How-
ever, the reactions should be taken into account in photochemical and
toxicity studies of bilirubin done in aqueous solution. In addition, they
may be involved in the alternative pathways of bilirubin metabolism,**
which lead to bilirubin degradation products, and in the formation of the
lower-molecular-weight products that are excreted during phototherapy.
(See “Mechanism of Phototherapy,” p. 67).

Photometabolism of Bilirubin

STUDIES ON PHOTOSENSITIZED GUNN RATS*

Singlet-oxygen sensitizers, including porphyrins, accelerate the photo-
oxidation of bilirubin in vitro.*® Since it is not known whether singlet
oxygen is involved in the photodegradation of bilirubin in vivo, we
have studied the effect of an exogenous singlet-oxygen sensitizer on
the efficiency of phototherapy in the congenitally jaundiced Gunn rat.

As photosensitizer, we used commercial hematoporphyrin, treated ac-
cording to the method of Lipson et al.'*> Apart from its phototoxicity,
this material is nontoxic; it is water soluble and probably binds to albu-
min. Following intravenous injection into the Gunn rat (0.5 mg/100 g),
the serum concentration of the drug remains high for the first few hours
and within 24 h decreases to undetectable concentrations.

We have done two types of experiment. In the first (Figure 5), shaved
and depilated rats were injected intravenously with vehicle (saline) and
1 h later exposed to visible light from a Vita-Lite fixture for 5 h. Follow-
ing a recovery period of about 60 h, the rats were injected with a solu-
tion of hematoporphyrin and kept in the dark for almost 70 h. Finally,
the rats were reinjected with hematoporphyrin and 1 h later re-exposed
to the light for 5 h, and then kept in the dark for an additional 70 h.
In the second type of experiment (Figure 6), three male Gunn rats of
similar age and weight were shaved and depilated on their backs. One
rat was injected with saline and two rats were injected with hemato-
porphyrin. After 1.5 h, the saline rat and one of the porphyrin-treated
rats were exposed to visible light (Vita-Lite) for 4 h and then kept in
the dark for 42 h. The other porphyrin-treated rat was kept in the dark
throughout the experiment. During both types of experiment, tail-vein

* A. F. McDonagh, unpublished observations.
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FIGURE 5 Effect of hematoporphyrin photosensitization on red blood
cell volume and serum bilirubin concentration of Gunn rats during
phototherapy (Vita-Lite, 600 ft-c). Data from two rats are plotted
(broken line and solid line). The three graphs represent one con-
tinuous experiment. The rats were kept in darkness except during the
two light periods, when they were exposed to light from a Vita-Lite
fixture. Top: Effect of light. Center: Effect of hematoporphyrin. Bottom:
Effect of hematoporphyrin and light.
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FIGURE 6 Effect of hematoporphyrin photosensitization on red blood cell volume
and serum bilirubin concentration of the Gunn rat during exposure to light (Vita-
Lite, 600 ft-c).

blood samples were collected periodically. These were used to determine
red blood cell volumes and serum bilirubin concentrations (by the diazo
method). The serum bilirubin concentration and red blood cell volume
in the first blood sample drawn from each rat at the beginning of each
experiment were arbitrarily taken as the norm for that rat, and subse-
quent values were expressed as a percentage change from the norm
value.

The experimental results (Figures 5 and 6) show that there was no
marked change in concentration of serum bilirubin when the rats were
injected with saline and exposed to light. Nor was there any marked
change when the rats were injected with porphyrin and kept in the dark.
But when the animals were injected with porphyrin and then exposed to
light, there was a rapid and pronounced drop in the concentration of
serum bilirubin. The concentration continued to decrease for several
hours after the light was turned off, and then gradually returned to
normal. The observed fall in concentration was not an artifact caused
by dilution of the serum with extravascular fluid, since red blood cell
volumes did not decrease significantly while the bilirubin concentration
was falling.
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Therefore, treatment of a jaundiced animal with light and a photo-
sensitizer can cause a much more rapid fall in concentration of serum
bilirubin than treatment with light alone.

It is tempting to speculate that the effect of the photosensitizer is
merely to speed up the processes that normally occur during photo-
therapy, perhaps by generating singlet oxygen and enhancing bilirubin
photooxidation. Unfortunately we do not have sufficient data to support
this hypothesis, and the alternative explanation that the fall in serum
bilirubin is due to a shift of the pigment into extravascular tissue must
be considered equally valid. However, the experiments do show that a
singlet-oxygen sensitizer other than bilirubin can produce the desired
phototherapeutic effect. The results also suggest that endogenous photo-
sensitizers, such as naturally occurring porphyrins or riboflavin, could
play a role in phototherapy.

PHOTOMETABOLISM OF BILIRUBIN IN THE GUNN RAT *

When jaundiced infants or Gunn rats are exposed to visible light, there
is a change in the constitution of the bile and, eventually, a fall in con-
centration of serum bilirubin.* 2°

Isotope-labeling experiments using *'C-bilirubin have shown that the
light exposure causes a sharp increase in the excretion of radioactivity,
particularly into the bile. This increase is due partly to enhanced excre-
tion of bilirubin catabolites * ** and partly to enhanced biliary excretion
of unconjugated bilirubin.?

We recently started studying the photoproducts in the bile of the
Gunn rat. Our aims are as follows:

e To confirm that there is increased output of bilirubin (as opposed
to some closely related structural analogue) during phototherapy.

e To determine what proportion of the photoproducts this unconju-
gated bilirubin (or bilirubinoid fraction) accounts for.

e To identify the remaining nonbilirubinoid photoproducts.

In this section I shall discuss some preliminary findings related to the
first two of these aims. For simplicity, results of a single experiment on
a single rat will be presented; this is, however, a reproducible experi-
ment.

A male homozygous Gunn rat was shaved on its back and residual
hair was removed with a depilatory cream. The bile duct was cannulated
and a catheter was introduced into the femoral vein for intravenous

#* A. F. McDonagh, unpublished observations.
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infusion. The animal, placed in a restraining cage with access to food and
water, was continuously infused with isotonic saline—dextrose solution.
The animal was injected intravenously with a pulse of **C-bilirubin
(¢=0) and kept in the dark for 12 h. Then bile was collected for three
consecutive 4-hour periods in the dark, for three 4-hour periods with the
animal exposed to light from a Vita-Lite fixture, and, finally, for three
4-hour periods with the animal again in the dark. All bile was collected
on ice in the dark. At the end of each 4-hour period, each volume of bile
was measured. Each sample was then vigorously stirred, examined vi-
sually for any signs of precipitate or turbidity, sampled for counting, and
finally frozen and stored. The bile flow remained constant throughout
the experiment. At the end of the experiment, bile samples were thawed,
stirred, re-examined, and centrifuged. Samples of each supernatant were
then taken for counting.

Figure 7 shows the changes observed periodically in the biliary excre-
tion of radioactivity during the experiment. The results confirm the
experience of previous investigators * 2% and show that exposure to light
causes a large increase in biliary radioactivity that gradually diminishes
following removal of the animal from the light source.

All the bile samples were clear, but samples collected during the light
period were markedy pigmented. When the samples were thawed after
having been frozen, an orange precipitate was observed in those collected
during and just after the light period. In contrast, the pre-light bile sam-
ples remained clear. Following centrifugation and removal of the pre-
cipitate, there was a pronounced drop in the total counts of the on-light
bile samples (Figure 8). The radioactivity of each orange precipitate
was calculated from the difference in radioactivity of the corresponding
bile sample before and after centrifugation. These data are plotted in
Figure 9.

From Figures 8 and 9, it can be deduced (1) that the precipitable
fraction accounts for about 60 percent of the total radioactivity excreted
into the bile during the on-light period and (2) that about 70 percent of
the increase in excreted radioactivity that occurs during the light period
is contained in the precipitate,

We are investigating the nature of the orange precipitate. Although
it has different solubility. properties than bilirubin (e.g., it is not readily
soluble in chloroform or 0.1 mol/l sodium hydroxide), it has a visible
absorption spectrum identical to bilirubin IXe in dimethyl sulfoxide. By
mild aqueous treatment of a solution of the precipitate in dimethyl sulf-
oxide, it is converted to bilirubin IXe. Therefore, the main constituent
of the pigment has an intact bilirubin tetrapyrrole nucleus. The precipi-
tate is probably a weak ionic complex or salt of bilirubin, perhaps cal-
cium bilirubinate.
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FIGURE 7 Effect of light (Vita-Lite, 800 ft-c) on the total biliary excretion of
radioactivity in a Gunn rat labeled with *C-bilirubin.

In conclusion, it appears that the main effect of phototherapy in the
Gunn rat is to enhance the output of either bilirubin or bilirubin anion.
Therefore, the major pathway in phototherapy may not involve photo-
oxidation or photodegradation of bilirubin; instead, it may involve en-
hanced excretion of bilirubin IXe. This finding is supported by recent
studies of the effect of phototherapy on jaundiced babies.’®

Mechanism of Phototherapy

The mechanism of phototherapy is still obscure. The vague outline that
is beginning to emerge is shown in Figure 10. According to this scheme,
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FIGURE 8 Total biliary radioactivity of bile from a labeled Gunn rat exposed to
light before (open bars) and after (solid bars) removal of the precipitable fraction.

absorption of light by bilirubin leads to excited-state bilirubin. By some
unknown mechanism, the bilirubin ultimately passes through the liver
and into the bile. This mechanism appears to be the main pathway.
Bilirubin derivatives of lower molecular weight could arise in at least
two ways. Excited-state bilirubin in the tissue could interact with oxygen
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FIGURE 9 Total radioactivity of the precipitable fraction from the bile of a labeled
Gunn rat exposed to light.

to give singlet oxygen, which could then attack the bilirubin to give
readily excretable compounds of lower molecular weight., Alternatively,
the bilirubin catabolites could arise by autoxidation of bilirubin by the
reaction discussed under “Photometabolism of Bilirubin,” p. 62.

Hazards of Phototherapy

Potential hazards of two types can be distinguished, those related to bili-
rubin and those not related. The latter include general biological effects
of visible light on a variety of physiological functions and photodynamic
effects of endogenous photosensitizers other than bilirubin; these will not
be discussed here. The main bilirubin-related hazards are photoproduct
toxicity and photodynamic damage.
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FIGURE 10 Schematic outline of the mechanism of phototherapy.

PHOTOPRODUCT TOXICITY

If indeed the main “photoproduct” is unconjugated bilirubin itself (i.e.,
enhanced biliary excretion of bilirubin), photoproduct toxicity is not
likely to be a serious hazard. However, until all the photoproducts have
been identified and tested pharmacologically, this hazard cannot be
completely evaluated.

PHOTODYNAMIC DAMAGE

Bilirubin is a photosensitizer.® 1% 2: 27 In this respect, it is similar to
porphyrins, chlorophylls, and other photodynamic agents. However, it
differs from these other photosensitizers in two important ways.* First,
it is an inefficient photosensitizer. Second, it is itself readily attacked and
destroyed by singlet oxygen. For these reasons, bilirubin, unlike por-
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phyrins and chlorophyll, is not a powerful photodynamic agent. This fits
with common experience. When exposed to sunlight, jaundiced people of
all ages and those with bilirubin-pigmented bruises do not develop any of
the characteristic symptoms that result from photodynamic damage.
Therefore, gross photodynamic damage can be ruled out as a major
hazard of phototherapy.

Nevertheless, minor, more subtle, photodynamic effects could occur
during phototherapy, and we should consider what these might be and
whether they may have serious consequences.

Since bilirubin is predominantly bound to albumin in vivo, and since
singlet oxygen (which is believed to cause photodynamic damage)® * **
has a very brief lifetime in solution,’™ ** the main loci for photodynamic
damage are likely to be residues of unsaturated amino acids in the
albumin molecule. Damage to other tissue constituents is less likely
because albumin, by competing with bilirubin for singlet oxygen, should
shield neighboring molecules from bilirubin-sensitized attack.

At present there is no evidence, either from in vitro or in vivo experi-
ments, to indicate that significant photosensitized oxygenation of albumin
occurs during phototherapy. Since photosensitized oxidation of albumin
reduces its bilirubin-binding capacity,*® which might in turn increase the
risk of kernicterus, this aspect of phototherapy merits investigation.

In vitro, bilirubin can cause photodynamic hemolysis of erythro-
cytes,® ** ** and it has been suggested that photohemolysis may occur
during phototherapy. At the light intensities commonly used for photo-
therapy, this is unlikely to be significant in vivo for three reasons:
(1) bilirubin is a weak photosensitizer; (2) serum bilirubin is albumin-
bound and, as discussed above, the albumin will exert a protective effect;
and (3) light absorption by oxyhemoglobin will markedly reduce the
intensity of photodynamically active light (~450 nm) reaching the
bilirubin. In agreement with this, there is no clinical evidence that photo-
hemolysis occurs during phototherapy.!

In summary, there do not appear to be any deleterious effects of photo-
therapy associated with the interaction of bilirubin and light. Although
this seems reassuring, it is too soon to be complacent.

Addendum

Since this paper was presented, we have discovered two novel photo-
chemical reactions of bilirubin that are mentioned here for the sake of
completeness.
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1. Irradiation of bilirubin IXea in aqueous solution at pH 8.5 with
visible light in the absence of oxygen leads to formation of bilirubin
Ille. and bilirubin XIIla (Figure 4). In the presence of albumin or in
organic solvents, this reaction does not occur and isomers are not formed.
This finding provides additional evidence that a radical process is in-
volved in the isomerization of bilirubin that occurs in the presence
of oxygen in the dark.

2. Irradiation of bilirubin IXa at pH 8.5 in aqueous solution with
visible light in the presence of serum albumin and the absence of oxygen
leads to formation of a yellow photoderivative (Am.x 442-444 nm in
chloroform). This compound is slightly more polar and less lipophilic
than bilirubin at slightly basic pH values. Its identity and properties are
being investigated.
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Studies on the Mechanism of
Phototherapy in the Congenitally
Jaundiced Rat

Doctors Foote, Lightner, and McDonagh have beautifully elucidated the
processes of photodegradation of bilirubin in the test tube (pp. 21, 34,
and 56, this volume). However, the products that they have obtained
in vitro are not the same as the photoderivatives that appear in the bile
during phototherapy of the Gunn rat.?® Therefore, it may not be valid to
draw conclusions concerning the mechanisms of phototherapy in vivo,
or the toxicity of the photoproducts, from results obtained with in vitro
derivatj‘fes.ﬂ, 15, 20, 38, 39

It is not known whether different primary photoreactions occur in vitro
and in vivo, or whether the same products are initially produced in both
circumstances, but those formed in vivo are subsequently altered during
their passage through the liver. However, since the initial photoproducts
formed in vivo appear to be rapidly cleared and excreted in the bile,*®
only the derivatives found in the bile are available in sufficient quantity
to permit study of their properties, such as toxicity, protein-binding, and
distribution in the body.

Presented in part at the annual meetings of the American Association for the
Study of Liver Diseases, Chicago, Illinois, November 1971 and 1972 * This
work was supported by research grants AM—14543 from the National Institutes of
Health, U.S. Public Health Service, and MRIS 6680 from the U.S. Veterans
Administration.
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I will summarize studies that we have performed concerning the
mechanism of phototherapy in vivo, studies in which the congenitally
jaundiced homozygous Gunn rat was used as a model. Adinittedly, the
adult Gunn rat differs from the newborn human infant in respects other
than species and age. One difference is that the adult Gunn rat has no
capacity to conjugate bilirubin,** whereas the human neonate has some.**
Another is that the neonatal primate has defective hepatic uptake of
bilirubin ?* and defective biliary excretion of conjugated bilirubin,’
whereas the Gunn rat is normal in these respects.* ¢ Moreover, the Gunn
rats in our experiments are provided with a biliary fistula, which inter-
rupts the enterohepatic circulation. For these reasons, the results of our
studies may not be entirely applicable to phototherapy of the human
neonate.

Figure 1 shows a previously published experiment ** on the effect of
phototherapy on the biliary excretion of radioactive pigments by Gunn
rats whose endogenous bilirubin pool had been labeled with tracer
HC-bilirubin.?? When the animals were exposed to intense illumination
for 16 h (1600 ft-c), the excretion of *C was about 5 times greater than
it was during the control period with the rats under dim light. Similar but
less striking results were obtained with 500 ft-c of exposure, which is the
usual therapeutic illumination for jaundiced infants. The output of diazo-

CONTROL l LIGHT lncomrr
100 1
4c 80 -0.8 DIAZO
604 0.6
dpm X 1072 0D X mi
per hour 40+ - 0.4 perhour
I 204 0.2 I
0

10 20 30 40/ 50 oo'0
HOURS AFTER INJECTION OF 'C-BILIRUBIN

FIGURE 1 Effect of phototherapy on excretion rates of la-
beled bilirubin derivatives and diazo-reactive compounds in
Gunn rat bile. A 350-gram rat was given § uCi *C-bilirubin
intravenously at time 0 h, and bile collected in 4-hour aliquots
thereafter. Control and recovery periods, 20 ft-c; light period,
1600 ft-c exposure from Ge Daylite fluorescent lamps. (From
Ostrow.™)
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reactive compounds *¢ also increased, although less markedly, which in-
dicated that some of the photoderivatives appearing in the bile were
either not diazo-reactive or were less diazo-reactive than the **C-bilirubin
from which they were derived. With the lights again extinguished during
the recovery period, excretion of radioactivity and diazo-reactivity grad-
ually declined to baseline values over the subsequent 8h, indicating that
the processes involved were reversible.

Chromatography of the bile pigments, or of their ethyl anthranilate
azopigments, revealed that most of the diazo-reactive material excreted
during phototherapy was unconjugated bilirubin.?® As a result of this
experiment, two mechanisms were postulated for the action of photo-
therapy: #* (1) Bilirubin is converted to polar photoderivatives that can
be excreted in the bile without glucuronide conjugation; (2) the excre-
tion of unconjugated bilirubin in bile is markedly augmented. Other
experiments concerned the nature of these two mechanisms.

What Are the Polar Derivatives in the Bile?

McDonagh has clearly documented that singlet oxygen is involved in the
photoreactions of bilirubin in the test tube ° and has presented evidence
that this is also true in vivo (pp. 56, this volume). He predicted that two
types of products would be formed by singlet-oxygen attack on either
the vinyl or bridge double bonds of bilirubin,** but he did not isolate and
identify these products. The 5,5'-diformyldipyrrylmethane that he postu-
lated has been produced by the alkaline degradation of bilirubin in the
dark,* but it has yet to be identified as a photoproduct of bilirubin in
any system, either in vitro or in vivo.

To determine the in vivo photoproducts, we repeated the experiment
shown in Figure 1, using two Gunn rats with bile fistulae. After 10 h
for equilibration of the injected tracer, **C-bilirubin, the pale-yellow bile
excreted under dim light was collected for 21 h (dark bile). The rats
were then exposed to light for 21 h; after this exposure they yielded bile
that was deeply yellow-brown and contained 3-times as much radio-
activity (light bile). The two bile samples were separately subjected to
a modified Folch solvent-partition at pH 7 ** and then, at pH 3, to
extraction of the upper phase with chloroform. Each of the extracts was
analyzed for diazo-reactivity ** and radioactivity, and then processed by
thin-layer chromatography (TLC) to separate the bilirubin derivatives.
Recoveries exceeded 92 percent of the initial radioactivity in the bile
samples.

Distribution of radioactivity in the two phases of the Folch partition
is shown in Figure 2 (left). Both the lower (organic) and upper (aque-
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ous) phases from light bile contained more radioactivity than the cor-
responding phases from control bile, indicating that photoproducts had
partitioned into both phases. However, much more of the additional
radioactivity excreted during phototherapy appeared in the lower phase
(F-fraction). This fraction was taken to dryness by flash evaporation at
50 °C, and the solid residue was washed with methanol to extract the
photoproducts. As illustrated in Figure 2 (right), most of the labeled
material in this phase from light bile was methanol-insoluble and proved
to be predominantly unconjugated bilirubin. This identification was con-
firmed by absorption spectroscopy, oxidation to biliverdin, production of
typical azopigments, comigration with pure bilirubin in multiple TLC sys-
tems, and mass spectroscopy. In contrast, the Gunn rat bile excreted in
the dark contained only a trace of bilirubin.

The Folch upper phase, which had been freed of cholesterol and
phospholipid by the initial partition, contained mainly bile pigments and
bile salts. This phase was adjusted to pH 3 with IN HCl and then
extracted with chloroform. As shown in Figure 3, the radioactivity from
dark bile partitioned almost equally into the two phases, whereas the

10"3x dpm or
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sol- (Aqueous)
40|
0
40 -
Daork Dark
i MeOH
80 c Lower ’ Insoluble
120} Organic (Mainly Bilirubin)
160} "F" Fraction i G
200} e
Soluble
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FIGURE 2 Distribution of radioactivity in the two phases of the Folch solvent-
partition at pH 7 of pooled bile obtained from two Gunn rats each previously
given 0.7 uCi of “C-bilirubin intravenously. Dark bile was collected from 12 to 33
h after administration of labeled bilirubin with animal under 20 ft-c illumination;
light bile was collected from 33 to 54 h with the rat under 1600 ft-c illumination.
Radioactivity in each phase referred to the total amount of labeled material
excreted during each 21-hour collection period. Bars on the right refer to the
soluble and insoluble fractions obtained by flash evaporation to dryness of the
lower phase (F-fraction) and then extraction of the dried residue with methanol.
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FIGURE 3 Radioactivity in the two phases obtained by chloro-
form extraction of the Folch upper phases from Figure 2, after
acidification to pH 3.

radioactivity from light bile extracted principally into the chloroform,
with almost no increase in the aqueous phase radioactivity due to photo-
therapy. Thus, almost all the *‘C-bilirubin photoderivatives were re-
covered in the chloroform phase at pH 3 (C-fraction). This suggested
that the major photoproducts were anionic compounds with pK values
between 3 and 7, typical of carboxyl groups. The pigments remaining in
the aqueous fraction have not been identified, but they include almost
half of the bilirubin metabolites excreted by the Gunn rat not exposed to
phototherapy. This phase also contains all the bile salts, which in the rat
are solely taurine conjugates.?!

To summarize, the Folch extraction at pH 7 removed most of the
bilirubin, while most of the photoderivatives were recovered at pH 3, in
the chloroform extract, free of bile salts, cholesterol, and phospholipid.
This C-fraction was subjected to TLC on silica gel, and each band was
then eluted with chloroform—methanol and subjected to radioassay. As
shown in Figure 4, 14 bands were obtained, which were designated in
order of decreasing R;. The horizontal axis represents the total radio-
activity detected in each pigment band in the dark and in the light,
respectively.

The pigments could be classified into three groups. Pigment C-9, which
was pentdyopent-positive and therefore presumably a dipyrrole, was vir-
tually undetectable in the dark but became the dominant pigment in light
bile. A second group, best represented by C-5, was present in the dark
bile but increased strikingly during phototherapy. A third group, repre-
sented by C-3 and C-10, was present in approximately equal quantities
in dark and light bile and was therefore unrelated to phototherapy. Let
me emphasize that all these separations were performed under very dim
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Radioassa
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Rat Bile T . C" Fraction

Fluor- 4 Dark T

Color escence | Bile Identity

Yellow None I. Bilirubin

Orange Green 27

Yellow None 3. Rubinoid

Violet Red 4, Purpurin 1|

Yellow None 5.Photorubin
Red-oronge Orange-red 6. Photorhodin

Purple Red 7. Photopurpurin

Brown Red 8. Coproporphyrin

Yellow None 9.Major Photoproduct

Oronge Blue-green 10. Urobilin

Green None 11.A biliverdin

Yellow Yellow 12.Riboflavin

+ Photoproduct
Yellow None 13. Photoproduct
Brown Yellow Origin 4. Decay Product of C9
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FIGURE 4 Representation of thin-layer chromatogram of C-fractions from Figure
3. Ascending chromatography performed for 75 min on 0.6-mm-thick layers of
Camag silica gel D-5, with chloroform, methanol, and formic acid (30:3:1 by
volume) as the developing solvent, Total excreted radioactivity in each eluted
band from the dark and light biles is represented by the total height above the
vertical baseline of the dark and light bars, respectively. Over 85 percent of the
applied radioactivity was recovered in the eluted samples.

light; hence, the photoproducts that were found are not artifacts from
in vitro photoreactions.

To obtain enough of these materials for identification requires huge
volumes of Gunn rat bile. Therefore, it seemed worthwhile to again
attempt to reproduce these products in the test tube, despite prior fail-
ures. A helpful clue was provided by the observation that jaundice dis-
appears most rapidly from the exposed area of an infant’s skin,'* sug-
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gesting that the skin, and not the plasma, is the main site of bilirubin
photodegradation in vivo. Since most of the bilirubin in Gunn rat skin
is in the subcutaneous tissue,*® we surmised that photodegradation might
be occurring in a lipid, rather than an aqueous, environment, and that
we could produce products in vitro that were identical to the photo-
products obtained in vivo if we simulated a lipid environment. There-
fore, we dissolved bilirubin (20 mg/dl) in chloroform that had been
washed previously with thiosulfate and then distilled to remove acidic
impurities and the ethanol stabilizer. Photoderivatives were then pre-
pared by exposing this solution to a 100-watt mercury spot lamp with
a plate of glass interposed to reduce ultraviolet radiation.® The solution
was mixed, oxygenated, and cooled by bubbling through it a stream of
air. In 60 min, when 25 percent of the diazo-reactivity had disappeared,
the solution was flash-evaporated to dryness and the residue was washed
with methanol to extract the soluble photoproducts (Ch-fraction), which
were then chromatographed as in Figure 4, alongside the C-fraction from
Gunn rat bile.® Three spots were found that were present in both the
in vitro and in vivo solutions: a nonfluorescent yellow spot that was also
diazo positive (C-5/Ch-8), a red-orange spot with a pink to orange
fluorescence (C-6/Ch-9), and a purple spot with a reddish fluorescence
(C-7/Ch-10). None of the other spots in the two systems showed con-
cordance. Methylvinylmaleimide (Ch-3) was isolated from the chloro-
form system but was not found in the Gunn rat bile, which is contrary
to what one would expect if McDonagh’s scheme for bilirubin photo-
degradation ** applied to the in vivo system. C-12 in the Gunn bile was
the strikingly yellow fluorescent material that Garay et al.!” thought was
the main bilirubin derivative excreted by the Gunn rat. On isolation,
however, it proved to be riboflavin. The radioactivity present in this
band was due to an overlapping photoproduct that was neither yellow
nor yellow fluorescent. Compound C-2 resembled riboflavin in appear-
ance, but it was much less polar and may be flavin with the ribose
removed, or possibly lumichrome or lumiflavin.

The identity of the three products, which were found in both Gunn
rat bile and the chloroform photoproducts, was further supported by
correspondence of their R, values in three other TLC systems and by
correspondence of their methyl esters in two TLC solvent systems.® After
purification through second- and third-stage TLC,® the corresponding
products displayed identical absorption maxima, both as the native pig-
ments and as their zinc complexes, and also yielded identical diazo
derivatives and ferric chloride-oxidation products.® It therefore seemed
reasonable to assume that the two groups of products were identical.
They were further identified by mass spectrometric analysis of their
methyl and trimethylsilyl (TMs) derivatives. Interpretation of the mass
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spectra was complicated by thermal degradation of the compounds in the
insertion probe, presumably due to the large size and relatively polar
nature of the photoproducts, which rendered them poorly volatile. Major
ions obtained came from fragment ions, some of which also underwent
subsequent dehydration.

C-5/Ch-8 was yellow, had a sharp absorption maximum at 422 nm,
and formed a typical azopigment with an absorption maximum at
540 nm, like azobilirubin. However, the ratio of the optical density of
azopigment at 540 nm to the optical density of the native pigment at
its absorption maximum was only one fourth as great as would be found
if the pigment had been bilirubin. Oxidation with 20-percent ferric
chloride in concentrated hydrochloric acid at 80 °C yielded a green
biliverdin product. These data indicated that C-5/Ch-8 was a tetrapyr-
role with a bilirubin chromophore but possessed added polar groups on
the middle single-bonded bridge that were inhibiting the diazo-rzactivity
of the molecule.

These conclusions from the chemical and spectral data were confirmed
by the mass spectrometric data (Figure 5). The postulated structure of
C-5/Ch-8 as a dihydroxybilirubin is shown in the figure as its dimethyl
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FIGURE 5 Proposed structural formula of the dimethyl ester of Gunn bile pigment

" C-5 (chloroform photoproduct Ch-8) with a rubin chromophore, showing frag-
mentation pattern accounting for the major ions obtained during mass spec-
troscopy. Large numbers are the m/e values of the major ions found; figures in
parentheses represent the intensity of each ion as a percentage of the intensity
of the base peak at m/e = 313. M = methyl, V = vinyl, Pr = propionic side-
chains. Only one of two side-chain isomers is illustrated.
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ester. The major ions obtained result from splits on either side of the
hydroxylated bridge carbon, followed by loss of hydrogen or water from
the resultant dipyrrole fragments. The base peak at m/e=2313 could also
result from loss of a methoxy group from the m/e=344 fragment ion.
A trace of the molecular ion at m/e=644 was also found. The T™Ms
derivative of the methyl ester yielded a molecular ion at m/e=860,
indicating the addition of a T™Ms group to each of three hydroxyl groups
in the molecule. The T™Ms derivative of the free acid showed large ions
at m/e=546, 443, and 429, confirming the proposed arrangement of
hydroxyl groups in the fragment ions of the parent molecule. The postu-
lated structure is compatible with the one-fourth intensity of the diazo
reaction of C-5/Ch-8. The diazo reagent would not couple with the
right half-molecule because of the hydroxyl group on the pyrrole ring,
and coupling of the left half-molecule would be retarded by steric
hindrance from the two hydroxyl groups near the middle bridge.
C-6/Ch-9 had the characteristics of a rhodin chromophore, with a
blood-red color and absorption maxima at 490, 328, and 265 nm. It was
diazo negative, but its tetrapyrrole structure was confirmed by the forma-
tion of a verdin and a purpurin II on oxidation with ferric chloride. The
zinc complex salt was blue with a brilliant orange-red fluorescence. Mass
spectroscopy confirmed the structure shown in Figure 6, with a trace of
molecular jon at m/e=644 and the base peak at m/e=493. Ions at
m/e=753, 681, and 609 from the T™s derivative of the free acid, and
at 637 and 565 from the T™s derivative of the dimethyl ester, confirmed
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FIGURE 6 Proposed structural formula of the dimethyl ester
of Gunn bile pigment C-6 (chloroform photoproduct Ch-9)
with a rhodin chromophore, showing fragmentation pattern on
mass spectroscopy, represented as in Figure 5.
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the 493 ion from the dimethyl ester. A clear ion at m/e=578 in the T™Ms
derivative of the methyl ester confirmed the 507 fragment ion from the
methyl ester and indicated that the left-hand hydroxyl group was at-
tached to the bridge carbon rather than to the vinyl side-chain of the
left-hand ring.

The third derivative, C-7/Ch-10, had the spectrochemical properties
of a classic purpurin ** with hydroxyl groups on the bridge carbon and
on the adjacent a-carbon of the left-hand pyrrole ring. Its mass spectra
have been difficult to interpret, so we cannot be sure of this structure.

We obtained two isomers of each of the three products and presume
that these represent dihydroxyl additions to either the right- or left-hand
portion of the bilirubin molecule, but we have not performed the nuclear
magnetic resonance studies necessary to determine the disposition of
side-chains in each isomer. We believe that these photoproducts derive
from a singlet-oxygen mechanism because we observed a fourfold accel-
eration of the photoreaction on addition of methylene blue to the chloro-
form solution. To derive the products that were identified, one must
postulate that light induces the formation of a high-energy phototautomer
of bilirubin with a double~double-single bond arrangement of the bridges
(Figure 7). Singlet oxygen could then add to either of the double bonds
adjacent to the pyrrole ring second from the left, yielding the two photo-
oxides or dioxetanes shown. Conversion to the dihydroxy derivatives
would then involve transfer of hydrogens from one of the saturated
bridges in the dioxetane.

This proposed mechanism is interesting for two reasons. First, the
postulated phototautomer has a rhodin configuration and could thus
represent the transient intermediate with an absorption maximum at
490 nm, which Davies and Keohane detected by using differential spec-
troscopy of irradiated bilirubin solutions.** Second, spatial considerations
suggest that the intramolecular hydrogen transfer that converts the
dioxetane into the dihydroxy derivatives could occur only if the inter-
mediate had a cyclic porphyrinlike configuration. This configuration
might account for the secondary peak at 410 nm, which was found in
the action spectrum for photooxidation of bilirubin.’® Of course, another
possibility is that the planar bilirubin molecules are stacked and that the
hydrogen transfer occurs inter- rather than intramolecularly.

We have thus identified for the first time several of the bilirubin
derivatives formed during phototherapy of the jaundiced Gunn rat. It is
fascinating that the Gunn rat also excretes substantial amounts of these
same products in the dark. This suggests that these derivatives can be
formed by catabolic processes as well as by photochemical reactions,
presumably by uncharacterized bilirubin oxygenases that are utilized by
the Gunn rat for the alternative pathways of bilirubin metabolism.
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FIGURE 7 Diagram of proposed scheme for the formation of
C-5/Ch-8 and C-6/Ch-9 via addition of singlet oxygen to a
phototautomer of bilirubin, which yields two dioxetane (pho-
tooxide) intermediates. g-Side-chains on all molecules, as for
bilirubin, Isomers with the added OH groups on the right half
of the molecule are not shown. (From Berry et al.®)

Why Do Large Amounts of Unconjugated Bilirubin Appear in the
Bile during Phototherapy?

We first conjectured that the permeability of the liver cell was altered,
permitting a variety of lipid-soluble compounds to “leak” into the bile,
a therapeutically exciting possibility. To test this postulate, we used
Gunn rats with cannulated bile ducts and kept them in the dark for
33 h. Six animals were then exposed to light, and five others, which
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served as controls, were kept under dim light throughout the remainder
of the experiment. Bile was analyzed for diazo-reactive material,*® bile
salts,? cholesterol,’ and phospholipid.’* As shown in Figure 8, both
groups exhibited a decrease in excretion of bile salts with partial recov-
ery to a new plateau by the end of 33 h. This is the characteristic
response of the rat to interruption of the enterohepatic circulation.®
Phototherapy applied during the recovery plateau did not alter the excre-
tion of bile salts, although the usual striking increase in excretion of
diazo-reactive material occurred. As shown in Table 1, similar patterns
were observed is the excretion of cholesterol and phospholipids, which
were likewise unaltered by phototherapy. Phototherapy applied during
the nadir of excretion from 11 to 27 h likewise did not alter the out-
put of these micellar components of bile. Apparently, phototherapy did
not cause the liver to become abnormally permeable to lipid-soluble
substances.

A second possibility, suggested by Dr. Barbara Billing, was that the
liver had become penineable to albumin, which was leaking into the bile
together with bound bilirubin, Since bilirubin interferes with the measure-

EXCRETION (u mol/h)

0 0 20 30 40 ao 60
TIME (h)

FIGURE 8 Effect of phototherapy on excretion of bile salts in
Gunn rat bile. Total bile salt output in micromoles per hour
(mean = sg) shown at different intervals following total bil-
iary diversion at time 0. Five control rats (—Q—) were
shaded from light throughout the experiment. Six light-treated
rats (—@—) were exposed to phototherapy from 33 to 51 h
after bile duct cannulation (shaded area).
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TABLE 1 Outputs of Micellar Components and Diazo-Reactivity in Gunn Rat Bile (Mean =+sE)

Hours after Bile-Duct Cannulation

Component  Phototherapy (h) 0-11 11-21 21-27 27-33 3343 43-51 51-59

Bile salts None (control) * 19.0 =23 85+20 84+15 100x16 10113 104+18 117%19

(umol/h) 33-51° 162+ 1.9 97+16 102+17 101=+11 119+10 127+16 12115
11-27* 18.7 = 2.4 99+22 11119 11921 9.6+ 1.5

Phospholipids None (control) 259+.53 050+.25 039+10 085=+.09 1.56 + .22 147 +.20 59 + .23

(umol/h) 33-51 24730 073x.29 065*+.24 1.08x+.33 159x.31 LI13x.39 116=+.40
11-27 284+ .61 090x.32 069+.26 1.02x.32 1.28=+.31

Cholesterol None (control) 031+.06 0.11+.03 0.11+.04 015+.02 026=+=.03 025+.04 0.32=.03

(umol/h) 33-51 031+.04 0.14+02 0.15%+.02 0.19+x.03 028+.03 028=+.05 029=+.05
11-27 035+.07 015+.04 0.17x.04 0.16=+.04 0.25=+.04

Diazo-reaction None (control) 019+.01 0.13+.02 01402 014=+=.01 0.16+.02 0.16=+=.03 0.18=+.01

(opxml/h) 33-51 021+.03 015+.01 016+.02 019+.02 065=+.06>° 065=+.09" 032+.02"
11-27 021 .04 0.31=+.03* 0.55+.08°> 025+.03 0.15=*.03

®* Number of animals studied: controls (no phototherapy), 5; phototherapy from 33 to 51 h after bile duct cannulation, 6; phototherapy from 11 to

27 h after bile duct cannulation, 3.

® Values significantly different from control animals (p < 0.02) by student “t-test” with Yates's correction for small groups.'®
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ment of protein in bile by the biuret ** or Lowry method,?** we used the
subterfuge of injecting Evans blue intravenously into these animals. This
dye binds very tightly, although incompletely, to the plasma albumin 3
but normally appears in the bile in only very small quantities.** In both
Gunn rats studied, there was an exponential decline in the concentration
of Evans blue in the plasma as it gradually diffused into the tissues
(Figure 9). Phototherapy produced no break in this plasma-decay curve,
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FIGURE 9 ' Effect of phototherapy on excretion of Evans blue
and bilirubin in the bile of two Gunn rats, Rats were provided
with an external biliary fistula 3 h prior to intravenous injec-
tion of Evans blue, 10 mg/kg, at time 0. Phototherapy was ap-
plied from 5 to 14 h later (cross-hatched area). Serial changes
in concentrations of Evans blue (—O—@—) in plasma and
bile (oD at 615 and 610 nm, respectively) and of bilirubin in
bile (—l—[J—) (op at 450 nm of the lower phase from a
Folch solvent-partition of bile) are plotted semilogarithmically
for each animal. Bile catheter of the rat represented by the
open symbols plugged at the fifteenth hour.
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nor did it engender an increase in the concentration of Evans blue in the
bile at a time when the concentration of bile bilirubin rose precipitously.
Gel electrophoresis '* demonstrated that the Evans blue in the plasma
remained bound to albumin during phototherapy. This experiment thus
provided no evidence for alteration in hepatic permeability to Evans blue
or to the albumin to which it was attached.

We next wondered whether the polar photoproducts might be carrying
bilirubin into the bile by complex formation as occurs when conjugated
bilirubin is injected into the Gunn rat.?° Photoproducts were prepared in
donor Gunn rats exposed to light and then injected into recipient Gunn
rats kept in the dark. The donor rats, previously given *H-bilirubin, were
exposed to phototherapy and the labeled photoproducts were isolated
from their bile by the solvent-partition techniques described earlier. The
tritiated photoproducts were then administered intravenously to two
recipient Gunn rats that had previously received **C-bilirubin to label
their endogenous pigment pool. The recipient rats were kept in the dark
and their bile was subjected to radioassay to determine the rate of excre-
tion of *H-labeled exogenous pigments and **C-labeled endogenous pig-
ments. Isolated fractions of tritiated bilirubin derivatives, each repre-
senting pigments derived from 10 h of bile output by a donor rat, were
sequentially injected intravenously at 6-hour intervals. Eight hours after
injection of the last of the four pigment fractions, the recipient rats were
exposed to light for 14 h to demonstrate their capability for enhanced
excretion of bilirubin and radioactivity during phototherapy.

Excretion of the exogenous tritium-labeled derivatives is shown in
Figure 10. After injection of either the polar bilirubin derivatives ex-
creted by the Gunn rat in the dark (the D-fractions) or the photo-
derivatives excreted by the Gunn rat under phototherapy (the L-
fractions), over 80 percent of the tritium label was excreted in 2 h and
another 10 percent or more appeared within the next 2 h. This is the
first direct demonstration that the photoproducts are excreted rapidly in
the bile, an important observation since the pigments in the two S-frac-
tions are lipid-soluble at pH 7, making it possible for them to diffuse
into the brain had they been retained in the body.

Figure 11 shows the biliary excretion of *C-labeled endogenous pig-
ments by the two recipient Gunn rats. It is evident that none of the
injections of polar bilirubin derivatives, either from light or dark bile
fractions, led to any increase in the excretion of endogenous **C-labeled
pigments. Thus, the hepatic transport of photoderivatives did not me-
diate the excretion of endogenous bilirubin in the bile. By contrast, as
shown on the right, phototherapy of the recipient Gunn rats induced a
clear-cut increase in the output of **C radioactivity (and also of diazo-
reactivity), demonstrating that they were capable of responding to photo-
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3H EXCRETED PER 2-HOUR PERIOD (% of dpm)

3H-FRACTION INJECTED

FIGURE 10 Excretion of administered *H-bilirubin derivatives
in the bile of recipient Gunn rats, expressed as the percentage
of the total radioactivity excreted during the 6 h after ad-
ministration of each pigment fraction. Each bar represents a
2-hour period. The labeled pigment fractions were isolated by
solvent partition (see Figures 2 and 3) of bile collected from
donor Gunn rats during a period under dim light (D) or dur-
ing phototherapy (L). C refers to C-fractions, and S to metha-
nol-soluble material from F-fractions of the respective donor
bile samples. The donor rats had been given *H-bilirubin in-
travenously before bile collections began.

therapy with the expected augmented excretion of endogenous pigments.

This last experiment permits two conclusions. The first is that the
bilirubin derivatives and photoproducts produced by the Gunn rat in vivo
are rapidly and efficiently excreted in the bile and are therefore pre-
sumably without glucuronide conjugation. Such rapid clearance from the
body would render toxicity from these products unlikely. The second
conclusion is that excretion of these polar photoproducts does not
mediate the observed outpouring of unconjugated bilirubin that occurs
during phototherapy. The mechanism of this remarkable excretion of
unconjugated bilirubin remains a mystery.
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FIGURE 11 Biliary excretion of endogenous “C bile pigments
by recipient Gunn rats following intravenous injection of *C-
bilirubin at time 0, and subsequent injection of exogenous *H-
bilirubin derivatives at 6-hour intervals, as illustrated in Fig-
ure 10, Each curve represents the excretion of *C radioactivity
in 2-hour bile collection periods. The rats were maintained
under dim light for the first 36 h, then exposed to photother-
apy for 14 h.
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Toxicity and Protein Binding of
Biliverdin and Other Bile Pigments

For some time we have been interested in the mechanism of bilirubin
toxicity. In an attempt to learn more about bilirubin, we have compared
it with several other bile pigments closely related in structure. These
comparisons have included toxicity studies using tissue culture cells,*
purified respiratory enzymes,* and mitochondrial systems.** In addition,
the protein binding of these pigments has been compared with bilirubin
binding,® ° using analytical ultracentrifugation, Sephadex gel G-150 thin
layer chromatography, optical rotatory dispersion (ORD), and circular
dichroism (cp) techniques.

One of the pigments compared with bilirubin was biliverdin. Since
biliverdin appears to be one product of the photooxidation of bilirubin,
at least in some in vitro systems,> ** 1 and since the information derived
may have clinical implications, this particular pigment was studied in
detail. This paper will present some of these comparative investigations
of the bile pigments, emphasizing those concerned with biliverdin. In any
discussion concerning the possible toxic effect of a product of bilirubin
photooxidation, it is not enough to consider only whether the isolated
product is toxic; it must also be determined whether the product binds

This research was supported by NIH Research Grant HD-05333. The author is
a recipient of Research Career Development Award K04 HD 28113,
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to albumin. Furthermore, one must ask whether there are any other
characteristics of a given product that can in any way enhance the
toxicity of bilirubin. These questions will be considered in this discus-
sion. Certain studies involving bilirubin will be reviewed in order to set
the proper background for a comparison of the other pigments.

The structures of the four pigments to be discussed are shown in
Figure 1. [-Stercobilin differs from bilirubin in having 10 more hydro-
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FIGURE 1 Structural formulas for four bile pigments: biliverdin, /-stercobilin,
d-urobilin, and bilirubin.
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gens, and the end rings are saturated. d-Urobilin has four more hydro-
gens than bilirubin. Biliverdin has two fewer hydrogens that bilirubin
and is formally symmetric. The system is fully conjugated.

Materials and Methods

Bilirubin was a product of Schwarz—-Mann. [-Stercobilin was obtained by
extracting the feces of a patient with congenital erythropoietic porphyria,
following the method of Gray and Nicholson.” d-Urobilin was obtained
by a similar method: extracting the feces of a patient with a hemolytic
anemia who was on antibiotics. Much attention was paid to the prepara-
tion of biliverdin, since the preparations we have used in the past—and,
we suspect, those of others—have been very inadequate. There has been
significant contamination by other products, and varying amounts have
been unknowingly esterified. The one available commercial preparation
contains only about 50-percent biliverdin. The method of Gray et al.®
was used in preparing the biliverdin, but, at the suggestion of D. C. Nich-
olson (personal communication), the initial ferric chloride oxidation of
bilirubin was carried out in glacial acetic acid rather than methanol; this
was done to prevent esterification. The product was recrystallized from
chloroform. Crystals prepared by this method had a very high extinction
coefficient (79) and an optical density (op) ratio (380 nm/650 nm) of
4. For more details of the method, see Lee and Cowger.*

The preparation of rat-liver mitochondria and brain mitochondria of
several species has been described.!* Methodology for determining oxy-
gen uptake, respiratory control, oxidative phosphorylation, and swelling
may be found in that reference. Absorption spectra were recorded on a
Cary Model 14 spectrophotometer. orRp was recorded on a Cary 60
spectropolarimeter, and cp was recorded on the same instrument with
cp-attachment 6002. For details, see Lee and Cowger ® and Blauer and
King.? Sephadex gel G-150 thin-layer chromatography was carried out in
the presence of 0.1 M phosphate; a running angle of 15 deg and a plate
thickness of 0.4 mm were used. A Beckman Model E ultracentrifuge with
a photoelectric scanning system was used to study the sedimentation-
velocity behavior of the free-pigments bilirubin and biliverdin, each pig-
ment with albumin, and mixtures of the pigments with albumin. A 6-hole
rotor was used in sedimenting the solutions in duplicate or triplicate at
40,000 rpm at room temperature for 214 h and scanned at the op
maxima. The patterns obtained were superimposed in the figures by
matching the menisci and the cell bottoms.

The electron micrographs were taken with a Philips electron micro-
scope (Model EM 300) at an accelerating voltage of 60 kV. Samples
for sectioning were prepared as follows: Specimens were fixed at 0—4 deg
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with 1-percent glutaraldehyde for 30 min, then with 1-percent osmium
tetroxide (buffered with 50 mM phosphate, pH 7.5) for 90 min;
dehydrated with various gradations of ethanol; embedded in Epon 812
resin; and sectioned with a Blum ultramicrotome (Model MT-2). Sec-
tions (0.4-0.6 um thick) were stained with 1-percent lead citrate and
1-percent uranyl acetate, successively.

Effects of Bilirubin on Mitochondrial Reactions

Bilirubin has been found to be extremely toxic to isolated systems of
rat-liver mitochondria and brain mitochondria from a variety of sources.*
Bilirubin blocks oxygen uptake, uncouples oxidative phosphorylation,
and abolishes respiratory control. Figure 2 shows the effect of bilirubin
on the oxygen uptake of rat-liver mitochondria. At low concentrations
(that is, less than 20 uM), bilirubin stimulated respiration, and at higher
concentrations (greater than 50 xM), it depressed respiration. In this
regard, it is similar to some other uncouplers of oxidative phosphoryla-
tion. Heart mitochondria responded similarly, demonstrating this biphasic
response.

o A A i A A A B —

0 10 20 30 40 50 100 200 300 400 500

[BILIRUBIN] (uM)

FIGURE 2 Effect of bilirubin on respiration of mitochondria, The system con-
tained 100-mM sucrose, 50-mM mannitol, 8-mM magnesium chloride, 5-mM po-
tassium phosphate, 5-mM trischloride, 10-mM g-hydroxybutyrate, and 0.8-mg rat-
liver mitochondrial protein; pH 7.5. (From Mustafa er al.* Reprinted by permis-
sion.)
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FIGURE 3 Effect of bilirubin on respiration of brain mito-
chondria. The system contained 3.0-mA mannitol, 10-mAM
potassium chloride, 5-mM potassium phosphate, 10-mM tris-
chloride, and 1.5-mg rabbit-brain mitochondrial protein per
milliliter; pH 7.5. Other additions were 10-mM succinate,
10-mM a-glycerophosphate, 100-zM ADP, and bilirubin as indi-
cated. (From Mustafa er al.™ Reprinted by permission.)

In brain it was not possible to demonstrate the biphasic effect. There
was no stimulation of respiration, but only inhibition could be demon-
strated for succinate or a-glycerophosphate in either State 3 or State 4
(Figure 3). The concentration of bilirubin for 50 percent of the maxi-
mal effect (K,,)* was found to be less than 3 uM for State 3 respiration
and 5 uM for State 4 respiration for rabbit-brain mitochondria.

Figure 4 depicts the effects of bilirubin on the respiratory control index
(rc1) and on phosphorylation as measured by the adenosine diphos-
phate:oxygen (ApP:0) ratio. Respiratory control was more sensitive to
the toxic effect of bilirubin than was phosphorylation. The K,, for the

* K., in this paper refers to 50 percent of the maximal value as defined in the
original work of Mustafa et al.
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FIGURE 4 Effect of bilirubin on phosphorylation. Left: Rat-liver mitochondria.
The basal medium contained 180-mM sucrose, 18-mM mannitol, 8-mM mag-
nesium chloride, 5-mM potassium phosphate, 5-mM trischloride, and 3.6-mg
mitochondrial protein per milliliter, Other additions, where made, were 10-mM
B-hydroxybutyrate (SoHB), 10-mM succinate (succ), 150-uM apP, and bilirubin
as indicated. Right: Rabbit-brain mitochondria. The conditions were the same as
those described in Figure 3. Respiratory control index, rci. (From Mustafa et al.”
Reprinted by permission.)

Rcl for rat-liver mitochondria, with succinate or g-hydroxybutyrate as
the substrate was 4-uM bilirubin. In rabbit-brain mitochondria, the K,
for the rcI was 2.5 uM for the substrate combination of succinate and
a-glycerophosphate. In the case of phosphorylation, the brain was more
sensitive than the liver; at 8-uM bilirubin obliteration of phosphoryla-
tion was almost complete in the brain but was less than 50-percent
complete in the liver.

In addition to these activities, bilirubin also induced a large-amplitude
irreversible swelling of mitochondria. The swelling required an energy
source, monovalent cations, and a permeant anion (Figure 5). Swelling
was measured as a drop in the op of the solution at 590 nm. The rate
and extent of swelling in liver mitochondria were always higher than
those observed in heart and brain mitochondria. For example, 10-pM
bilirubin caused an op change of about 0.8 in liver mitochondria;
whereas, under similar conditions, the changes were only about 0.4
and 0.3 for heart and brain, respectively. The K, for swelling in rat
liver was about 2.5-uM bilirubin and, for brain, 2 uM. Electron trans-
port through any segment of the respiratory chain could provide energy
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FIGURE 5 Large-amplitude irreversible swelling of rat-liver
mitochondria induced by bilirubin. Swelling was measured by
recording the decrease in absorbance at 590 nm with a high-
intensity light source. The basal medium contained 50-mM
mannitol, 50-mM trischloride (pH 7.5), 7-mM magnesium
chloride, and about 1-mg rat-liver mitochondrial protein per
milliliter. Other additions were 10-uM bilirubin, 10-pM po-
tassium phosphate, and 10-mM succinate.

for swelling. Swelling could be inhibited by addition of an uncoupler or
a respiratory inhibitor.

Figure 6 shows the morphological change concomitant with this de-
crease in op. Figure 6(a) depicts normal beef-heart mitochondria, and
Figure 6(b) the same mitochondria following the addition of 10-uM
bilirubin. The dense cristae just melted away; some mitochondria lost the
outer membrane, and in others the inner membrane also fragmented.

These studies demonstrate what an extremely effective poison bilirubin
is. All these effects of bilirubin on mitochondria are membrane-related.
Bilirubin has many of the properties of the mitochondrial transport-
inducing agents, such as gramicidin, valinomycin, and the nonaction
homologues, which increase the permeability of the mitochondrial mem-
brane to alkali cations.?® However, unlike these agents, bilirubin induces
a unidirectional movement of ions and water that leads to an irreversible
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FIGURE 6 (a) Electron micrograph of normal beef-heart mitochondria. Final
magnification X 42,000. (b) Electron micrograph of beef-heart mitochondria
following the addition of 10-uM bilirubin, Final magnification x 42,000. (From
Cowger.?)

swelling because of the osmotic effect.’* The addition of bovine serum
albumin (BsSA) can prevent all these toxic effects of bilirubin.

Mitochondrial Reactions of Biliverdin

Table 1 shows the effects of biliverdin on rat-liver mitochondria. There
was no effect on phosphorylation for either succinate or g-hydroxybuty-
rate oxidation, even up to 400-pM biliverdin in the case of succinate.
With succinate as a substrate, there was about a 40-percent decrease of
Rcl at 400-pM biliverdin; thus, if one wished to produce, with this bili-
verdin preparation, an effect comparable with the effect of a given
amount of bilirubin on Rcl, the amount of the biliverdin preparation
would have to be more than 100 times as great as the amount of bilirubin.

The biliverdin preparation did appear to exert some effect on State 3
oxidation of succinate, which began dropping at a concentration of about
150-uM biliverdin. State 3 was inhibited about 35 percent by 400-pM
biliverdin. With g-hydroxybutyrate there was only a questionable effect
on State 3 oxidation at 200-uM biliverdin.

The inhibitory effects seen with these very high concentrations of pig-
ment pose some problems in interpretation. We cannot ascribe all these
effects to biliverdin without serious reservations. It appears impossible to
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TABLE 1 Effect of Biliverdin on Rat-Liver Mitochondria ¢

Respira-
O, Uptake tory
(uM/min) ApP:0  Control
Mitochondria Addition no AbP + ADP Ratio  Index
Rat liver (1.1 . Succinate * 23 126 1.8 55
mg protein . 1+4Biliverdin, 20 uM 22 122 1.6 5.5
per ml) . 14Biliverdin, 40 uM 23 133 1.6 58

1
2
3
4. 1+Biliverdin, 80 uM 22 120 1.7 5.7
5. 1+ Biliverdin, 100 uM 21 126 1.6 6.0
6. 14 Biliverdin, 150 uM 21 115 1.8 55
7. 14Biliverdin, 200 uM 23 106 Ky ) 4.6
8. 14Biliverdin, 400 uM 26 83 1.8 3.2

9. g-Hydroxybutyrate ° 11 38 23 34
10. 94 Biliverdin, 20 uM 9 41 2.6 4.6
11. 94 Biliverdin, 40 uM 10 34 27 34
12. 94-Biliverdin, 60 uM 10 36 28 34

13. 94 Biliverdin, 100 uM 10 36 2.6 3.6
14. 94 Biliverdin, 200 uM 10 31 2.8 3.0

¢ The basal medium included 230-mM mannitol, 70-mM sucrose, 20-mM tris-HCl, 20-mM
EDTA, 5-mM potassium phosphate, and mitochondria. pH 7.4. Other additions were 10-mM suc-
cinate and 10-mAM S-hydroxybutyrate.

® Average of four determinations.

¢ Average of two determinations.

obtain absolutely pure biliverdin. At high concentrations of the pigment,
contaminants present in small amounts may become significant, or there
may be other nonspecific effects. Suppose there is a bilirubin contamina-
tion of about 1 percent, a very likely possibility. Since K, for the rcr for
bilirubin with these substrates is about 4 M, such contamination might
explain the 40-percent drop seen at about 400-pM biliverdin. The de-
crease in the ADP:O ratio at 4-xM bilirubin is only about 10 percent.
Perhaps we did not detect this small change in this particular experi-
ment. The results of the experiment suggest that bilirubin contamination
could not have been higher than about 1 percent; if it had been higher,
we would have seen more serious effects on the mitochondria even at
much lower concentrations of biliverdin.

Table 2 shows similar data for rat-brain mitochondria. A substrate
system of pyruvate-malate was used to evaluate the NADH pathway; RCI
at 400-uM biliverdin was decreased by about 45 percent. The ADP:O
ratio in the case of brain was decreased by about 30 percent, and the
State 3 respiration was depressed about 38 percent. The drop in the
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TABLE 2 Effect of Biliverdin on Rat-Brain Mitochondria ¢

0. Uptake z";l’“'
w ApP:0 Control
Mitochondria  Addition no ADP 4 ADP Ratio Index

Rat brain (0.98 1. Pyruvate-malate ® 4.0 18.7 21 4.7
mg protein 2. 1+4Biliverdin, 25 uM 4.2 17.5 2.0 42
per ml) 3. 14Biliverdin, 50 uM 3.2 17.0 2.0 52
4. 14Biliverdin, 75 uM 3.2 17.0 20 52
5. 1+Biliverdin, 100 uM 3.8 16.0 2.0 43
6. 1+ Biliverdin, 150 uM 3.0 14.5 1.9 4.8
7. 1+4Biliverdin, 200 uM 2.6 13.0 22 5.0
8. 14 Biliverdin, 300 uM 6.5 15.0 1.8 23
9. 14Biliverdin, 400 uM 5.0 12.5 1.5 2.5
Rat brain (0.60 10. Succinate ° 10.2 27.7 1.4 2.8
mg protein 11. 10+ Biliverdin, 20 uM 10.1 28.6 1.4 29
per ml) 12. 10+ Biliverdin, 50 uM 11.0 19.8 1.6 1.8

13. 10+Biliverdin, 75 uM 5.5 13.5 1.3 25
14. 10+ Biliverdin, 100 uM 13.0 13.0 0 —_

& The basic conditions were as in Table 1. Other additions included 10-mAf succinate and
10-mM pyruvate together with 2-mM malate.

¥ Average of two runs.

¢ Average of five runs.

ADP:O ratio appeared to have begun at about 300-uM biliverdin. With
succinate as a substrate, the results were a little different. At 50-uM
biliverdin, State 3 oxidation was inhibited 28 percent and rRcI was de-
creased about 36 percent; but, when 100-pM biliverdin was reached,
respiratory control and phosphorylation were obliterated.

If contamination of the biliverdin with bilirubin was only about 1 per-
cent or less, we cannot explain this effect on the oxidation of succinate
by the brain as due wholly to bilirubin contamination. If we ascribe the
whole effect to biliverdin, it still takes about 12 times more biliverdin
than bilirubin to achieve a similar effect in brain. At any rate, we feel
reasonably safe in saying that biliverdin is a far less effective biological
poison than bilirubin if it has any significant toxicity at all.

Biliverdin did not induce swelling of rat-liver mitochondria, even at
concentrations up to 240 pM. Indeed, biliverdin appeared to inhibit
swelling by bilirubin, although it took a fairly high concentration to do
so. At 240-uM biliverdin, swelling due to bilirubin (20 M) was de-
creased by about 23 percent. [-Stercobilin also did not induce swelling,
and 145-uM stercobilin decreased bilirubin swelling by about 50 percent.
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Reactions of Bilirubin with Lipid

Another comparison that may shed some light on the difference in
toxicity of the bile pigments bilirubin, biliverdin, and stercobilin is the
ability to complex with a lipid.!* Bilirubin appeared to form some kind of
complex with a lipid as judged spectrophotometrically (Figure 7). Bili-
rubin underwent a red-shift in the absorption maximum from 440 to 453,
with a pronounced shoulder at 490. Curve A is ordinary alkaline bili-

0.8} ““0 £\ ]
! 2N ¢
) )\‘/" .‘
rff' D\-.‘z“'\
06} 17 a4
w 450 i
S 1\ A
g P\ 1
e Jr ™\ g |
S 04} 3‘\ ]
m
<
\

‘350 400 450 500 550 600
WAVELENGTH (nm)

FIGURE 7 Effect of mitochondrial lipid on the absorption
spectrum of bilirubin. Curve A contained 50-mM potassium
phosphate, 50-mM trischloride (pH 7.5), and 13.2-uM biliru-
bin; Curve B contained, in addition, 15-ug mitochondrial lipid.
Curve C contained 13.2-uM bilirubin and 6-mg bovine serum
albumin per milliliter. Curve D is the same as Curve B but
also with 6-mg bovine serum albumin per milliliter. Curve B is
qualitatively the same regardless of the source of lipid (mito-
chondrial lipid, ascites-cell lipid, asolectin, triolein, vegetable
oil, lecithin, or linoleic ethyl ester) or lipoidal material (mito-
chondria, ascites-cell membrane, red-cell membranes, or tissue-
culture-cell membranes).
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rubin, and Curve B is bilirubin following the addition of lipid—in this
case mitochondrial lipid. Curve C is bilirubin plus Bsa. Curve D is the
addition of albumin to the bilirubin-lipid complex, with the reappearance
of the typical bilirubin—albumin complex. Biliverdin and stercobilin did
not form a lipid complex, as judged spectrophotometrically at pH 7.5.

The effect of bilirubin with lipid seemed relatively nonspecific. Any
number of lipids showed this spectrophotometric change with bilirubin,
including mitochondrial lipid, the lipid of ascites cells, asolectin, triolein,
vegetable oil, linoleic ethyl ester, and lecithin. The same complex was
formed with lipoidal tissues, such as mitochondrial suspensions, red-cell
membranes, ascites-cell membranes, and tissue-culture cells. Evidence
suggested that bilirubin was bound to mitochondrial lipid rather than
mitochondrial protein.’* Mitochondria extracted free of their lipid did
not form this complex. Lipid added to mitochondria partly alleviated the
toxic effects of bilirubin on mitochondria. It is speculated that the bind-
ing of mitochondrial lipid by bilirubin alters the membrane, leading to
a loss of selective permeability to ions so that swelling results, Low con-
centrations of bilirubin stimulated respiration, giving rise to uncoupled
mitochondria, an ion-transport-dependent uncoupling like that of the
other transport-inducing agents. With high bilirubin concentration, the
lipid essential to the respiratory enzymes was also bound so that respira-
tion was inhibited. The other bile pigments, biliverdin and /-stercobilin,
are much more water-soluble (as will be discussed later) and appeared
neither to form this lipid complex nor to exert much in the way of toxic
effects on mitochondria.

Protein Binding of Bilirubin

There is, of course, no question about the binding of bilirubin to serum
albumin, and many studies are addressed to this particular point.?* 1¢
One such study of the bilirubin—-albumin complex was carried out by
Blauer and King,” who used orp techniques. Bilirubin by itself is opti-
cally inactive. However, the complex of bilirubin and Bsa at pH 5 ex-
hibited probably the largest Cotton effect ever recorded, with a peak at
435 nm and a trough at 485487 nm (Curve A in Figure 8). At pH 7.5
(Curve B), the effect was much diminished. Thus, on binding to Bsa,
a dissymmetric conformation of the bilirubin molecule was formed, and
this conformation was modified by pH. The addition of salt did not affect
the Cotton effect at pH 5, but the Cotton effect at pH 7.5 was greatly
reduced by 0.1 M sodium chloride. Blauer et al. recently published a
report on a similar study, in which human serum albumin was used.!
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Protein Binding of Biliverdin, 1-Stercobilin, and d-Urobilin

In the case of the other bile pigments, very little has been written con-
cerning the possibility of their binding to proteins. Consequently, it was
necessary to determine whether binding actually occurred. Unlike bili-
rubin, [-stercobilin and d-urobilin are optically active. By absorption
spectrophotometry, the addition of BsA to stercobilin caused a shift of

Alnm)

FIGURE 8 oORD of bilirubin in the presence of Bsa at different
pH values. Left ordinate, molar rotation [M] based on total
bilirubin for Curves A, B, and C only. Right ordinate, & in de-
grees per dm for all curves including inset. Protein rotations
obtained at the same concentration, pH, and temperature were
deducted from total rotation observed for Curves A, B, and C
in both presentations. Bilirubin, 22-23 uM; BSA, 3.6 mg/ml
(51 uM); temperature, 24.5 + 1.5 °C. Curve A (bilirubin
+ BsA), pH 5.0 = 0.5; Curve B (bilirubin 4 BsA), pH 7.5
=+ 0.1; Curve C (bilirubin 4 Bsa), pH 3.5 =0.1; Curve D
(Bsa), pH 5.0 or 7.5; Curve E (Bsa), pH 3.5. See also the
insets for D and E. Measurements in 0.1-cm cells were com-
pleted within about 90 min after mixing the components. Final
solutions contained varying amounts (about 1 mM) of CI-
and Na* ions. (From Blauer and King.* Reprinted by permis-
sion.)
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less than 1 nm across the pH scale. However, the addition of BsA to
l-stercobilin and d-urobilin by cp techniques (Figure 9) induced a large,
negative Cotton effect in the 490-nm region, maximal around pH 4.5, and
tapering off sharply on either side of that pH.® Figure 9 shows the cp
spectra of 19-uM [-stercobilin (Curve L-b) in the presence of 410-xM
BsA; Curve D-b depicts d-urobilin in Bsa at about the same concentra-
tions. At pH 4.5, 0.1 M sodium chloride abolished the initial interaction
of these pigments with protein; at pH 7.5, salt partly recovered the
reaction. Thus, the initial binding of these particular pigments may be
ionic. For a further discussion of these curves, see Lee and Cowger.?

Biliverdin is an optically symmetric molecule, and the changes in
absorption characteristics of biliverdin upon the addition of protein were
very small. Figure 10 shows the cp spectra of biliverdin and the varia-
tion of the Cotton effect with pH.? The solid line depicts 14-uM biliver-
din at pH 4.5; the Bsa : pigment ratio is 0.5. BsA induced large Cotton
effects in this symmetric molecule, negative at 650 nm and positive at
380 nm. Once again, maximal induction was seen at pH 4.5; the initial
interaction with biliverdin appeared to be two molecules of the pigment
to one of the protein, at least at low protein concentrations. Salt dras-
tically diminished the positive Cotton effect in the region of pH 4.5. Lee
and Cowger ® discuss these curves in detail.

Thus, it is fairly clear that all the pigments bind to serum albumin.
The protein is dictating the conformation of the pigment. However, it did

Aflam)

FIGURE 9 Effect of Bsa on cp spectra of [-stercobilin and d-urobilin, pH 4.5.
(L-a) free [-stercobilin, 19 xM; (L-b) the same in the presence of 410—uM BsaA;
(D-a) free d-urobilin, 15 uM; (D-b) the same in the presence of 440-uM BSA.
[Reproduced with permission from PJD Publications Ltd., Westbury, N.Y.; from
Research Communications in Chemical Pathology and Pharmacology, Vol. 4,
p. 124 (1972).]
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FIGURE 10 cp spectra of biliverdin in the presence of Bsa, pH 2.8-10.4, 14-uM
biliverdin, range of [Bsa]:[Pigment] = 0.48-1.0, average spectra. (a) 75-uM bili-
verdin solution obtained by magnetically stirring the solid with 320-uM Bsa for
1 h and centrifuging the excess solid, pH 4.5, no added. electrolyte; (b) 80-uM
biliverdin solution in the presence of 32-uM BsA, pH 4.5, [BsA]:[Pigment] = 0.40,
[NaCl] ~ 7 mM. [Reproduced with permission from PJD Publications Ltd., West-
bury, N.Y.; from Research Communications in Chemical Pathology and Pharma-
cology, Vol. 5, p. 511 (1973).]

not appear that the orRD-CD studies were reflecting the binding in the
physiological pH range; other methods were then used to study protein
binding at physiological pH 7.4 and to look at the question of what
happens to bilirubin binding when the pigments are mixed and the
protein is made quite limiting.
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Protein Binding of Bile Pigments in Mixed-Pigment Systems
RAT-LIVER MITOCHONDRIA

Various concentrations of biliverdin were preincubated in the dark under
nitrogen with 50-uM Bsa. Then the mitochondrial reactions with 50-pM
bilirubin alone and in combination with 50-uM BsA were observed
(Table 3, lines 2 and 3); succinate was used as substrate. The BsaA thus
was present in an amount calculated theoretically to bind all the bilirubin
present in a 1:1 ratio. Upon the addition of bilirubin, phosphorylation
and the respiratory control were abolished, as expected, but the addition
of BsA restored these functions. Biliverdin (250 pM) depressed State 3
oxidation by 36 percent and RcI by 25 percent; however, phosphorylation
was intact. Once again, when albumin was added, the functions were
fairly normal (Table 3, lines 4 and 5). Beginning with a 25-uM concen-
tration, biliverdin was added in various amounts in combination with
50-uM Bsa, followed by the addition of 50-pM bilirubin, but not until
the biliverdin reached 150 uM (or 3 times the bilirubin concentration)
was any effect evident on the mitochondria. At 250-uM biliverdin (now
5 times the bilirubin concentration and 5 times the albumin concentra-
tion), there appeared to be a decrease of about 40 percent in State 3
oxidation and a decrease of about 25 percent in Rcl, but again there was
no change in phosphorylation. If these effects are due to some displace-
ment of bilirubin from BsA, it must have been less than 4 or 5 pM, since

TABLE 3  Effect of Mixed-Pigment Systems on Rat-Liver Mitochondria ¢

0, Uptake tl“;;l’“a'
i appP:0 Control
Mitochondria  Addition no ADP 4 ApP Ratio Index

Rat liver (1.0 1. Succinate 6 47 1.7 7.7
mg protein 2. 1+4Bilirubin, 50 uM 27 27 — —
per ml) 3. 24-BsA, 50 uM 5 47 1.8 9.1
4. 1+4Biliverdin, 250 uM  § 30 1.8 5.7
5. 44 Albumin, 50 uM 5 42 2.0 17
6. 34 Biliverdin, 25 uM 5 45 1.8 9.0
7. 3+ Biliverdin, 50 uM 5 42 2.0 8.9
8. 3+ Biliverdin, 100 M 5 40 1.9 8.2
9. 34Biliverdin, 150 uM 4 36 1.9 9.5
10. 34 Biliverdin, 250 uM 4 25 1.9 6.2
11. Succinate 5 40 1.9 8.2

@ The basal conditions were the same as described in Table 1. Other additions were suc-
cinate, 10 pM.
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we would have found some effect on phosphorylation at that concentra-
tion of bilirubin. This experiment suggests that biliverdin in reasonable
concentrations does not appear to be influencing the binding of bilirubin
to any significant degree. It is certainly not clear from this experiment
what is happening to the biliverdin binding. At this particular pH (7.4),
there is a significant free solubility of biliverdin; furthermore, as men-
tioned earlier, there are problems with interpretation at high concentra-
tions of pigment.

SEPHADEX GEL G-150 THIN-LAYER CHROMATOGRAPHY

Another kind of experiment was used to see how biliverdin might be
affecting bilirubin binding. Figure 11 shows the results of Sephadex gel

R-B vvB V-RB V R

@ 0 @&

FIGURE 11 Sephadex gel G-150 thin-layer chromatography of
bilirubin and biliverdin. A running angle of 15 deg and a plate
thickness of 0.4 mm were used in the presence of 0.1 M so-
dium phosphate, pH 7.4. (R) 250-uM bilirubin; (V) 250-uM
biliverdin; (R-B) 250-uM bilirubin with 250-uM Bsa; (V-B)
250-uM biliverdin with 250-uM Bsa; (V-R-B) 250-uM biliru-
bin with 250-uM biliverdin and 250-uM BsA.
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G-150 thin-layer chromatography of each pigment (bilirubin and bili-
verdin), each pigment with protein, and then a mixture of the two pig-
ments with the same amount of protein. After 114 h, 250-uM bilirubin
(or R in the figure) remained about at the origin, whereas, with protein,
250-pM bilirubin migrated with the protein (250-uM Bsa-RB). Free
biliverdin (V) migrated a short distance from the origin, but in the
presence of an equimolar amount of BsA (250 pM), it migrated with the
protein (V-B). When the two pigments were together with Bsa, in a
1:1:1 mixture, both pigments migrated with the protein. In this plate,
and in other plates that were run, the bluish spot in the position of free
biliverdin was either much decreased or not visible. It is possible that,
because the color of biliverdin is rather weak, some free biliverdin did
not migrate in the mixed-pigment system with the protein. It is obvious
that some of it in the mixture migrated with the protein. In addition,
difference spectra of the two pigments combined plus the protein showed
biliverdin unequivocally present in the mixed spot. There did not appear
to be any bilirubin left at the origin in the mixed system. Thus, in this
system, biliverdin did not appear to be interfering with bilirubin binding,
and both pigments appeared to be migrating with the protein.

ANALYTICAL ULTRACENTRIFUGATION

The sedimentation—velocity behavior of the free pigments, bilirubin and
biliverdin—each pigment with albumin, and mixtures of the two pig-
ments with albumin—was studied. In the mixed system, biliverdin was
added first and then bilirubin. In order to simplify the presentation, the
patterns have been superimposed; the sedimentation is from left to right.
The systems were scanned at the op maxima (375 and 650 nm, biliver-
din; 460 nm, bilirubin; and 280 nm, protein).

In Figure 12 the open circles depict 14-xM biliverdin (without pro-
tein). There was considerable free solubility of the pigment, probably the
total biliverdin added. When 14-uM biliverdin was combined with 7-uM
BsA (solid line), about half of the pigment migrated with the protein
(1:1). At 280 nm (closed circles) the op level at the meniscus
reflected some free biliverdin because of biliverdin’s high ultraviolet
absorption. The position of the moving boundary at 375 nm closely
matched that observed at 280 nm, showing transport of the pigment by
the protein. To increase the accuracy for observing at 650 nm, the
concentrations in the biliverdin—protein system were doubled. Again, a
sedimentation pattern similar to Figure 12(b) appeared (open squares).

Bilirubin at pH 7.5 showed a small free solubility (Figure 13, open
circles), although there was indication of a boundary implying aggrega-
tion of the bilirubin. At pH 4.5, there was no free solubility of bilirubin
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FIGURE 12 Sedimentation-velocity patterns of biliverdin-Bsa. cT =cell top, M =
meniscus, ob = optical density, the negative deflection = solvent meniscus, 18 °C,
pH 7.4, 0.2 M phosphate. (a) O——0O, 375 nm, 14-uM biliverdin, no BsA; (b)
———, 375 nm, [Biliverdin]:[BsA] = 14:7 uM; (¢) @——@, 280 nm, Same as
b; (d) O0——J, 650 nm, [Biliverdin]:[Bsa] = 28:14 uM. [Reproduced with per-
mission from PJD Publications Ltd., Westbury, N.Y.; from Research Communica-
tions in Chemical Pathology and Pharmacology, Vol. 6, p. 624 (1973).]

(data not shown). With the addition of 7-uM Bsa at 460 nm (dashed
line), the op level corresponding to the protein boundary showed a
tremendous increase. The 280-nanometer pattern was identical to the
460-nanometer pattern.

Figure 14 shows a mixture of the two pigments and protein: 14-uM
bilirubin, 14-xM biliverdin, and 7-uM BsA. The meniscus at 375 nm of
the mixture, that scanned for biliverdin (solid line), was identical to that
of the biliverdin-BsA system alone [Figure 12(b)]. The pattern of the
650-nanometer scan was also identical, although this op level was
smaller than the one in Figure 12(d), which represents 14-uM bili-
verdin. It thus appears that biliverdin binding in the mixture is un-
affected by the presence of an equimolar amount of bilirubin. The

FIGURE 13 Sedimentation-velocity patterns of bilirubin-Bsa. cB =cell bottom.
The conditions were the same as those described in Figure 12. (a) O——0O, 460
nm, 14-uM bilirubin only, no Bsa; (b) , 460 nm, [Bilirubin]:[BsA] = 14:7
pM; (¢) ————, 375 nm, Same as b. [Reproduced with permission from PJD
Publications Ltd., Westbury, N.Y.; from Research Communications in Chemical
Pathology and Pharmacology, Vol. 6, p. 625 (1973).]
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FIGURE 14 Sedimentation-velocity patterns of biliverdin-bilirubin-Bsa. [Biliver-
din]:[Bilirubin]:[BsA] = 14:14:7 uM. The basal conditions were the same as those
described in Figure 12, (a) ——, 375 nm; (b) @——@, 280 nm; (c)
O—10, 650 nm; (d) —————- , 460 nm; [Reproduced with permission from
PID Publications Ltd., Westbury, N.Y.; from Research Communications in
Chemical Pathology and Pharmacology, Vol. 6, p. 625 (1973).]

460-nanometer pattern (dotted line), the scan for bilirubin in the mix-
ture, appeared to be the same as in the bilirubin—BsA system alone [Fig-
ure 13(b)]. Thus, it appears that bilirubin—Bsa binding is not affected
by the presence of biliverdin where the pigments are present in a 1:1:1
proportion (pigments : protein). Although biliverdin does not influence
the binding of bilirubin to Bsa, this study does not reveal whether
bilirubin and biliverdin bind to a common site when each is alone in an
equimolar proportion with protein but bind to different sites when mixed.

SOLUBILITY EFFECTS

Another effect became obvious partly by visual observations and partly
in some other, more systematic, studies. Definitive concentration studies
of this effect have not been done. A mixture of 14-uM biliverdin and
14-uM bilirubin, without BsA, showed some precipitation. Electronic
difference spectra of such mixtures showed appreciable suppression of
bilirubin absorption in the presence of biliverdin at all pH levels, whether
protein was present or not, whereas the absorption of the biliverdin was
not affected. This may suggest that biliverdin is affecting the free solu-
bility of bilirubin and that free bilirubin may be salted out of solution by
biliverdin, causing changes in bilirubin concentrations. It is doubtful that,
in the clinical situation, enough free biliverdin would ever be present in
the vascular stream (if it is present at all) to adversely affect small
amounts of free bilirubin in the circulation.

Conclusions

The following conclusions can be made: Biliverdin as a free pigment has
very little, if any, significant toxicity and is not likely to exist in the
bloodstream or in an extravascular tissue location in a high enough
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concentration to exert any toxic effect or to affect the free solubility of
bilirubin. The fact that biliverdin is much more soluble than bilirubin
renders it far less likely to cross biological membranes. If biliverdin is
a significant photooxidation product in vivo, I would think that it should
not cause concern. Biliverdin binds to serum albumin but does not
adversely affect the protein binding of bilirubin, which is so essential to
the maintenance of bilirubin in a nontoxic state.
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Methods for Measurement of the
Relative Saturation of Serum Albumin
with Bilirubin in the Management of
Neonatal Hyperbilirubinemia

In vitro and in vivo experimental studies have demonstrated that the
cytotoxicity of bilirubin to cells and subcellular organelles occurs if it
is freely diffusible in the extracellular fluid to enter cell membranes.® 7 2°
The toxicity can be prevented if the extracellular fluid contains albumin
and the molar ratio of bilirubin to albumin is below 1; % ® 1% 28 that is,
the concentration of diffusible bilirubin is maintained below toxic levels
because the affinity of albumin for bilirubin keeps most of the bilirubin
in extracellular fluid bound as an albumin-bilirubin ligand.

The association of bilirubin with albumin can be expressed stoichio-
metrically by mass action formulas: ¢ 1°

Alb+B= AlbB (1)
AlbB+nB< AlbB ) (2)

The constant governing the unimolar association of bilirubin to albu-
min has been reported as 10* with purified human and 10° with bovine
albumins (Eq. 1).2 ® When the proportion of bilirubin exceeds a 1:1
molar ratio with respect to albumin, secondary sites on the albumin
molecule, which have affinity constants in the order of 10° (Eq. 2),
govern the degree of binding of the additional bilirubin molecules. Given

This study was supported by U.S. Public Health Service grants HD 00091 and
HD 02268.
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these smaller affinity constants, sufficient bilirubin is dissociated from
albumin to cause its diffusible concentration in the aqueous phase of
extracellular fluid to be high enough to lead to cytotoxicity. In addition,
many other components and properties of extracellular fluid (organic
anions, pH, and ionic strength) influence the binding capacity of albu-
min, for they can alter the primary and secondary binding sites and
thereby reduce the ability of albumin to bind bilirubin. It is also sus-
pected that clinical hypoxia, hypoglycemia, and acidosis may make cells
more sensitive to the cytotoxicity of bilirubin.

In situations of neonatal hyperbilirubinemia, not all of the high affinity
sites in the albumin in the infant’s circulation are necessarily available
to bind bilirubin. For example, an infant with 3 g/d1 of albumin theoret-
ically should not be at risk to bilirubin toxicity until a serum bilirubin
concentration of 25 mg/d1 is reached, i.e., to the 1:1 molar ratio. How-
ever, bilirubin encephalopathy has been reported to occur at concentra-
tions considerably below 25 mg/d1, because endogenous and exogenous
substances present in the circulation reduced the binding capacity of
albumin for bilirubin.!- *+ 2* 3¢ Since both the quality and quantity of
albumin in the circulation influence the amount of diffusible bilirubin,
a direct measurement of the concentration of diffusible, rather than total,
bilirubin would provide a better indicator of the risk of bilirubin tox-
icity.’® Unfortunately, the concentration of diffusible bilirubin is so small
(less than 0.1 mg/d1) that its quantification is not practicable. Further-
more, as the diffusible bilirubin concentration rises, bilirubin leaves the
extracellular fluid, becoming sequestered in cell membranes and intra-
cellular fluid spaces.

Alternative indirect approaches have been developed to measure the
diffusible bilirubin concentration; these methods attempt to assess the
relative saturation of the albumin carrier with bilirubin. All these satura-
tion tests depend on the implication that, if the albumin is highly satu-
rated with bilirubin, then by Eq. (1) and (2), the concentration of
diffusible bilirubin is also elevated and may be at toxic levels.

In principle, four techniques are used to measure the saturation of
albumin with bilirubin.

Salicylate Saturation Index **

The basis for this test is derived from Eq. (2). If significant amounts of
bilirubin are bound to albumin at its lower affinity secondary sites, then
some of this bilirubin can be displaced if another organic anion is added
to the serum. This occurs when the anion added either binds to albumin
at the same binding site as bilirubin or directly influences its binding, and


http://www.nap.edu/catalog.php?record_id=20078

116 GERARD B. ODELL

when an association constant for that anion with albumin is of the same
order of magnitude as that of bilirubin. Under conditions where the
added anion possessing these properties is present, some of the bound
bilirubin becomes displaced; i.e., the equilibrium in Eq. (2) is shifted to
the left. The test, as run, measures the decrease in absorbance at 460 nm
of the protein-bound bilirubin in diluted sera after addition of a standard
amount of sodium salicylate as compared to a similarly diluted control
sample. The determination, requiring 40 pl of serum, can be made
rapidly because equilibrium for the binding of organic anions to albumin
is quickly attained.®

Experimentally, it is found that only a 14-percent difference in absor-
bance exists between (1) solutions containing a given concentration of
bilirubin that is completely bound to albumin and (2) solutions contain-
ing an equal concentration of nonbound (i.e., protein-free) bilirubin.
This means, for example, that a 50-percent displacement of previously
bound bilirubin by salicylate is reflected only by an 8-percent decrease in
the absorbance at 460 nm. To use this test with precision, therefore, one
must use calibrated micropipettes and microcuvettes and a spectro-
photometer capable of detecting +0.002 unit of change in absorbance.
In addition, the analysis requires correction of the absorbance at 460 nm
for nonbilirubin chromogen in the serum. This correction assumes that
bilirubin bound to albumin has the same extinction coefficient in all
patients; it necessitates performing an independent chemical determina-
tion of the bilirubin concentration so that the absorbance at 460 nm of
the serum due to bilirubin can be calculated.

The salicylate saturation test has been used clinically, and its results
are reported to reflect with considerable accuracy a significant correla-
tion between the degree of albumin saturation with bilirubin during
neonatal hyperbilirubinemia and subsequent cognitive dysfunctions of
the central nervous system at 5 years of age.?*

Dye-Binding Capacity of Jaundiced Serum ** *'

The basis for the dye-binding-capacity saturation tests rests on the
assumption that the presence of bilirubin bound to albumin diminishes
the capacity of the albumin to bind exogenously added dye substances.
Originally, the technique was employed to quantitatively measure albu-
min concentrations in serum by the determination of the change in
spectral absorbance of the dye, 2-(4’-hydroxybenzeneazo) benzoic acid
(HABA); *° but, although the dye has a very high affinity for albumin, it
was found that the simultaneous presence of bilirubin in the serum
interfered with this method for determining albumin and that the method
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yielded low results. Methyl orange has also been used and was incorpo-
rated in many autoanalyzer techniques but, again, in the presence of
hyperbilirubinemia, low albumin concentrations were found by this dye-
binding assay in contrast to the results of salt or electrophoretic frac-
tionation techniques. The degree of interference to the dye binding was
subsequently quantified as a measurement of the relative saturation of
the albumin with bilirubin. The technique involves the determination of
the amount of HABA bound by a standard pooled serum having a known
concentration of albumin containing less than 1.0 mg/d1 of bilirubin.
The amount bound is compared with that of the test serum. After
addition of HABA, the absorbancies of the standard and patient’s diluted
sera are measured at 510 nm, and the results are expressed as a percent-
age of HABA bound by the jaundiced serum relative to the standard.
This analysis also requires only 40 ul of serum, but the changes in spec-
tral absorbance are greater than with the salicylate method.

This test has been successfully employed in clinical studies to identify
infants at risk to bilirubin encephalopathy. A direct comparison of the
two techniques on the same serum samples has shown good correlations;
that is, high salicylate saturation corresponds to a low HABA binding.**
The HABA technique is not sensitive to pH (it can be performed at the
PH of the patient’s serum, whereas the salicylate test does reflect pH in-
fluences). However, protein-bound anions other than bilirubin interfere
with the HABA binding and, as a consequence, lead to indication of high
bilirubin saturations when the actual saturation with bilirubin is con-
siderably lower.

Gel Filtration for Separation of Diffusible and Protein-Bound
Bilirubin ® * . 3

As noted above, the direct measurement of diffusible bilirubin in serum
might provide a more direct indication of the infant at risk. In these
techniques, jaundiced serum is added to a small column of equilibrated
Sephadex G-25. An isotonic buffer is then used to filter the sample
through the gel matrix. The protein-bound bilirubin is restricted to the
void volume of the column, whereas diffusible bilirubin can enter the
total volume of the column and is partially adsorbed on the Sephadex
particles. After the albumin-bound bilirubin has been eluted, the column
-is tested for the presence of bilirubin; reagent is added to chemically
detect bilirubin, or the bilirubin is eluted from the column with an albu-
min solution or aqueous alkali. The recovered bilirubin is measured
directly from the absorbance of the eluate or after extraction into
chloroform.
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The eluted protein-free bilirubin is interpreted as diffusible bilirubin.
In this technique the Sephadex gel actually binds bilirubin, since the
volume of eluant required to recover the bilirubin from the column
exceeds the total volume of the column. Thus, the distribution of bili-
rubin in the column not only represents the protein-bound and the ultra-
filterable bilirubin in the native serum but it also reflects the affinity of
the Sephadex for bilirubin. As the free bilirubin is adsorbed, dissociation
of bilirubin from albumin will occur and enter the column. Because of
this adsorption, the column size is important and may explain the varia-
tions in diffusible bilirubins reported from different centers using the
method. In clinical studies this technique is able to identify infants at risk
only after the concentration of diffusible bilirubin becomes high enough
to be detected on the column, but it cannot predict relative saturation.

One further adaptation of the column technique has been developed
to measure relative saturation.?” Bilirubin is added to the infant’s serum
to progressively greater concentrations until protein-free bilirubin is
found in the subsequent gel filtrations. The difference between the
original concentration of bilirubin in the serum and the final concentra-
tion at which protein-free bilirubin first appears in the column reflects
the relative saturation. This analysis, however, requires considerably
larger serum samples for the serial additions of bilirubin required.

Determination of Concentration of Red-Cell Bilirubin *

It has been observed that, in the presence of hyperbilirubinemia,**: *
circulating erythrocytes have significant amounts of bilirubin. In vitro
studies have demonstrated that the molar concentration ratios of biliru-
bin to albumin can be used to predict how much bilirubin would be
sequestered in the red cells when suspended in such solutions.* ** Rela-
tively little bilirubin was recovered from erythrocytes when the molar
ratio of bilirubin to albumin in the suspensions was below 1 and crystal-
line albumin was used. The amount of bilirubin in erythrocytes increased
linearly when this ratio was exceeded. However, studies showed that the
bilirubin content of circulating erythrocytes from jaundiced infants was
considerably more variable than would be predicted from the absolute
concentrations of bilirubin and albumin. Such variation should be ex-
pected because the circulating albumin contains a variety of anions
bound to it that influence its binding affinity for bilirubin.

The determination involves the washing of red cells to free them
from trapped plasma and the subsequent elution of the bilirubin from
the cells by resuspending them in an albumin solution. The amount of
bilirubin eluted is then measured directly.
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The determination as reported requires 2 ml of whole blood, which
limits its clinical application, but it should be possible to adapt the tech-
nique to much smaller volumes by micromethodology. The advantage of
this method is that it affords a direct measurement of the amount of
bilirubin at the cellular level of the patient with minimal manipulation.
The test will identify infants at risk only when the concentration of
diffusible bilirubin has become elevated. It does not indicate relative
saturation of the serum albumin.

Thus far, all the saturation methods for selecting the infant at risk to
bilirubin toxicity have methodological limitations that militate against
their application in routine hospital laboratories. Almost all the studies
have shown that the relative saturation of circulating albumin with
bilirubin in a jaundiced infant can change quite rapidly, and this may not
be reflected by much change in the total concentration of serum bilirubin.
Saturation tests require serial determinations when the serum bilirubin
values are elevated, and this need for repeated determinations requires
use of techniques capable of being performed with the small volumes of
serum that can be obtained by capillary sampling.
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Bilirubin-Dependent Brain
Damage: Incidence and Indications
for Treatment

As long ago as 1950, Gerver and Day presented evidence to support
their postulate that the damage caused by hyperbilirubinemia ranges
from obvious kernicterus resulting in death or severe neurologic sequelae
to damage so minimal as to be undefinable in any one child.” To investi-
gate the latter possibility, they examined the 1Q scores of siblings born to
couples with Rh incompatibility. They found significantly higher scores
(p<0.001) among firstborn children who had not been jaundiced in
infancy than they found among later-born children who had been jaun-
diced but, because they had never shown any signs of neurologic impair-
ment, were judged to have escaped damage altogether. In a further study,
Day and Haines found the difference between similarly matched sibling
pairs to have been decreased, but not eliminated, by treatment with a
single exchange transfusion.*

In 1967, Vernon investigated the educational handicap of institution-
alized “deaf” children, comparing the auditory loss stemming from Rh
erythroblastosis during infancy with that resulting from other causes—
including congenital deafness.?* Although the Rh children had more
residual hearing than any of the other groups tested, their written

This study was supported by U.S. Public Health Service grants NB05138, NB
06919, and MC R 420022, and by the John H. Hartford Foundation, Inc.
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language, speech, and speech-reading did not reflect this advantage.
and usable hearing was due to pathology in the areas of auditory per-
ception or integration and sound symbolization. This indicated that dam-
age due to Rh erythroblastosis was broader than generally realized and
that more sophisticated psychoaudiometric techniques were needed to
properly evaluate its victims.

In the 23 years since Day’s first studies, it became standard practice
to perform as many exchange transfusions as necessary to keep the
concentration of serum bilirubin from exceeding 18-20 mg/100 ml,
which Hsia et al. found to be the generally accepted threshold for clinical
neurologic damage.® However, even this more vigorous approach has
beer found, on closer scrutiny, to offer less than complete protection.
For example, a report in 1967 of the results of the 8-month psychological
examination among infants enrolled in the Collaborative Project (CORE)
demonstrated that motor scores on the Bailey Scale were significantly
lower among infants whose concentrations of neonatal serum bilirubin
had exceeded 15 mg/100 ml than scores among infants whose bilirubin
levels had never exceeded 10 mg/100 ml.? This was true even when only
infants without evidence of perinatal anoxic insult, as defined by the
5-minute Apgar score, were considered. Additional reports of unsus-
pected damage soon appeared.® ' ** 27 One of the most convincing was
that of Odell et al., who reported a disturbingly high incidence of central
nervous system (CNs) damage, as evidenced by psychometric and neuro-
logic examinations performed at age 5 yr among 32 children in whom the
salicylate saturation index and the concentration of serum bilirubin had
been measured during the period of neonatal jaundice.*® Peak concentra-
tions of serum bilirubin ranged from 2 to 31 mg/100 ml. Treatment
consisted of one or more exchange transfusions when the bilirubin con-
centration exceeded 18-20 mg/100 ml. Three of the 18 damaged chil-
dren had classic neurologic signs of kernicterus, detectable on standard
neurologic examination, and 15 had signs of minimal cerebral dysfunc-
tion only, the most prominent being impairment of visual perception.
In this small number of children, there was no significant correlation of
damage with peak concentration of serum bilirubin, although the trend
was in the expected direction. However, there was a strong correlation
with degree of saturation of the serum proteins with bilirubin. In infants
with damage, the mean duration of hyperbilirubinemia in excess of 15
mg/100 ml was longer than in those showing no signs of cNs insult.

Not all recent workers have found a significant incidence of brain
damage among infants with concentrations of serum bilirubin below 20
mg/100 ml.* * 20 Many still consider the 18-20 mg/100 ml level to be
the appropriate indication for exchange transfusion. Yet there have been
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reports of kernicterus among very small, sick infants with concentrations
of serum bilirubin of no more than 10-12 mg/100 ml.® 2°
Vernon postulated that the discrepancy between the pure tone audiogram
This paper will report data collected in our nurseries during 1965
and 1966 relative to the danger of bilirubin associated with brain damage
and the degree to which this damage can be predicted by laboratory
measurements and clinical guidelines. Biochemical parameters included
estimation of the bilirubin-albumin reserve by the 2-(4-hydroxyben-
zeneazo) benzoic acid (HABA) method. cNs function has been estimated
by means of follow-up examinations at ages 4 and 7 yr. A preliminary
report of the 4-year results has already appeared in abstract form.?
Analysis of the 7-year results is in progress. Our findings are in essential
agreement with those of Odell and of the Collaborative Project.

Material and Methods

The study population consisted of 83 jaundiced infants cared for in the
nurseries of Pennsylvania Hospital and Children’s Hospital over an
18-month period beginning in late 1964. Treatment consisted of ex-
change transfusion, sometimes with added albumin, to prevent bilirubin
concentrations from rising above 18-20 mg/100 ml. However, outborn
infants were often admitted with hyperbilirubinemia in excess of these
limits. This study does not include small prematures with respiratory
distress syndrome (Rps) and serum bilirubin concentration of about
10 mg/100 ml because the significance of such low bilirubin concentra-
tion was not appreciated at the time.

Frequent determinations of serial bilirubin were obtained on all ba-
bies. In addition, on all pre-exchange specimens and on as many other
specimens as possible, the research laboratory ran the following tests:

e Total serum bilirubin (TsB), direct serum bilirubin, and indirect
serum bilirubin (1sB)** "

e Total serum protein (TP), albumin, and globulin **

e Bilirubin—albumin binding reserve by the HABA method (Refs. 10,
23, and L. Johnson, unpublished data)

Most of these specimens were frozen before analysis. Duplicate an-
alyses were run on a representative number at the time of bloodletting
and, at a later date, on a deep-frozen aliquot. In nonhemolyzed deep-
frozen specimens, the results in the two aliquots were virtually identical.

All follow-up examinations were performed in the Department of
Rehabilitation at Children’s Hospital. Neurologic examinations were


http://www.nap.edu/catalog.php?record_id=20078

Bilirubin-Dependent Brain Damage: Incidence and
Indications for Treatment 125

performed under the direction of Dr. Samuel Tucker and included care-
ful scrutiny for the presence of minimal cerebral dysfunction. The psy-
chometric evaluation was developed by Dr. Thomas Atkins and was
conducted by him or Mrs. Sandra Wasserstrom. It included the Stanford-
Binet test; the Graham Block Sort to assess ability for concept formation;
standardized behavioral and social maturity ratings; and assessment of
visual perception and fine motor integration by means of the Frostig
developmental tests, copy forms, 3-cube pyramid, Wallin Peg Board, and
“draw a man.” The hearing and language evaluations were conducted by
Dr. Richard Winchester and Mrs. Flora Passone, who used a number of
techniques originating in Dr. Winchester’s audiology laboratory. The
techniques permit testing of central auditory perception and central lan-
guage, including auditory memory and recall and sound symbolization,
integration, and response. A more detailed description of the testing pro-
gram and its significance will be reported elsewhere.

This report considers primarily the findings at age 4 yr in all 83
babies. A subsequent report will be confined to those 67 infants in whom
we could be sure that the “binding low” and “bilirubin high” had been
measured. Such infants have been arbitrarily defined as those in whom
the initial bilirubin binding measurements were made by at least day
3, if term, and day 4, if premature.

Results and Discussion

Tables 1 and 2 describe the study population with respect to sex, Apgar
scores, gestational age, incidence of hemolytic disease, and treatment
with exchange transfusion. Forty-five of the infants were inborn and 38
outborn. None of the 83 infants had severe apnea and none, after dis-
charge home, had an illness or accident resulting in recognizable anoxic
insult to the brain. All the children were from loving and reasonably
stable families—Ilargely white and middle class. About 10 perccnt were
black and 25 percent professional.

The incidence of suspect and abnormal ratings (designated together
as “not normal”) on the speech and hearing, psychometric, and neuro-
logic examinations at age 4 yr is summarized in Table 3.

The greatest incidence of suspect performance was found in the area
of visual perception and fine motor integration; 43.5 percent of the
children performed in the suspect range on tests assessing this modality.
Estimates of the incidence of visual perceptual handicaps in the general
population range from 5 to 30 percent.?* ** Even the highest estimate is
considerably below that found in our study population.

None of the 83 children in the study was found to have peripheral
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TABLE 1 Study Population of Children Who Had Neonatal Hyper-
bilirubinemia: Clinical Diagnosis

Diagnosis No.
Exchanged
Idiopathic jaundice 21
Rh-sensitized 30
ABO-sensitized 9
Total 60
No exchange *
Idiopathic jaundice 20
Rh-sensitized 1
ABO-sensitized 2
Total 23
TOTAL 83

¢ The total serum bilirubin did not reach 18 mg/100 ml in the 23 infants who were not
treated with exchange transfusion.

sensorineural hearing loss. However, in a disturbingly high number
(15.5%), there was evidence of a disorder of central communication
functions (Table 3). This figure represents an incidence many times that
reported for the population at large, which was estimated in 1969 to be
about 2 percent.”® Even if this is assumed to be an underestimate, the
prevalence of such problems in our study population is abnormally high.

Seventeen percent (14 of 83) of the children were rated as less-than-
normal on the neurologic examination (Table 3). Eleven had minimal
cerebral dysfunction, and three exhibited signs of neurologic damage

TABLE 2 Study Population of Children Who Had Neonatal Hyper-
bilirubinemia: Sex, Apgar Score, Gestational Age

No. No. No.

Apgar Score * Babies Males Females
Gestational Age > 37 wk 56 28 28
Apgar >7 52 25 28
Apgar <7 4 3 0
Gestational Age < 37 wk 27 14 13
Apgar > 7 19 8 12
Apgar <7 6 6 I
TOTAL 83 42 41

& Nine of the 10 infants with low Apgar scores were males; 8 of the 9 males had suspect rat-
ings on the psychometric examinations at age 4 yr.
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TABLE 3 QOutcome at Age 4 yr in 83 Infants with Neonatal Jaundice

Not Normal

Test (%)
Psychometric examination

Overall rating 34.0

Visual perception and fine motor integration 43.5
Neurologic examination 17.0

Minimal cerebral dysfunction only 13.0

Neurologically abnormal 4.0
Peripheral hearing 0.0
Central hearing and central communication * 15.5

@ Includes receptive, integrative, and expressive language and central auditory perception.

(fine and gross motor delay, abnormal reflexes, athetoid movements,
mild mental retardation). This is a higher incidence of neurologic deficit
than one would anticipate.

Because maleness, immaturity, neonatal anoxia, and prenatal and
neonatal complications are known to be associated with a higher inci-
dence of cNs sequelae, we have attempted to assess the way in which
these factors are related to the findings reported in Table 3 and to the
incidence of high serum bilirubin and low serum binding levels in our
study population.

The correlation of gestational age with sex and the major outcome
variables is given in Table 4. Premature infants had a higher incidence
of an overall suspect rating on the psychometric and neurologic examina-
tions and a lower mean 1qQ than infants at 37 weeks or more of gestation,
but the degree of trend in this small population was not strong enough to
be statistically significant. However, there was a significantly higher
incidence of bilirubin concentrations of 15 mg/100 ml or more (p<0.05)
and of HABA-binding levels below 50 percent (p<0.005) in prematurely
born infants.

Table 5 relates Apgar score to outcome and neonatal variables. There
was a significant correlation between Apgar score and sex (p<0.005),
9 of the 10 infants with low Apgar scores being male. Low Apgar score
also correlated significantly with low binding levels and with an increased
incidence of suspect ratings at age 4 yr in both the psychometric and
the neurologic test. It did not correlate significantly with bilirubin level,
although the trend was in the expected direction.

Sex, regardless of gestational age, also correlated significantly with the
major outcome variables (Table 6). However, there was no significant
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TABLE 4 Relationship of Gestational Age to Outcome and Various
Neonatal Parameters

Gestational Age (wk)

0-36 3740
(N=27) (N=56) Significance

Suspect *
Neurologic examination (% ) 220 14.5 Not significant
Psychometric examination (% ) 48.0 27.0 Not significant
Mean 1Q 106.82 111.53 Not significant
Male (%) 48.0 52.0 Not significant
Binding level < 50% (%) 92.0 48.0 Significant
(p < 0.005)
Indirect serum bilirubin > 15 mg/100
ml (%) 96.5 74.0 Significant
(p <0.05)

# Includes abnormal as well as suspect ratings.

TABLE 5 Relationship of Apgar Score to Outcome and Various Neo-
natal Parameters

Apgar Score
0-6 7-10
(N=10) (N=73) Significance
Mean 1Q 100.8 111.3 Significant
(p < 0.05)
Mean Graham Block score 283 353 Significant
(p <0.05)
Suspect *
Psychometric examination (% ) 80.0 27.5 Significant
(p < 0.005)
Perceptual motor examination (% ) 80.0 38.5 Significant
(p < 0.05)
Neurologic examination (% ) 335 15.0 Significant
(p < 0.05)
Male (%) 90.0 45.0 Significant
(p <0.05)
Binding level < 50% (%) 100.0 54.5 Significant
(p <0.05)
Indirect serum bilirubin > 15 mg/100
ml (%) 100.0 79.5 Not significant

¢ Includes abnormal as well as suspect ratings.
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TABLE 6 Relationship of Sex to Outcome and Various Neonatal
Parameters

Male Female
(N=42) (N=41) Significance
Mean 1Q 105.7 114.5 Significant
(p < 0.01)
Suspect *
Psychometric examination (% ) 52.5 14.5 Significant
(p < 0.001)
Neurologic examination (%) 26.0 7.0 Significant
(p < 0.05)
Indirect serum bilirubin (% )
> 20 mg/100 ml 28.5 24.5 Not significant
> 15 mg/100 ml 50.0 58.5 Not significant
Binding level < 50% (%) 57.0 51.0 Not significant

¢ Includes abnormal as well as suspect ratings.

correlation of sex either with concentrations of serum bilirubin or with
binding level.

Twenty-three of the 83 infants in the study population had what we
considered to be significant neonatal complications in addition to hyper-
bilirubinemia (Table 7). All 10 of the infants with 5-minute Apgar
scores of 6 or below had such neonatal complications. Complications

TABLE 7 Outcome of 4-Year Evaluation of All Tests

Ratio No. Ratio
Total Suspect ” Prema- Suspect”
Number (Percent) ture (Percent)
Complicated hyperbilirubinemia 23°® 17 (74.0) 14 10 (71.5)
23 14
Uncomplicated hyperbilirubinemia 60° 27 (45.0) 14 8 (57.0)
60 14
All infants 83 44 (53.0) 28 18 (64.5)
83 28

o In this table a child is counted as suspect if the overall rating on the neurologic, psycho-
metric, or speech and hearing examination was suspect or if the rating on an important group
of subtests in one of these examinations was suspect. Examples of important subtests are those
pertaining to visual motor functions in the psychometric examination and those pertaining to
central auditory perception in the speech and hearing examination.

*Ten had low 5-minute Apgar scores and other neonatal complications.

¢ All had 5-minute Apgar scores of 7 or more.
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included severe RDs, transient respiratory distress, aspiration pneumonia,
sepsis, vomiting, diarrhea, dehydration, and hypoglycemia of 20 mg/100
ml or below. All required specific therapy. In addition, 1 of the 23 had
minimal complications that responded to routine nursery care. Fourteen
of the 23 were 4-8 weeks premature by gestational age.

Considering all tests, 17 of these 23 infants with complicated hyper-
bilirubinemia (74% ) were given suspect ratings on at least one of the
three major examinations or on one or more of the subtests assessing
the parameters of visual motor perception, central auditory perception,
and central language. The three children with neurologic abnormalities
fell in this group.

In contrast, 27 of the 60 infants (45% ) with uncomplicated hyper-
bilirubinemia were given suspect ratings (Table 7). Fourteen of these
60 infants were premature by gestational age. The population is therefore
typical in that these known risk factors were associated with an increased
incidence of poor performance in later childhood. But it is important to
emphasize that the high incidence of suspect ratings in the infants with
uncomplicated hyperbilirubinemia (27 out of 60) suggests that treatment
based on the premise that the threshold for damage is 18 mg/100 ml
in the premature and 20 mg/100 ml in the term infant does not afford
complete protection to the brain. Analysis of the data with respect to
peak concentrations of serum bilirubin and bilirubin—albumin-binding
reserve supports this proposition and places the threshold for detectable
CNs damage at about 15 mg/100 ml even for the term-born infant
without other neonatal complications.

Relationship of Hyperbilirubinemia to cNs Function as Estimated
by Psychometric Examination at Age 4 yr

The relationship between peak concentration of TsB and outcome on the
psychometric examination appears in graphic form in Figure 1. While
higher concentrations of bilirubin are more common among children
rated as suspect or abnormal, this degree of trend in a sample the size
of our study population does not reach the level of statistical significance.
This is also true when only the indirect-reacting fraction is considered,
although the correlation then is better. However, if indirect bilirubin
levels are dichotomized, a significant correlation does exist between
outcome on the psychometric examination and exposure to hyperbili-
rubin at the level of 15 mg/100 ml and above (Table 8). The relation-
ship at the 20 mg/100 ml cutoff point, however, is not significant,
which points to the considerable risk of brain damage that exists at
levels of hyperbilirubinemia between 15 and 20 mg/100 ml. These
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FIGURE 1 Peak TSB concentration versus performance
on the psychometric examination. Figures on the horizon-
tal coordinate represent TSB concentration correct to
the nearest 1.0 mg/100 ml. Correlation with outcome is
not statistically significant but is in the expected direction.
In two of the infants, TsB exceeded 25 mg/100 ml, but
the indirect-reacting fraction was below 20 mg/100 ml in
one and below 15 mg/100 ml in the other. Better correla-
tion is achieved if only indirect bilirubin concentration is
considered, but the level of statistical significance is still
not reached. Ns=not significant.

relationships still hold when only term infants with 5-minute Apgar
scores of 7 or more are considered (Table 9) and if all tests, rather
than only the psychometric examination, make up the outcome variable.

Intelligence quotients were found to vary inversely with degree of
exposure to hyperbilirubinemia (Table 10): A significant lowering of
mean IQ scores was found in infants exposed to 4.4, as opposed to 1.7,
days of hyperbilirubinemia in excess of 15 mg/100 ml. The mean scores,
however, even in infants with the greater degree of exposure, were over
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TABLE 8 Relationship of Peak Indirect Serum Bilirubin Concentration
to Outcome on the Psychometric Examination at Age 4 yr

No. Not Normal Chi
Peak 1sB * Normal No. % Square
Less than 20 mg/100 ml 44 17 28.0 .
20 mg/100 ml and over 1 1 56.0 L6 Natalgnificant)
Less than 15 mg/100 ml 14 1 6.5
15 mg/100 ml and over 42 26 380 4B (<005

¢ Indirect serum bilirubin concentration. Concentrations have been corrected to the nearest
0.5 mg/100 ml.

TABLE 9 Incidence of Suspect Ratings at Age 4 yr®

Suspect
No. P B S
Peak 1sB * Normal No. % Chi Square
Less than 15 mg/100 ml 12 2 14.0 -
15 mg/100 ml or more 17 21 55.5 X*=540 (p <0.025)
15-19.5 mg/100 ml 9 11 55.0 e
20 mg/100 ml or more 8 10 ss5  Notsignificant

s All infants included in this table had a 5-minute Apgar score of 7 or more and were born at
37 wk of gestation or more.

¥ Indirect serum bilirubin concentration.

¢In this table a child is counted as suspect if the overall rating on the neurologic, psy-
chometric, or speech and hearing examination was suspect or if the rating on an important
group of subtests in one of these examinations was suspect. Examples of important subtests are
those pertaining to visual motor functions in the psychometric examination and those pertain-
ing to central auditory perception in the speech and hearing examination.

100 and therefore well within the normal range.* Infants with idiopathic
jaundice severe enough to require exchange transfusion were allowed
to remain with concentrations of serum bilirubin in excess of 15 mg/100
ml for a longer period than infants with Rh disease, because at that time
we were less concerned about jaundice unassociated with hemolytic
disease. The lowest mean 1Q and the highest incidence of suspect ratings
on the psychometric examination were found in these infants at age 4 yr.

* In the coRE project an 1Q below 80 is rated as suspect and below 70 is rated as
mentally deficient. These are the generally accepted groupings, but for our popula-
tion the cutoff points are probably too low.
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TABLE 10 Relationship of Duration of Hyperbilirubinemia and Type
of Jaundice to Mean 1Q Score and Rating on Psychometric Examination
at Age 4 yr

Peak Serum
Bilirubin <
18-20mg/ Rh Hemoly- Idiopathic
100 ml * tic Disease © Jaundice ©

Number of children 23 30 22
Mean 10 at age 4 yr 114.2° 108.8 103.5¢
Children with suspect ratings on

psychometric examination (% ) 26 30 45
Mean number of days serum biliru-

bin > 15 mg/100 ml 1.7 2.0 4.4

& The difference in mean 1q scores is statistically significant (p < 0.01).
b No exchange.
¢ Exchange transfused.

Relationship of Albumin Binding Reserve to Performance on the
Psychometric Examination at Age 4 yr

The correlation between poor performance on the psychometric exami-
nation and low binding levels was highly significant (Figure 2), even
when the contributions made by anoxia as defined by a low Apgar score
and prematurity as defined by gestational age were factored out. More-
over, binding levels correlated significantly with outcome when only
males with high Apgars (N=29) were considered (Figure 3). The
same would almost certainly have been true when only males of 37 weeks
or more gestational age and high Apgar scores (N=23) were consid-
ered, had the numbers been larger (Figure 3). These findings implicate
hyperbilirubinemia per se as an important cause of cNs insult, additive
to, but distinct from, other causes of brain damage. As emphasized by
Odell and others and corroborated by these findings, bilirubin-dependent
brain damage is more closely related to the degree to which the binding
capacity of the serum proteins have been saturated with bilirubin than
to the absolute concentration of bilirubin in the serum.*™-*® The threshold
for insult to cNs depends on the binding reserve involved, but it appears
to be about 15 mg/100 ml of serum bilirubin, a concentration formerly
considered safe.

The relationship of binding level to incidence of deficits in visual per-
ception and fine motor integration appears in Figure 4. Correlation at
the 0.05 level of significance is present if all babies are considered and
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FIGURE 2 Binding level versus performance on the psychometric examination.
No binding level measurements were available on 8 of the 83 infants. Ten babies
had 5-minute Apgar scores of 6 or less; 27 were premature. The correlation of
binding level with outcome persists when the data are controlled for both Apgar
score and gestational age (GA).

at the 0.025 level if the 16 less closely monitored infants are omitted
(i.e., those infants whose first binding level was obtained after day 3,
if term, and day 4, if premature). Deficits in visual perception and fine
motor integration are an important cause of learning disability in the
early school years. These data suggest that inadequately treated neonatal
hyperbilirubinemia is responsible for some of the learning disability
found among school-age children.

Others who have investigated the pattern of sequelae following neo-
natal jaundice * ** and hemolytic disease of the newborn ** have also
found perceptual motor function to be particularly vulnerable to damage.
For example, 13 of the 38 children in Hyman'’s ® study who were tested
in this area were found to have perceptual deficits. Eleven of the 13 had
peak concentrations of bilirubin above 15 mg/100 ml, suggesting that
the threshold for damage to perceptual motor pathways is about 15 mg/
100 ml. However, in her population, 20 mg/100 ml appeared to ade-
quately represent the threshold for other manifestations of cNs damage.
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FIGURE 3 Binding level versus performance on the psychometric
examination (males only). Binding level predicts outcome on the
4-year psychometric examination in males even when only those
with high 5-minute Apgar scores are considered. The trend con-
tinues when only high Apgar males born near term are considered
but falls below the level of significance when Yates's correction
for small numbers is applied. GA—gestational age; Ns=not sig-
nificant,

Duration of Exposure

The duration of exposure to hyperbilirubinemia in excess of 15 mg/
100 ml is strongly related to performance on the psychometric examina-
tion at age 4 yr. Duration of exposure and binding level were the neo-
natal parameters that, as individual tests, best predicted the incidence of
brain damage in every instance (Figure 5). An infant with an indirect
concentration of serum bilirubin of 15 mg/100 ml or more for 0-8 h is
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FIGURE 4 Binding level versus performance on the visual
perception and fine motor integration subtests of the psy-
chometric examination. The high incidence of visual per-
ceptual deficit in these children correlates well with binding
level, especially in the more closely monitored babies.

classified as having O days of exposure; one with such a concentration
for 9-32 h as having 1 day of exposure; one with such a concentration
for 33-56 h as having 2 days of exposure, and so on. On this basis, 1
of 17 infants with O days of bilirubin exposure was rated as suspect on
the 4-year psychometric examination. In contrast, 26 of 66 infants ex-
posed to such concentrations for more than 8 h were rated as suspect.
Three of 29 infants exposed for 1 day or less to this degree of hyper-
bilirubinemia were rated as suspect as compared with 24 of 54 whose
exposure ranged from 2 to 6 or more days. These differences are signifi-
cant at the 0.025 and 0.005 levels of probability, respectively. Again,
damage at a threshold of about 15 mg/100 ml of indirect serum bilirubin
is demonstrated.
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FIGURE 5 Duration of exposure to bilirubin versus per-
formance on the psychometric examination. Concentra-
tions of indirect serum bilirubin are corrected to the
nearest 0.5 mg/100 ml. A concentration of 15 mg/100 ml
or more for less than 8 h is considered 0 days of exposure.
Such a concentration of bilirubin for 8-31 h is considered
as |1 day of exposure, 32-56 h as 2 days of exposure, and
SO on.

Hyperbilirubinemia and cNs Function as Estimated by the Speech
and Hearing Examination at Age 4 yr

As mentioned previously, no one in our study population was found to
have peripheral sensorineural hearing loss, but there was an increased
incidence of central communication disorders. Figure 6 relates binding
level to outcome on the tests assessing central hearing and central lan-
guage functions. In this instance a somewhat better correlation was
found when binding levels above and below 60 percent were used for
comparison. There was a higher incidence of suspect ratings in jaundiced
children with binding levels below 60 percent than in those with binding
levels above this percentage, but the trend did not reach the level of
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FIGURE 6 Binding level versus performance on the speech and hearing subtests of
the psychometric examination. The incidence of language disorder correlates best
with binding level when children with a family history of language disorder are
excluded, but chi square is still significant only if Yates's correction for small
numbers is not applied. (FH-0 =exclusion of infants with a family history of
speech disorder.)

statistical significance. If infants with a family history of communication
(speech) disorder are excluded and only infants with Apgar scores of
7 and above are considered, the degree of correlation with low binding
levels approaches the 0.05 level of probability, even when Yates’s cor-
rection for small numbers is applied.

As noted earlier, Vernon ?° found evidence of damage to central audi-
tory pathways among a group of institutionalized ‘“deaf” children who
had recovered from Rh erythroblastosis. Hyman et al.® reported a sug-
gestive, but not statistically significant, correlation between deficits in
auditory rote memory and high concentrations of serum bilirubin. In
contrast to this study, however, Hyman’s population also showed an
increased incidence of peripheral sensorineural hearing loss.

These findings suggest that the pathways serving the functions of
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central hearing and central communication are at least as vulnerable to
bilirubin insult as are the peripheral nuclei. They also suggest that neo-
natal hyperbilirubinemia, in spite of treatment with exchange trans-
fusion, is responsible for some of the disorders of language and commu-
nication found in the population at large. This may be the case in the
absence of associated peripheral hearing loss. Further studies with larger
numbers will be required to prove this point.

Hyperbilirubinemia and cNs Function as Estimated by the
Neurologic Examination at Age 4 yr

The relationship between outcome on the neurologic examination at age
4 yr and bilirubin and binding levels is presented in Table 11. Infants
with peak 1sB concentrations of 15 mg/100 ml and above have a higher
incidence of suspect performance than those with bilirubin concentra-
tions below this level. The trend does not reach statistical significance;
however, binding level does correlate significantly with outcome on the
neurologic examinations. This is true when all babies are considered
(p<0.025) and when only babies with a high 5-minute Apgar score are
considered (p<0.05).

TABLE 11 Outcome of Neurologic Examinations at Age 4 yr¢

Not Normal
Normal No. % Significance

All babies
1SB ® less than 15 mg/100 ml 15 0 0 Not significant
1sB 15 mg/100 ml or more 54 14 . 19.0 Expected trend
BL © over 50% 27 1 3.5 Significant X* = 5.21
BL 50% or less 34 13 26.5 p <0.025
High Apgar babies
1B less than 15 mg/100 mi 15 0 0 Not significant
1sB 15/100 ml or more 47 11 19.0 Expected trend
BL over 50% 27 1 3.5 Significant X* = 4.47
BL 50% or less 28 10 26.5 p <0.05

s All the babies with a low 5-minute Apgar score had binding levels below 50 percent and
a peak 1sB concentration of 15 mg/100 ml or more. Three of the babies (33%) had suspect to
abnormal ratings on the psychometric examination.

¥ Indirect serum bilirubin concentration.

¢ Binding level for HABA dye.
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Direct-Reacting Bilirubin

The hyperbilirubinemia of three infants was characterized by a direct-
reacting bilirubin glucuronide concentration of over 50 percent. In two
of the infants the indirect-reacting fraction was below 15 mg/100 ml.
Since HABA binding measurements reflect the presence of bilirubin glu-
curonide, salicylates, sulfonamides, heme pigments, and free fatty acid—
as well as unconjugated bilirubin—the binding level must be interpreted
differently when large concentrations of these other protein-bound
anions are present. Therefore, binding levels in the three infants just
mentioned have been excluded from the analyses presented in this paper.

Bilirubin : Albumin Molar Ratio and Bilirubin : Total Protein
Ratio

The bilirubin:albumin molar ratio and the bilirubin:total protein ratio
are other potentially valuable indices of risk. As indicated in Figure 7,
the bilirubin: albumin molar ratio at the 0.65 dividing line correlates well
with outcome on the 4-year psychometric test. However, in contrast to
binding level, the correlation falls below the level of statistical signifi-
cance when the data are controlled for Apgar score. The bilirubin:Tp
ratio correlates poorly with outcome, which is unfortunate because both
total bilirubin and protein are easy to measure. The relative merits of
these indices of risk will be considered in more detail elsewhere.

Sex Differences

In sharp contrast to the findings in males, binding level does not accu-
rately predict outcome on the psychometric examination if females alone
are considered (Figure 8). In fact, females in comparison with males are
remarkably resistant to the toxic effects of hyperbilirubinemia: Only 5
of 41 females, as compared with 22 of 42 males, received less than
normal ratings. This is true in spite of the fact that there were a number
of instances in females of 1SB concentrations over 20 mg/100 ml in
association with binding levels below 35 percent and bilirubin:albumin
ratios above 0.8. This is a highly interesting phenomenon. Fat has been
shown to have a high affinity for bilirubin,'® one that approaches that of
albumin itself. It should therefore provide an effective trap for extra-
vascular bilirubin, effectiveness depending on degree of fatness. These
considerations suggest that sex differences in body composition may
explain some of the sex differences in outcome that we have observed,
since female babies have proportionately more fat, less water, and a
smaller mean size than male babies of the same gestational age.® #
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FIGURE 7 18B, bilirubin : albumin ratio, and binding level versus performance on
the psychometric examination. Both the bilirubin : albumin molar ratio and the
HABA binding level predict outcome at age 4 yr. In comparison, TsB (correct to
the nearest 1.0 mg/100 ml) is a poor indicator of risk.

That extra fat, like extra albumin, actually does offer protection
against toxic effects of bilirubin is illustrated by recently completed
animal studies in our laboratory. In the Gunn rat we have found a sig-
nificant reduction of damage to the Purkinje cells in the cerebellar vermis
of infant rats suckled on mothers fed a special high-fat breeder chow as
compared with infant rats suckled on mothers fed a regular commercial
chow (Table 12). Breeder chow babies are noticeably fatter than their
regular commercial chow counterparts. Body weight, but not degree of
hyperbilirubinemia or concentration of protein in the serum, is associ-
ated with the lesser degree of brain damage. The technique of Purkinje
cell count as an estimate of brain damage has been described else-
where.lﬁ, 24

We have also observed much better breeding and suckling capacities
in adult jaundiced females fed breeder chow. On the richer diet, jaun-
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FIGURE 8 Binding level versus performance on the psy-
chometric examination (males and females). Binding
level predicts outcome at age 4 yr in males but not in
females in spite of similar degrees of exposure to bili-
rubin. Ns=not significant.

TABLE 12 Effect of Diet of Heterozygote Nursing Mother on Suckling
Jaundiced Rats, Day 16 (six or seven rats per mother)

Regular Special
Commercial High-Fat
Chow Breeder Chow
13 males 9 males
Characteristics of Suckling Rats 13 females 19 females
Mean weight (g)
Females 36.5 41.5
Males 40.0 47.5
Purkinje cell count, cerebellar vermis *
Mean % normal 38.0 67.0
Mean % abnormal 62.0 33.0
Mean serum bilirubin (mg/100 ml) 13.0 13.5
Mean serum protein (g/100 ml) 5.0 5.0

8 Clinical neurologic signs are not evident until about 50 percent of the Purkinje cells in such
a count are abnormal.®s. =
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diced female Gunns consistently conceive and carry full-sized litters to
term. They can then suckle 6-8 fat offspring to the time of weaning
without becoming sick or thin and, after weaning, will promptly conceive
again. In contrast, female jaundiced Gunns fed regular commercial chow
conceive irregularly and reabsorb most of the products of conception
that do occur. The babies are scrawny, and most of them soon die. Occa-
sionally one or two from such a litter survive, exhibiting severe neuro-
logic (kernicteric) damage, and the mother becomes thin and exhausted.

Differences in quantity of body fat secondary to increased caloric
(fat) intake, rather than differences in nutrition related to specific fac-
tors, such as vitamin E intake, seem to explain these striking differences.

It is important to remember, however, that an alternative explanation
for some of the poor performance of boys as compared with that of girls
may lie in the difference in maturation rate of the sexes. This difference
would give 4-year-old girls a temporary advantage over 4-year-old boys
if both are judged by the same age norms. Preliminary analysis of the
results of the 7-year follow-up suggests that this is the case. There is a
relatively improved performance in boys and a less good performance
in girls at age 7 yr, especially among those with low bindings and high
bilirubins. Nevertheless, the higher incidence of suspect ratings among
males persists at the 7-year follow-up. These findings are illustrated in
Table 13, which considers only infants with uncomplicated hyperbili-
rubinemia in the 15.0-19.5 mg/100 ml range. Seventy-five percent of
the males, as compared with 17 percent of the females, received suspect
ratings in some area of the 4-year evaluation—a significant difference at
the 0.05 level of probability. At the 7-year evaluation, 55 percent of the
males—as compared with 25 percent of the females—received suspect
ratings, which represents a considerable improvement among males and
suggests that, at age 4 yr, males and females should be judged by differ-
ent norms. Although the difference between the sexes is not statistically
significant (because of the small numbers involved), it is impressive and
is in harmony with the generally accepted greater vulnerability of the
infant male at a later age.

Combined Risk Indices and Need for Treatment

Tables 14 and 15 show the effect of combining risk indices. Table 14
upper third compares high-risk infants (those with “high” bilirubin and
“low” binding levels with low-risk infants (those with “low” bilirubin
and “high” binding levels) with respect to outcome at age 4 yr. Suspect
ratings in the 4-year follow-up examination (one aspect or more) were
given to 63.5 percent of the infants in the high-risk group; in contrast,
only 14.5 percent in the low-risk group received such ratings—an inci-
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TABLE 13 Infants with Uncomplicated Hyperbilirubinemia: Incidence
of Suspect Ratings in 4- and 7-Year Follow-ups, All Tests ¢

Ratio Suspect Ratio Suspect

at Age 4 yr® at Age 7yr®

Females Males Females Males
Birth weight over 2500 g 2 8 1 5
Peak 1sB © 14.8-19.7 mg/100 ml 9 11 7 10
Birth weight 1800-2500 g 1 3 iq 1
Peak 1sB 14.8-18.2 mg/100 ml 2 1 1 1
Both weight groups _3(27 %) _9(75% ) _2(25 %) _E(SS% )

11 12 8 11
Overall _1_2(52% ) _8(42% )

23 19

@ This table considers outcome among infants with uncomplicated hyperbilirubinemia whose
peak 1SB concentrations reached 15 mg/100 ml or more but remained below the 18-20 mg/100
ml level that was recommended for exchange transfusion at the time. “Infants with uncompli-
cated hyperbilirubinemia” includes vigorous, nonedematous infants with hemolytic jaundice
whose cord hemoglobin was 12 g/100 ml or more. It excludes infants with jaundice compli-
cated by other neonatal problems, including relatively minor ones, such as a 5-minute Apgar
score of 6 or less and weight loss approaching 10 percent of birth weight.

® There is a significant sex difference in incidence of suspect ratings at 4 years of age
(p < 0.05) but not at 7 years of age.

¢ Indirect serum bilirubin concentration.

dence that probably represents a background of morbidity with respect
to cns function, entirely unrelated to bilirubin. Correlation obtained with
this combined risk index is somewhat better than that obtained when
binding level alone is considered (p<0.005). The lower two thirds of
Table 14 suggest that IsB concentrations of over 15 mg/100 ml are not
safe unless the HABA binding reserve exceeds 60 percent.

Table 15 shows the added contribution of sex and neonatal compli-
cations to the high-risk category. In this maximum-risk group, consisting

" of males with high bilirubins, low bindings, and other neonatal compli-
cations, there was a 100-percent incidence of suspect ratings on the
4-year follow-up. Obviously, all these high-risk groups need prompt
treatment.

Between these two extremes lies a group of infants with binding level
above 50 percent and 1sB of 15 mg/100 ml or more (Table 14). If the
binding level is as high as 60 percent, there seems to be little bilirubin-
associated risk since the incidence of suspect ratings in this group
(12.5%) is virtually the same as that found in the low-risk babies
(14.5%). But if the binding level lies in the 50—60 percent range with
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TABLE 14 Combined Risk Indices: Relationship to Outcome at Age
4 yr, All Tests

No.
Sus; "

Nor- —Nﬂ
Test Characteristics mal No. % Significance
BL® 50% or less 17 30 63.5 X*=8.72
15B 15 mg/100 ml or more
BL over 50% 12 2 14.5 p < 0.005
1sB less than 15 mg/ 100 ml
BL 50% or less 17 30 63.5 Not significant
1sB 15 mg/ 100 ml or more
BL 50% or more 6 9 40.0 Expected trend
1s8 15 mg/100 ml or more
BL 60% or less 19 35 65.0 X*—=5.83
158 15 mg/100 ml or more
BL 60% or more 7 1 12.5 p < 0.025

1sB 15 mg/100 ml or more

®In this table a child is counted as suspect if the overall rating on the neurologic, psycho-
metric, or speech and hearing examination was suspect or if the rating on an important group
of subtests in one of these examinations was suspect. Examples of important subtests are those
pertaining to visual motor functions in the psychometric examination and those pertaining to
central auditory perception in the speech and hearing examination.

* Binding level for HABA dye.

¢ Indirect serum bilirubin concentration.

this degree of jaundice, a 40-percent incidence of suspect ratings still
occurs and treatment of some sort is indicated.

With respect to HABA binding levels of more than 60 percent, it should
be noted that such a binding reserve is practically never seen when the
test is accurately run with an ISB concentration in the approximate
amount of 18 mg/100 ml unless considerable parenteral albumin has
been previously administered. Since the HABA-binding measurement is an
indirect estimate of the tendency of bilirubin to migrate to extravascular
binding sites, the actual amount of bilirubin that leaves the bloodstream
at a given level of binding reserve will depend on the concentration of
bilirubin in the serum, as well as on such important variables as acid
base balance and osmolarity. For these reasons, binding levels should
never be interpreted out of context, and it is probably unwise to with-
hold exchange transfusion, especially from male infants, if the 1SB ex-
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TABLE 15 Outcome at 4 Years of Age: Incidence of Suspect Ratings,
All Tests ¢

Ratio (Percent) of Children Suspect

Males and
Test Characteristics Females Females Males
1sB* 15 mg/100 ml or less _1(14.0) _2 (16.5) _1(20.0)
BL © over 50% 7 12 5
1B 15 mg/100 ml or less
BL 50% or less _— — —
1sB 15 mg/100 ml or more _3 (37.5) _6 (40.0) _3 (423)
BL over 50% 8 15 7
1sB 15 mg/100 ml 12 (40.0) 34 (55.0) 22 (69.0)
All binding levels 30 62 32
BL 50% or less _9 (41.0) 30 (63.0) 21 (84.0)
All bilirubin levels 22 47 25

Infants with other complications *
1sB 15 mg/100 ml or more
BL 50% or less

(28.5) 14 (73.5) 12 (100.0)
19 12

‘-I|N

o In this table a child is counted as suspect if the overall rating on the neurologic, psycho-
metric, or speech and hearing examination was suspect or if the rating on an important group
of subtests in one of these examinations was suspect. Examples of important subtests are those
pertaining to visual motor functions in the psychometric examination and those pertaining to
central auditory perception in the speech and hearing examination.

» Indirect serum bilirubin.

¢ Binding level for HABA dye.

¢ Twelve of these 19 infants were premature by weight; 14 were premature by gestational
age.

ceeds 20 mg/100 ml, regardless of binding levels. At the other extreme,
sick premature infants should be treated if the 1sB reaches 10 mg/
100 ml. Binding levels in such infants are uniformly low, however, and
in themselves suggest the need for treatment regardless of the “low”
concentrations of bilirubin in the serum.

Concluding Comments

We by no means anticipated finding such a high incidence of damage
among infants whose concentrations of serum bilirubin had been main-
tained, by and large, within what were then considered safe limits
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(1965-1966). Damage, we had thought, would be confined to those
few infants whose hyperbilirubinemia was complicated by other prob-
lems, such as acidosis and anoxia. And we had looked forward to finding
a sizable number of term infants with uncomplicated hyperbilirubinemia
who would prove not to be at risk in spite of concentrations of serum
bilirubin of 18-20 mg/100 ml. Instead, we found the distressingly high
sequelae rate at the lower concentrations reported here.

It may be argued that exchange transfusion, in inexperienced hands,
is too dangerous a treatment if the risk associated with nontreatment is,
much of the time, subtle and limited in degree. But it must be admitted
that the risk is negligible where the treatment is in experienced hands * *
and that learning disorders associated with minimal brain damage are
significant handicaps.?* 2

The need for safe, simple, effective modes of therapy to supplement
treatment with exchange transfusion in the management of neonatal
jaundice is apparent. A major reason for the need is that accurate esti-
mates of binding reserve are usually unavailable to clinicians. Since
phototherapy gives promise of fulfilling the requirements, it deserves to
be subjected to rigorous controlled testing with all possible speed. This
testing should include a thorough, long-term follow-up.
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Immediate and Long-Term Effects of
Phototherapy on Preterm Infants

The effectiveness of phototherapy in the prevention and control of
hyperbilirubinemia in the newborn nurseries has been demonstrated in a
number of controlled studies. Several of these studies were reviewed by
Lucey.® Nevertheless, many questions related to this form of therapy
remain unanswered. The most appropriate schedule of treatment has not
been thoroughly investigated, nor have the immediate and long-term
effects of prolonged phototherapy of the neonate been documented. In
view of this, several studies were conducted from 1970 up to the present
time at our medical center. Their purposes were to determine the effec-
tiveness of intermittent phototherapy in preventing hyperbilirubinemia
in preterm infants, to compare the effectiveness of continuous versus
intermittent phototherapy, to determine whether there are any short- or
long-term effects on growth and development of infants exposed to
phototherapy, and to study some of the side effects of phototherapy on
the neonate.

The photoenergy source for these studies consisted of a bank of 10
preheat trigger, 20-watt, daylight fluorescent lamps. Irradiance measure-

This study was supported by grants from The Birely Foundation, Mead John-
son Co., and Professional Staff Association of the Los Angeles County-USC
Medical Center and by Grant No. 5501 RR 05466-05 from the U.S. Department
of Health, Education, and Welfare.
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TABLE 1 Weight Changes on Seventh Day

Weight Gain * Weight Loss *
Group Amount (g) % Infants Amount (g) % Infants
Control (C) 97.3 =764 80.0 833 = 579 20.0
Continuous (A) 90.9 = 74.5 44.0 85.0+614 66.0
Intermittent (B) 105.3 = 77.7 57.6 52.7 +45.1 424

& Mean =* 3p.

ments, taken with filters and the Kendall Mark IV Radiometer and
conducted in an isolette incubator at the infant position, under plexi-
glass cover, were 0.245 and 0.277 mW/cm? for wavebands of 420-
460 nm and 460-500 nm, respectively.* Visible light intensity as mea-
sured by a GE photometer was 450-500 ft-c at the infant level.

Growth and Neurological Responses

In order to study the relative effectiveness of intermittent versus con-
tinuous phototherapy and the immediate effect of such therapy on
growth and neurological responses, 120 infants (birth weight, 1250-
2000 g) were placed randomly in three groups at 24 hours of age.
Group A (40) received continuous phototherapy for 5 days; Group B
(40) received intermittent phototherapy (12 h on and 12 h off) for
5 days; Group C (40) were used as controls and did not receive any
phototherapy. The mean birth weight, gestational age, and fluid and
caloric intake were comparable in the three groups. The naked infants
were nursed in an incubator; their skin temperature was maintained at
36.5-37 °C either with a servocontrol or by regulating incubator tem-
perature.

At the end of the seventh day, 44 percent of Group A, 57.6 percent
of Group B, and 80 percent of Group C had regained their birth weight
(Table 1). Although the total number of infants in Group B who re-
gained and exceeded their birth weight was less than in Group C, in
those that did gain, the mean-weight gain was greater than that of the
infants in Group C.

Similar, but less marked, changes were seen in length and head cir-
cumference (Tables 2 and 3). Groups A and B had greater increases in

* Measurements were made in conjunction with Mr. Martin Berdahl. thermody-
namicist, Space Instruments Section of the Jet Propulsion Laboratory, California
Institute of Technology, Pasadena.
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TABLE 2 Changes in Body Length

Changes in Body Length, by Week (cm) °

Group 1 2 3 4

Control (C) 1.2+09 0.6 +0.5 0.6 =05 0.8 = 0.7
Continuous (A) 0.8 +=0.7 0.8 = 0.6 0.9 0.7 0.7 = 0.6
Intermittent (B) 09 +0.7 0.8 = 0.6 0.7 +0.5 0.5+04

@ Mean = sp,

weight and length than Group C during the second and third postnatal
weeks (Table 4). Increase in head circumference was greater in Group
A than in Groups B and C in the second week (Table 3). No signifi-
cant differences were observed in mean increments in body weight,
length, and head circumference in the three groups during the third and
fourth weeks.

Moro, sucking reflex, muscle tone, and traction responses were scored
weekly as indices of neurological response. In general, Group C ap-
peared to score slightly better than A and B on the seventh day (Table
5). There were no differences in the mean scores in all the groups in
subsequent weeks.

The mean levels of serum bilirubin are shown in Table 6. The data
suggest decrease in growth and poorer neurological response during
continuous phototherapy with subsequent catch-up during the second
and third weeks. Differences were less marked between infants on inter-
mittent phototherapy and the controls. These observed differences are
intriguing. Observations on stunting of growth in animals by visible ra-
diation are relatively few. G. D. Bruckner et al.—cited by Hollwich *—
studied the effect of varying amounts of radiant energy within the visible

TABLE 3 Changes in Head Circumference

Changes in Head Circumference, by Week (cm) *

Group 1 2 3 4

Control (C) 05+03 0.7 =04 09 + 04 09 =05
Continuous (A) 04+04 09 +04 08+05 1.1 =04
Intermittent (B) 0.7 = 0.6 0.6+0.3 1.0+=0.5 09 = 0.6

& Mean = sp.
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TABLE 4 Weight Gain in Subsequent Weeks

Weight Gain, by Week (g) *

Group 2 3 4
Control (C) 139.0 + 69.8 184.5 + 55.5 193.6 = 82.3
Continuous (A) 162.4 = 62.3° 225.3 = 62.5° 195.5 = 74.2
Intermittent (B) 161.7 = 82.7° 168.1 = 103.9 179.4 = 63.1
s Mean = sp.
¥ p < 0.05.

light on New Hampshire chickens and found that the group receiving
the maximum exposure had poorer weight gain, were less active, and
had a higher mortality. Wu et al.** recently reported similar findings in
newborn Sprague—Dawley rats and rabbits. The unfavorable influence of
light on growth has also been reported in other species.® %, 13 15, 17-10
In addition, it has been shown in recent years that DNA synthesis in
mammalian tissues, as well at mitotic activity, is characterized by regular
diurnal rhythm.? ®- 1% 12 1¢ Whether continuous exposure to light energy
for several days can interfere with the diurnal rhythm in the human
neonate is not clear. Conceivably, as Wurtman had indicated,*® nerve
impulses produced by exposure to light may stimulate neuroendocrine-
transducers (e.g., the pineal gland and neurosecretory hypothalamus
region) to produce hormones that may affect the functions of target
organs, and this in turn may affect body metabolism.

It appears that some of the side effects of phototherapy (e.g., changes
in blood flow, body temperature, and insensible water loss) may also
influence the metabolic rate in neonates on phototherapy. Such changes
may contribute to the differences in weight gain and growth.

TABLE 5 Neurological Responses on Seventh Day

Neurological Response Score *

Group Tone Moro Suck Traction
Control (C) 2.1 +07 29 +=09" 3.3 +1.0° 2008
Continuous (A) 2109 2308 28+ 1.1 20+09
Intermittent (B) 2108 25+06 29+ 1.1 21+08

s Score: Absent, 0; poor, 1; fair, 2; good, 3; increased, 4.
*p < 0.05.
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TABLE 6 Serum Bilirubin Mean Levels During Phototherapy

Serum Bilirubin by Day of Phototherapy (mg/100 ml) *

Group 1 2 3 4 5 6 7
Control (C)
a.m. 7025 83 27 9435 8.7+39 8.4+ 4.0 6.4+ 24 59+28
p.m. 7.7 +26 83 27 94 +3.5 7933 6.7+3.5 6.1 2.1 49+ 2.1
Continuous (A)
a.m. 7.0+ 20 6.7 +23 63 +23 52+ 18 48 +23 44+18 50+23
p.m. 64+19 58+20 49 + 1.5 46+ 1.5 48 +23 4.4+ 1.7 46+ 2.1
Intermittent (B)
a.m. 7320 79+26 70+24 6.9 = 2.6 6.0 +27 54+25 54+24
p.m. 6.6 + 1.8 6319 6.6 + 2.8 5825 52+23 4.8 = 2.1 4723

& Mean = sp.
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TABLE 7 Changes in Blood Flow, Temperature, and Rates of Respira-
tion and Heartbeat with Phototherapy (First Study)

Prephototherapy Phototherapy

(M = 1sp) (M = 1sp) “t” Test
Blood flow (ml/100 ml
tissue/min)
Total 9.98 + 1.40 21.73 = 5.18 p <0.01
Muscle 5.58 + 1.22 7.43 = 1.60 p < 0.02
Skin 4.40 = 1.0 1431 = 4.92 p <0.05
Temperature (°C)
Skin 36.1 = 0.6 36.7+ 0.8 p < 0.05
Rectal 36.4 + 0.7 36.7 0.8 Not significant
Incubator 339+ 14 354x=16 p < 0.05
Respiration (rate/min) 47.0 = 9.0 620+ 11.0 p < 0.01
Heartbeat (rate/min) 143.0 = 3.0 162.0 = 10.0 p <0.01

source: Data from Wu erf al.®

Blood Flow

The phenomenon of vasodilatation and erythema in the skin on exposure
to ultraviolet (uv) radiation is well known.® 7 Radiant energy from
phototherapy lamps with an intervening plexiglass cover almost com-
pletely eliminates radiation in the short uv wavelengths; **' ** however,
a significant proportion of the long uv and near uv wavelengths do pass
through the plexiglass cover.* To what extent irradiation from photo-
therapy lamps will influence peripheral circulation is not known. In
order to study this, the electrocapacitance plethysmograph with local
counter pressure * was adapted for measuring total blood flow and blood
flow through the skin and muscle in the calf. Twenty icteric preterm
infants (mean birth weight, 1691 g; mean postnatal age, 5 days) were
studied. Two sets of blood-flow measurements were recorded from each
infant, once before and once during phototherapy. The infants were
divided for two studies. In the first study, involving 10 infants, no at-
tempt was made to alter the prephototherapy incubator settings. The
results indicate that, during phototherapy, total blood flow increased by
a mean of 116 percent (Table 7). This increment was due primarily to
increase in skin blood flow, which increased by 224 percent, and, to a

* Measurements were made in conjunction with Mr. Martin Berdahl, thermody-
namicist, Space Instruments Section of the Jet Propulsion Laboratory, California
Institute of Technology, Pasadena.
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lesser extent, muscle blood flow, which increased by 35 percent. Con-
comitant increases in heart rate, respiration rate, and skin and incubator
temperature were observed. No significant changes were observed in
rectal temperature (Table 7). In the second study, the skin temperature
was kept constant at 36.5 °C before and during phototherapy by adjust-
ment of incubator temperature. Significant increases were observed in
total and skin blood flow, with mean increases of 14 and 52 percent,
respectively (Table 8). Muscle blood flow, respiration, and heart rates
remain unchanged (Table 8).

These findings suggest that increases in surface temperature during
phototherapy and the direct effect of photoirradiation resulted in aug-
mentation of total blood flow. Temperature change appears to affect
both skin and muscle blood flow while phototherapy without change in
skin temperature caused an increase in skin blood flow.

This effect of phototherapy on peripheral circulation is important for
several reasons. In icteric infants exposed to phototherapy, the presence
of icterus in shielded areas of the skin suggests that photooxidation
occurs in the skin, and augmentation of blood flow to the skin may
therefore increase the efficiency of phototherapy. How this shunting of
blood to a wide skin area affects the circulatory system and cardiac
output needs to be studied. Increase in peripheral blood flow may help
in heat dissipation and increase evaporative losses from the skin.

TABLE 8 Changes in Blood Flow and Temperature, and Rates of
Respiration and Heartbeat with Phototherapy (Second Study)

Prephototherapy  Phototherapy

(m=1sp) (m =+ 1sb) “t” Test
Blood flow (ml/100 ml
tissue/min)
Total 14.30 + 2.45 19.48 + 2.90 p <0.01
Muscle 5.84 + 1.40 6.73 = 2.11 Not significant
Skin 8.46 =190 12.74 = 297 p < 0.01
Temperature (°C)
Skin 36.5 36.5
Rectal 370+ 0.4 36.20 = 0.8 p < 0.02
Incubator 35618 340+ 1.0 p<0.02
Respiration (rate/min) 480+7.0 47.0x+17.0 Not significant
Heartbeat (rate/min) 139.0 + 4.0 141.0 = 4.0 Not significant

soURce: Data from Wu et al.®

NOTE: The prephototherapy control groups of the first study (Table 7) and the second study
exhibited greater differences in blood flow associated with the differences in skin, rectal, and
incubator temperatures than did the postphototherapy study groups.
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Insensible Water Loss

A series of studies on insensible water loss were done on 21 well pre-
term infants (mean birth weight, 1670 g). Each infant was studied
twice, once before and onge during phototherapy. Each study consisted
of observations made during four consecutive half-hour periods. Study
periods were initiated 30 min-1 h after feeding, with the infant lying
naked, in a quiet state, in an incubator. Heart rate, respiration rate, and
skin, rectal, and incubator temperature were recorded. Changes in body
weight were measured by a Potter’s Electronic Scale. Since weight of
CO, excreted and O, consumed accounts for only a small proportion
(10%) of wL, they were not taken into account in the results. IWL
was found to be significantly increased from a mean of 0.7+0.24 (sp)
ml/kg/h before phototherapy to a mean of 2.14 +0.40 (sp) ml/kg/h
during phototherapy (p<0.01). Concomitant increases, similar to those
obtained in the preceding blood-flow studies, were observed in heart
rate, respiration rate, and skin and incubator temperature.

This increase in IWL may be due to radiant heat, from the photo-
therapy lamps, on the skin. In recent observations made by us,* addi-
tional far-infrared energy was present inside the incubator when the
lamps were actually operating for 30 min—1 h, but was not present the
instant after the lamps were turned on. The rise in skin temperature may
account for vasodilatation. This, coupled with increased respiratory rate,
would increase IwWL. Since the vaporization of 1 g of water accounts for
the loss of about 0.58 calorie of heat from the infant, IwL accounts for
the dissipation of about one fourth of the heat of metabolism under
basal circumstance. Phototherapy alters the environment both by
photoenergy and by radiant heat. Under these circumstances, although
metabolic rate may be expected to increase, the rise may not be pro-
portional; e.g., a threefold rise in 1wL during phototherapy may not
represent a threefold increase in metabolic rate. In addition, because
these observations on IWL were made in preterm infants, various fac-
tors—including differences in metabolic response to thermal stress due
to immaturity, thickness, and water content of skin, and increased re-
spiratory rate >—may also affect our results. In addition, the possibility
exists that infrared energy from the lamps may be a factor in vaporiza-
tion of water; however, it seems reasonable to postulate that a caloric
drain imposed by increased 1wL would occur during phototherapy.

* Measurements were made in conjunction with Mr. Martin Berdahl, thermody-
namicist, Space Instruments Section of the Jet Propulsion Laboratory, California
Institute of Technology, Pasadena.
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Balance Studies

The passage of loose stools by the infant during phototherapy has been
frequently noted. It seems that this could interfere with absorption of
nutrients. To examine the possibility, balance studies have been per-
formed on infants while they were receiving phototherapy; the results
were compared with those obtained after phototherapy. The methods
used were similar to those published by Wu et al.?®° Table 9 shows the
results obtained from one infant. The net balance of water, nitrogen,
sodium, and potassium was found to be less during phototherapy than
during the control period. During the phototherapy period, the infant
did not gain weight, and his measured water balance was 85.3 ml.
Assuming that his IwL was about 2.1 ml/kg/h, his entire water balance
was lost through 1wL. The balance data from the period when he was
off phototherapy indicate a net gain in weight of 25 g. This increment is
compatible both with increase in body water and with increase of intra-
cellular substance, since retention of potassium in relation to retention
of nitrogen is adequate. Another interesting fact is the negative balance
of sodium obtained during both balances. The negative balance is com-
patible with the contraction in body sodium content in infants during
the first few days of life.

We were able to conduct a 2-year follow-up on 57 of the 120 infants
studied. Weight, length, and head circumference were recorded as per-
centile of expected growth for chronologic age on the Boston-Anthropo-
metric curve for weight and length and on Nellhaus curves for head
circumference. The results are shown in Table 10. At 2 yr, there were no
significant differences in measurements between the continuous or inter-
mittently treated and the control infants.

TABLE 9 Balance Studies of One Infant (kg/24 h)

Phototherapy Period (24 h) " Control Period (24 h) *
Output Output
Intake Urine Stool Balance Intake Urine Stool Balance
H.O (ml) 156.5 74.1 19.2 853 189.1 658 74 1159
N (g) 0.59 0.12 0.12 035 0.71 0.10 0.06 0.54
Na (mM) 239 437 029 227 289 296 041 —0.21
K (mM) 370 1.7 1.05 094 448 0.99 043 3.06

¢ Initial weight (wt,) = 1520; final weight (wt,) = 1520.
® Wi, = 1525; wt, = 1550.
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TABLE 10 Phototherapy Follow-up, 1970-1971 Study, at 2 Years
of Age

Phototherapy Group

Continuous Intermittent Control

(A) (B) <)
Parameter * No. % No. % No. %
Weight < 10% 6 32 2 11 9 47
Body Length < 10% 9 47 8 44 7 37
Head circumference < 2% 2 10 0 — X 10
Total No. Retested 19 18 20

& Parameters are those for normal growth for this age on the Boston-Anthropometric curve
(for weight and body length) and Nellhaus curve (for head circumference).

The data from these studies suggest the need for further observation
of the biological effects of photoirradiation on infants. Appropriate in-
crease in fluid and caloric intake may compensate for the increased
insensible water loss (1wL) and caloric drain. The follow-up results
appear to be reassuring.

Acknowledgments

Other co-investigators involved with various parts of the studies reported here
were Joan E. Hodgman, M.D., Rosie Lim, M.D., Mary Kokosky, M.D., Annabel
Teberg, M.D., Woon Wong, M.D., and Norman Levan, M.D.

REFERENCES

1. Echave Llanos, J. M.. M. D. Aloisso, M. Souto, R. Balduzzi, and J. M. Surur.
Circadian variations of pDNA synthesis, mitotic activity, and cell size of hepa-
tocyte population in young immature male mouse growing liver. Virchows
Arch. 8:309-317, 1971.

2. Fanaroff, A. A., M. Wald, H. S. Gruber, and M. H. Klaus. Insensible water
loss in low birth weight infants. Pediatrics 50:236-245, 1972.

3. Hollwich, F. Experimentelle Untersuchungen iiber die Beziehungen des
energetischen Anteiles der Sehbahn zu der Regeneration des Blutes. Miinch.
Med. Wochenschr. 95:212-214, 1953,

4. Hyman, C., T. Greeson, M. Clem, and D. Winsor. Capacitance-plethysmo-
graph method for separating blood flow in muscle and skin in the human
forearm. Am. Heart J. 68:508-514. 1964.

5. Jones, M. F., and A. Hollaender. The effect of long ultraviolet and near


http://www.nap.edu/catalog.php?record_id=20078

160

17.

18.

19.

20.

21,

22.

23.

24,

PAUI:. Y. K. WU

visible radiation on the eggs of the nematodes, Enterobius vermicularis and
Ascaris lumbricoides. J. Parasitol. 28 (Dec. Suppl.): 17-18, 1942, (A)

Lewis, T. The Blood Vessels of the Human Skin and their Responses, p. 117.
London: Shaw, 1927.

Licht, S. H., Ed. Therapeutic Electricity and Ultraviolet Radiation, p. 262.
Baltimore: Waverly Press, 1959.

Lucey, J. F. Phototherapy of jaundice 1969. Birth Defects 6:63-70, 1970.
Malyuk, V. I, and V. M. Fomicheva. The diurnal dynamics of DNA syn-
thesis in cells of the thoracic duct wall. Autoradiographic study. Antiologica
8:1-6, 1971,

Morgan, W. W., and S. Mizell. Diurnal fluctuation in pNA content and DNA
synthesis in the dorsal epidermis of Rana pipiens. Comp. Biochem. Physiol.
38:591-602, 1971.

. Morris, T. R. The effect of light intensity on growing and laying pullets.

World Poult. Sci. J. 23:246-252, 1967.
Nir, I., N, Hirschmann, and F. G. Sulman. Diurnal rhythms of pineal nucleic
acids and protein. Neuroendocrinology 7:271-277, 1971.

. Oftt, J. N. Effects of wavelengths of light on physiological functions of plants

and animals. Illum, Eng. 60:254-261, 1965.

Plexiglass Design and Fabric Data, p. 19105. Bulletin PL53G. Philadelphia:
Rohm and Haas Co., June 1971.

Scholz, K., and C, Lips. Zur Frage des Lichteinflusses auf die Mast-und
Schlachtleistung von Schweinen. Tierzucht 18:639-640, 1964,

Squibb, R. L. Effect of lighting regimen on simultaneous diurnal rhythms
of nucleic and free amino acids in the liver, heart, intestine and pancreas of
the chick. Poult. Sci. 50:486-491, 1971.

Tamimie, H. S. Influence of different light regimens on the growth and sexual
maturity of chickens. Growth 31:183-189, 1967,

Tamimie, H. S. Light exposure of incubating eggs and its influence on the
growth of chicks. I. Brooding chicks under different light regimens. Comp.
Biochem. Physiol. 21:59-63, 1967.

Tamimie, H. S., and M. W. Fox. Effect of continuous and intermittent light
exposure on the embryonic development of chicken eggs. Comp. Biochem.
Physiol. 20:793-799, 1967.

Wu, P. Y. K., W. Oh, A. Lubetkin, and J. Metcoff. “Late edema” in low
birth weight infants. Pediatrics 41:67-76, 1968.

Wu, P. Y. K., W. H. Wong, J. E. Hodgman, and N. Levan. Changes in
blood flow in the skin and muscle with phototherapy. Pediatr, Res. 8:257-
262, 1974.

Wu, P. Y. K, T. Yoshida, J. E. Hodgman, and B. Siassi. Cellular growth
changes in newborn rats exposed to phototherapy. Pediatr. Res. 6:431/171,
1972. (A)

Wurtman, R. J. The pineal and endocrine function. Hosp. Pract. 4:32-37,
1969.

Yasunaga, S., and E. H. Kean. The effect of Plexiglas incubators on photo-
therapy. J. Pediatr. 81:89-90, 1972.


http://www.nap.edu/catalog.php?record_id=20078

RICHARD J. WURTMAN

Effects of Light on Man

Light and Biological Rhythms

The amount of time that all living things are exposed to light varies with
two cycles: a 24-hour, light—dark cycle of day and night and an annual
cycle of changing day length, absent only at the equator. These light
cycles correspond to many rhythmic changes in mammalian biological
functions: Motor activity, sleep, food and water consumption, body
temperature, and the rates at which many glands secrete their hor-
mones—all these vary with rhythms whose periods approximate 24 h
(Table 1). Thus, the concentration of cortisol in the blood of human
subjects has a characteristic 24-hour rhythm; it is maximal in the morn-
ing hours and attains its nadir in the evening. When people reverse their
activity cycles (for example, by working during the hours of darkness
and sleeping during daylight), their plasma cortisol rhythms require
5-10 days to adapt to the new environmental conditions.”

Annual rhythms in sexual activity, hibernation, and migratory behav-
ior are also widespread among animal species. The physiological signifi-
cance of such rhythms probably derives from their ability to synchronize
the activities of multiple members of a species to each other and to
enable the animals to “anticipate” annual cycles of changing environ-
mental conditions. For example, sheep ovulate and are fertilized in the

161
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TABLE 1 Some Rhythmic Functions in Man

Usual Time of

Rhythmic Function Peak Level or Activity
Sleep 14 am.
Eosinophils in blood 1-3 a.m.
ACTH in plasma 2-5a.m.
Cortisol in plasma 6-9 a.m.
Magnesium and calcium in urine 9-11 a.m.
17-Hydroxycorticosteroids in urine 10-12 a.m.
Sodium and potassium in urine 1-3 p.m.
Wakefulness 1-4 p.m.
Urine volume 3-6p.m.
Catecholamine metabolites in urine 4-7 p.m.
Body temperature 4-6 p.m.
Skin reaction to subcutaneously injected histamine 7-11 p.m.
Phosphates in urine 10-12 p.m.

fall, thus anticipating the spring by many months, when food will be
available to the mother for nursing the newborn. For humans, the adap-
tive pressures of cyclic changes in the environment appear to be of less
significance. Psychosocial factors probably are of greater importance
than light cycles in generating or synchronizing biological rhythms. The
biological utility to humans of having a sleep—wakefulness rhythm, or
of other rhythms that follow from it, remains to be identified.

Cycles in environmental lighting may interact with biological rhythms
in several ways. The light cycle may induce the rhythm; in this event,
placing a mammal in an environment of continuous light or darkness
should rapidly abolish the rhythm. Thus, the content of norepinephrine
in the rat pineal varies each day with a characteristic thythm, but the
rhythm disappears in the absence of day-night light cycles.?” (The
neuroanatomic and physiological mechanisms by which environmental
lighting affects pineal metabolism are described below.) Another cyclic
environmental input—dietary protein—has also been shown to generate
a daily rhythm. Amino acids consumed as protein travel to the liver via
the portal circulation after each meal and cause the protein-synthesizing
units (polysomes) to become aggregated. This accelerates the synthesis
of a hepatic enzyme, tyrosine transaminase.®

Rather than inducing the rhythm, the light cycle might simply entrain
it, causing all animals in the same species to exhibit maxima and minima
at about the same times of day or night. The factor that generates the
rhythmicity per se could be a different cyclic environmental input (such
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as dietary protein) or an intrinsic oscillator (perhaps that metaphysical
monstrosity, the “biological clock”). In either case, placing the mammal
in an environment of continuous light or darkness should not extinguish
the rhythm. If the rhythmic chemical or physical process can be sampled
repeatedly in the same animal, it is possible to show that in the absence
of a cyclic lighting input the rhythms in different animals become dis-
sociated from one another. Presumably this dissociation occurs because
the rhythm “free-runs” or becomes *‘circadian”; - 1°- !* that is, its precise
period changes from exactly 24 h to something that is more or less char-
acteristic for each animal. If the rhythm does free-run, this is good evi-
dence that it is not generated by a cyclic environmental input exhibiting
24-hour periodicity (such as light, ambient temperature, or humidity).
It could, of course, be generated by other cyclic environmental inputs
(such as food and water consumption) that also free-run in the absence
of light; or it could result from intrinsic oscillators. In any case, only a
few rhythms are amenable to this sort of experimental analysis in mam-
mals, since only rhythms in behavior, body temperature, and plasma and
urinary concentrations can conveniently be studied by repeatedly sam-
pling the same subject.

Relatively little information is available concerning the action spectra
or intensities required for light to generate or entrain daily rhythms in
mammals; it is known that light is the dominant environmental input
affecting rhythms and that light exerts its effects indirectly via retinal
photoreceptors. The action spectrum for the entrainment of the body
temperature rhythm in rats *? is similar to that required for the inhibition
of the rat pineal * and to the absorption spectrum of rhodopsin.’” (See
Figure 1.)

Light and the Mammalian Pineal Organ

Of all the indirect effects of light on mammalian processes, the photic
control of hormone synthesis in the pineal organ is, next to vision, the
best characterized. The great current interest in the pineal organ was
probably initiated by Lerner’s discovery of its hormone, melatonin, in
1959. Experiments performed subsequently have shown that nervous
impulses reaching the pineal via its sympathetic nerves control the rate
at which this organ synthesizes melatonin.?® These impulses vary in-
versely with the amount of visible light impinging on the retinas.’® They
are carried through the brain, spinal cord, and sympathetic nervous sys-
tem by a circuitous route that differs from the pathway responsible for
vision (Figure 2).

If rats are maintained for several days under conditions of continuous


http://www.nap.edu/catalog.php?record_id=20078

164 RICHARD J. WURTMAN

—005
80+
® Green
E —004
% 60— Rhqu’.’SSII'I
Blue ® |

e / pectrum

—003
§
B 40—
£ ® Yellow _looe
‘s
&0l
‘g olet ® —00I

| | | N Red |
o—if 300 400 500 600 $ 700 nm 9

FIGURE 1 Inhibition of the pineal enzyme hydroxyindole-O-methyl transferase
(H1oMT) by light of various colors. Groups of rats were exposed to five narrow-
spectrum light sources (ultraviolet, blue, green, yellow, and red) for 96 h each.
These sources were all at the same level of radiant energy (65 uW/cm®). The
percentage of inhibition of the melatonin-synthesizing enzyme is co-plotted with
the absorption spectrum of rhodopsin, the visual pigment present in the rat ret-
ina. (From Cardinali et al.*)

illumination, the activities of the pineal enzymes involved in melatonin
biosynthesis decrease manyfold.*® This effect is absent in animals whose
eyes have been removed or in which the nerves to the pineal have been
cut. The decrease in pineal enzyme activity appears to be an exaggera-
tion of the “normal” response of the pineal to natural light cycles; mela-
tonin synthesis is also slowest at the end of the daily light period among
animals kept in a cyclically lighted environment.? Although the precise
role of melatonin (the main pineal hormone thus far characterized) in
the physiology of the intact mammal has not yet been ascertained, it is
well established that its administration affects the secretion by various
endocrine organs, probably by acting on neuroendocrine control centers
in the brain.?° It also induces sleep, modifies the electroencephalogram,
and raises the levels of the neurotransmitter serotonin in the brain. Mela-
tonin administration blocks the cyclic release of the luteinizing hormone
—the hormone responsible for ovulation—from the anterior pituitary
gland. Immature rats kept under continuous illumination became sex-

Change of Absorbance of Rhodopsin
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FIGURE 2 Representation of neural pathways by which light
indirectly controls the synthesis of the pineal hormone mela-
tonin. Light stimuli reach the pineal by a circuitous route ulti-
mately involving the sympathetic nervous system. Photorecep-
tors in the eye respond to environmental lighting by generating
nerve impulses that are transmitted along the optic nerve.
Most of these impulses travel to brain centers that are asso-
ciated with vision. A small fraction diverge from the main
visual pathway and, instead, travel along a nerve bundle (the
inferior accessory optic tract) that leads to the central hy-
pothalamic neurons involved in the regulation of the sympa-
thetic nervous system. From this point, the pathway descends
via the spinal cord to the preganglionic neurons supplying the
superior cervical ganglia; the postganglionic neurons then as-
cend to the pineal where they act by liberating the neurotrans-
mitter norepinephrine. Norepinephrine enhances the activity
of several pineal enzymes involved in the synthesis of mela-
tonin. (From Wurtman et al.*)
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ually mature at an earlier age than animals kept under a 24-hour, light—
dark cycle; * this effect may have been mediated by the photic inhibition
of melatonin secretion.

In summary, although the mammalian pineal is not directly responsive
to light, its secretory activity is controlled by light. The secretion of
melatonin by the pineal may serve to synchronize the lighting environ-
ment with intrinsic biological processes that are not primarily dependent
on light. In certain lower vertebrates, the pineal is directly responsive to
environmental lighting,® ** serving as a photoreceptive “third eye” that
sends messages about the state of environmental lighting to the brain. In
the mammalian pineal organ, all such traces of direct photoreceptive
function appear to be lost. The retinal photoreceptor that mediates the
control of the mammalian pineal by light has not yet been identified.
Recent studies suggest, however, that this photoreceptor utilizes rhodop-
sin and may thus be a rod cell.* Figure 1 illustrates the similarity between
the action spectrum for the photic inhibition of pineal HioMT (hydroxy-
indole-O-methyl transferase), an enzyme required for melatonin biosyn-
thesis, and the absorption spectrum for rhodopsin. The intensity of white
light required to cause a 50-percent suppression of pineal biosynthetic
activity in the intact rat is about 0.5 xW/cm* (K. Minneman, H. Lynch,
M. Hsuan, and R. J. Wurtman, Life Sciences, in press).

Light and Mammalian Gonadal Function

Environmental lighting has been shown to influence the maturation and
subsequent cyclic activity of the gonads in all mammalian and avian spe-
cies thus far examined.” The particular responses of each species to
light seem to depend on whether the species is monoestrous or poly-
estrous—that is, whether it normally ovulates once a year (in the
spring or fall) or at regular intervals throughout the year. Examples
of the latter are laboratory rats (every 4-5 days); guinea pigs (every
12-14 days); and humans (every 29 days). The gonadal responses of
each species to light also seem to depend on whether its members are
physically active during the daylight hours or during the nighttime.
Thus, if weanling rats (a nocturnal, polyestrous species) are kept from
birth under continuous illumination, they mature at a younger age than
control animals kept under cyclic illumination, but then they fail to
ovulate cyclically, exhibiting instead a state of “persistent estrus.” *
Blindness in humans (a diurnally active, polyestrous species) is also
associated with early gonadal maturation.?® (See Table 2.) The gonads
of most birds and of most diurnally active, monoestrous mammals ma-
ture in the springtime, in response to the gradual increase in day length.
Ovulation can be accelerated in these animals by exposing them to arti-
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TABLE 2 Effect of Blindness on Age of Menarche in Humans ¢

Mean Age
Group * Number (mo) sD SE
IA Premature, blind ¢ 85 143.0 14.5 1.64
IB Premature, blind 107 144.0 14.3 1.4
II Premature, nonblind 98 150.8 16.1 1.6
III Term, blind * 68/ 146.0 14.6 1.9
IV Term, nonblind 235 150.5 10.2 0.7

s Derived from Zacharias and Wurtman.®

» Girls in Group IA had no light perception; those in Group IB had some.

¢ Prematurely born girls.

¢ Differs from Group II, p < 0.01.

¢ Girls born at full term.

f The nine subjects in this group without light perception were not included in the study.
# Differs from Group 1V, p < 0.01.

ficial “long days.” The annual period of gonadal activity in domestic
sheep (a diurnally active, monoestrous species) occurs in the fall, in
response to decreasing day length. The mechanisms that cause some
species to be monoestrous and others polyestrous, or that cause some
animals to sleep by day and others by night, are entirely unknown, as
are those that cause wide variation in the gonadal responses of various
species to light.

In birds, photoreceptors capable of mediating gonadal responses ap-
parently exist in the brain as well as in the eyes; hence, light reaching the
brain of the duck via quartz rods placed in the eye sockets can be used
to accelerate gonadal enlargement.® In adult mammals, however, only
the retinas appear to contain the photoreceptor cells necessary for stimu-
lating gonadal responses (or any other neuroendocrine effects, for that
matter). In support of this conclusion, removal of the eyes completely
blocks the ability of experimental illumination to accelerate maturation
or to interfere with the mechanisms responsible for causing ovulation.s
The neural and neuroendocrine pathways connecting the retinas and the
gonads are poorly defined. One such pathway probably involves the
pineal organ and melatonin; *° another may utilize cells in the hypo-
thalamus, which, by secreting “releasing factors,” control the secretion
of gonadotropin hormones from the anterior pituitary. The action spec-
tra for the effects of light on mammalian gonads have not been identified.

Light and Vitamin D

Vitamin D,, or cholecalciferol, is formed in the skin and subcutaneous
tissue when ultraviolet light is absorbed by its provitamin, 7-dehydro-
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tachysterol; it can also be obtained by eating fish. The precise action
spectrum for the activation of the provitamin in vivo is not known; it
may include both midultraviolet (290-320 nm) and long-wave ultra-
violet (320—400 nm) irradiations. A related biologically active com-
pound, vitamin D,, can be obtained by consuming milk and other foods
fortified with irradiated ergosterol (ergocalciferol); however, it remains
to be demonstrated that this exogenous source is as biologically effective
as the vitamin D formed in the skin. In a population of Caucasian adults
from St. Louis, Missouri, 71-91 percent of the total vitamin D activity
in the blood was observed to be associated with vitamin D, and its
derivatives; " hence, sunlight remains vastly more important than food
as a source of vitamin D.

Recent studies by DeLuca and others have shown that vitamin D
compounds are further transformed by the liver and kidneys to more
active metabolites that are hydroxylated at the 1 and 25 positions; these
metabolites act on the intestinal mucosa to facilitate calcium absorption,
and on bone to facilitate calcium exchange.® Loomis has suggested that
the term vitamin D is a misnomer; the active compound is normally syn-
thesized endogenously and thus is much more a hormone than a vita-
min."* Like the hormone thyroxine, which cannot be synthesized in the
absence of the dietary constituent iodine, the hormone vitamin D cannot
be formed in the absence of the environmental input light. Just as one
could substitute the consumption of irradiated milk for exposing oneself
to sunlight, a person could replace his need for dietary iodine by con-
suming bovine thyroids. This does not mean that thyroxine should be
considered a vitamin.

It has been recognized for some years that children chronically
exposed to inadequate amounts of sunlight may develop rickets, a de-
forming disease characterized by undermineralization of the bones. This
disease can be cured by irradiating the skin with ultraviolet light or by
feeding afflicted children 200—400 IU of vitamin D daily.'* Recent stud-
ies in Boston showed that apparently normal, elderly males deprived of
ultraviolet light for 3 months (by remaining indoors during the winter
in environments illuminated by standard incandescent or fluorescent
sources) developed an impairment in the ability of their intestinal mu-
cosa to absorb calcium. Concurrent exposure of similar males for 8 h/d
to a lighting environment designed to simulate the solar spectrum in the
visible and near-ultraviolet ranges blocked the 40-percent fall in calcium
absorption observed in the control subjects.’® (See Figure 3.) The amount
of ultraviolet light impinging on these subjects was equivalent to the
amount that they might be expected to receive during a 15-minute lunch-
time walk in the summer. It seems possible that the appropriate design
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FIGURE 3 Stimulation of calcium absorption in elderly human subjects by arti-
ficial lighting. From December 20, 1968, to April 25, 1969, 18 healthy males be-
tween 57 and 80 years of age were asked to stay indoors and away from open
windows during daylight. Twelve subjects were considered the experimental
group and six were considered the controls. During Period 1, all subjects were
exposed to regular fluorescent lighting; at the end of this period the ability of
each subject to absorb calcium was estimated by measuring the percentage of
“"Ca passed in feces within 6 days of ingestion. During Period 2, the 12 experi-
mental subjects were exposed to an artificial sunlight illuminant (Vita-Lite) while
the 7 controls remained under regular fluorescent luminaires that lacked significant
ultraviolet emissions, At the end of this period, Ca absorption was again mea-
sured. In Period 3, all subjects were again exposed to the conditions of artificial
light used during Period 1. Differences between experimental and control groups
after Period 2 were significant (p < 0.01). (From Neer et al.**)
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of artificial lighting environments could provide a powerful public health
measure for the prophylaxis of undermineralization of the skeleton.
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Circadian Rhythms

Effect of Light on Circadian Rhythms

Since the introduction of jet travel, most of us have become more aware
of our internal rhythms, or at least of the fact that shifting the phase of
the daily “synchronization” can cause discomfort, if not actual physio-
logical disruptions. Although human rhythms have been known for a
long time,* ' '7 jt is only recently that their semiautonomy has been
appreciated along with their truly important interaction with various
functional systems.3-%: 12 20, 24

By semiautonomy we mean that there exists an internal clocklike
mechanism and that these rhythmic changes are not simply a direct
response to the environmental periodicities associated with the rotation
of the earth, to which all life on this planet is subjected and wherein it
evolved. The environmental periodicities are nevertheless important in
driving and entraining our rhythms, which indicates that the rhythmic
system is not completely autonomous. So, in considering any kind of
phototherapy, it is appropriate to inquire what effect the exposure to
light might be expected to have upon the circadian semiautonomous
daily rhythms. For example, should the light regime be designed to simu-
late a normal night and day? Could a continuous exposure to a bright
light, which is known to inhibit rhythmic phenomena in animals, have

172


http://www.nap.edu/catalog.php?record_id=20078

Circadian Rhythms 173

an adverse effect on rhythmicity and the attendant physiological phe-
nomena? There are, to be sure, very few experiments that impinge di-
rectly on these questions, so the best one can do is to give educated
guesses. In my judgment, possible adverse effects on physiological
rhythms should not be used as a strong argument against phototherapy.
On the time scale of physiological rhythms, the duration of the treat-
ment is short (2—4 days), and it therefore seems unlikely that serious or
permanent injury to the rhythmic system would occur. Nevertheless, I
consider it essential that experimental phototherapy include protocols
addressed to questions concerning circadian rhythmicity.

Biology of Circadian Rhythms

Much of the important evidence concerning the existence and properties
of our “biological clock” comes from studies with relatively simple sys-
tems, but most of the key properties have been demonstrated also in
human subjects, or in mammals, or in both. These key properties include
first the fact that rhythmicity continues under constant laboratory condi-
tions with a period that is close to, but usually is not exactly, 24 h—thus,
circadian, or about 1 day.

Second, rhythms can be entrained by environmental periodicities that
themselves have periods close to the periodicities of the ‘“natural” or
circadian period: Cycles of light, temperature, and possibly sound or
other physical and chemical factors are effective. Such a factor is re-
ferred to as a zeitgeber. Phase shifting represents another aspect of this
phenomenon. After traveling rapidly across the ocean, your sleep—wake
cycle shifts or adjusts to local time, perhaps only after some days of
physiological disturbance. Similarly, circadian rhythms can be phase
shifted.

Finally, a very interesting property of rhythms is that the period or
frequency is almost independent of temperature. Most chemical and
biological reactions are greater by a factor of 2 or 3 at a temperature
10 °C higher, but biological clocks are generally only slightly changed—
usually by less than 10 percent.

To illustrate the fact that a rhythm will persist in the absence of the
normal day-night cycle, I like to show the experiment of Rawson 2!
(Figure 1), which recorded the running activity of a female adult Pero-
myscus for 22 days in constant darkness. The chart records of the activ-
ity are arranged in chronological order—Day 2 below Day 1, Day 3
below Day 2, and so on. The resulting pattern makes it easy to see that
on each day the activity began a little earlier than it did the day before.
The stages by which the periods of activity became earlier are surpris-
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FIGURE | Twenty-two-day record of running activity of a
female adult Peromyscus in constant darkness. The abscissa
shows a 24-hour time span running from left to right, and the
ordinate successive days from top to bottom, The ordinate of
each daily record indicates the number of revolutions of run-
ning wheel per minute. The maximum rate shown is about 125
rpm. The period of rhythm is 23 h 10 min. (From Rawson.*
Copyright 1959 by the American Association for the Advance-
ment of Science.)

ingly regular; each day’s activity began about 50 minutes earlier than the
previous day’s activity. The rhythm continued to occur in the absence
of environmental clues, and it also had its own “natural period,” which
in this case was less than 24 h.

A similar experiment with a human subject is shown in Figure 2. Here
the subject was entrained by “normal” 24-hour conditions for the first
several days and then allowed to determine his own daily schedule with-
out, it is believed, any references to or clues from the outside. With a
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FIGURE 2 Circadian rhythm of activity and urine excretion in a human subject
kept for 3 days under normal conditions, then for 18 days in isolation, and fi-
nally again under normal conditions. Black bars indicate times of being awake, the
circles maxima of urine excretion, and the numbers mean values of periods for
onset and end of activity and for urine maxima. (From Aschoff.?)

natural period of about 26 h, he “lived” longer (but fewer) days; during
the 20 days in isolation without zeitgeber he had scanned across the day
114 times. At the end, he was about 12 h out of phase. When then
exposed to the zeitgebers of the outside world, he made the big phase
shift. This experiment shows that a person with a 26-hour natural period
possesses a 24-hour rhythm when entrained by a 24-hour zeitgeber cycle,
which can be interpreted as resulting from a daily reset or phase shift of
2 h. But entrainment is not necessary for phase shifting. When an orga-
nism is kept under constant conditions (Figure 3), single exposures to
light, simulating dawn or dusk, can reset a biological clock with full
effectiveness. The effectiveness of such a reset signal is very different,
however, at different times of day.

I have already mentioned that the biological clock is only slightly
affected by temperature. This so-called independence is illustrated in
Figure 4, for the rhythm of luminescence of Gonyaulax. Here one sees
an unusual result. The system is apparently slower at higher tempera-
tures, but in this instance the difference is not great—only about 30 per-
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FIGURE 3 These experiments illustrate the way in which the phase of the rhythm
of luminescence is shifted following an exposure of the cells to 2%-hour light
pulse and the 1400 ft-c, 21 °C. Prior to the time shown on the graph, all cultures
were in light:dark 12:12 conditions, and at the end of a light period the cells
were placed in the dark and the control remained in the dark thereafter. The times
at which light pulses were administered varied as indicated by bars on graph.
Luminescence in arbitrary units. (From Hastings.**)


http://www.nap.edu/catalog.php?record_id=20078

Circadian Rhythms 177

2} 26.8° £ 0.7°C
26.5
b3 r\.J\ ¥/\J
JM 1
3t 23.6° £ 1°C
2+ 25.7
w L
“RIWA Y,
=
2
Z 7F
= al
S 6
I 16.5° £ 1°C
4 228
3
2
1

40 60 80 100 120 140 160 180
TIME (hours)

FIGURE 4 Characteristics of the persistent rhythm of luminescence in Gonyaulax
at three different temperatures. The cells were grown in conditions of light:dark
12:12 h at 22 °C and transferred at the end of a dark period to constant light
(100 ft-c) at O time on the graph. The luminescence capacity was measured ap-
proximately every 2 h. The average period in hours measured for each is noted
on the graph below the temperature. Luminescence in arbitrary units. (From
Hastings and Sweeney.”)

cent for 10 °C. In fact, if one adopts the view that rhythms relate to a
truly functional clock mechanism, this property is not a surprise; it is
expected. The mechanism whereby this is achieved has not been eluci-
dated, but it is probably appropriate to view it as temperature compensa-
tion, not temperature independence. That is, we believe that the com-
ponent parts of the rhythmic mechanism are affected by temperature
but that the system is assembled in such a way that the mechanism func-
tions (so far as frequency is concerned) in a relatively temperature-
independent fashion. By experimental manipulation of body temperature,
it has been shown that the clock in mammals is also temperature
compensated.

Continuous light has some well-known and important effects upon
rhythmic systems. Most important for our consideration is the fact that
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circadian rhythmicity may be inhibited, or abolished, or somehow is not
expressed in constant light (Figure 5). This effect may be intensity
dependent; in some organisms, it occurs only at very high light intensi-
ties (Figure 6). Although I believe that the rhythmic mechanism is
actually inoperative, some authors have maintained that it is only the
expression of the rhythm that is abolished, and that the underlying
mechanism continues.

The molecular and cellular mechanisms controlling the biological clock
are not well understood. Various aspects of this problem are being studied
in my laboratory. Many workers have thought in terms of some chemi-
cal “loop”—that is, a series of sequential reactions that serve to trigger
in some way a series of discrete functions at various times in a recurring
fashion.?® Considerable attention has been given to the possibility that
this loop somehow involves the genome (for example, RNA transcription
followed by protein synthesis). Goodwin *° and Ehret and Trucco ® have
developed this hypothesis in some detail at the theoretical level, but the
experimental evidence remains spotty and insecure—particularly when
one takes into account the evidence from all systems.

A second and quite different idea conceives of the clock as a bio-
chemical network with self-sustained oscillations arising from feedback
within the biochemical system.’® In molecular terms, the network has
sometimes been equated witn a series of cross-inhibited (or activated)
enzymes in a metabolic pathway,’® but other ideas, especially the idea
that membranes and membrane transport might be involved, have re-
cently been put forward.®-° *

Human Circadian Rhythms: Adults ™ ** **

Aschoff * states that some 50 functions in man have been studied and
shown to exhibit an autonomous circadian rhythm. These rhythmic phe-
nomena range from those relating to basic cellular and tissue phenomena
to those involving organ and organismal functions. In addition to tem-
perature, excretory, and activity rhythms, there are circadian rhythms of
cell division, heart rate, and serum content of specific substances. More
elusive phenomena, such as ability to estimate time or the error rate in
problem-solving, also exhibit a circadian periodicity.

Of more practical importance are the recent studies showing that re-
sponses of the organism to drugs and other diverse insults may be very

* In a recent publication a membrane model has been proposed:

Njus, D., F. M. Sulzman, and J. W. Hastings. Membrane model for the circadian
clock. Nature 248:116-120, 1974.
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FIGURE 5 Measurement of the photosynthetic capacity in single isolated cells of
Gonyaulax from a culture grown in light:dark 12:12 conditions before transfer
to continuous light. Cells kept in dim light (50 ft-c) exhibit a rhythm (solid cir-
cles) whereas those kept in bright light (800 ft-c) do not (open circles). The
absolute levels of photosynthesis are not comparable under the two conditions.
(From Sweeney.” Copyright 1961 by Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.)
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FIGURE 6 This experiment illustrates the effect of light intensity upon the period.
The cells were grown in light:dark 12:12 conditions (800 ft-c during the light
period). The beginning of the experiment, shown on the graph as 0 time, fell at
the end of a normal light period. At this time, cells were placed in constant light
at different intensities, as noted. The period in hours, also noted, is a function of
light intensity. No rhythm can be measured at a very bright intensity. Luminescence
in arbitrary units. (After Hastings.")

different at different times of day.?* Some of these have been summarized
in graphic form by Aschoff (Figure 7). Halberg * and his associates
demonstrated many years ago that mice are far more susceptible to kill-
ing by ethanol at one time of day than at another; similar results have
been obtained for other agents, such as ouabain and endotoxin. The find-
ing that whole-body x-irradiation is far more effective in killing at one
time of day caused a considerable stir when reported, but it now appears
well verified. Similar rhythms in sensitivity (for example, skin reactions
to histamine) are known in man.

A study of circadian phenomena in man requires that time cues be
excluded, whether they are in the form of light-dark cycles or in some
other form. Only then can we be reasonably sure that we are observing
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FIGURE 7 Rhythms of responsiveness to stimuli or drugs in mice kept in artificial
light:dark cycles (shaded darkness). Open circles indicate duration of narcosis
after pentobarbitol, the crosses time to death after whole-body irradiation, and
the solid circles, mortality from a dose of ethanol. (From Aschoff.?)
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the properties of the clock, and only then can we isolate and study
individually various factors, including zeitgebers. The most extensive
and important experiments on human circadian rhythms have been car-
ried out by Professor J. Aschoff and his colleagues at the Max-Planck
Institute in Erling-Andechs, Germany. There they have built special
underground bunkers with sophisticated facilities for such experiments,
where human subjects can live in complete isolation for long periods—
3 or 4 weeks. From these studies (Figure 2), it is known that human
subjects exhibit a circadian day, and that they are also subject to entrain-
ment and phase shifting. Entrainment of the circadian system to 24 h
not only results in adjustment to the environmental periodicity of light,
temperature, and so on; it also provides a temporal order within the
organism. The physiology of the “disordered” state is not well described.
It may be that time shifting (as after a transoceanic trip) may be a
model for this. Or in a nonentrained individual, internal desynchroniza-
tion, which is probably deleterious in the long run, may occur (Figure 8);
thus far, however, evidence for this has been found only in plants.
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FIGURE 8 Dissociation of rhythms of rectal temperature and
of activity of a human subject enclosed in isolation without
time cues. Consecutive periods are shown as horizontal lines.
Note that the rectal-temperature rhythm has a circadian period,
close to 24 h, and that the activity rhythm is far different.
(From Aschoff.”)

The Newborn

Much less is known about rhythms in neonates. Among the laboratories
where this is being investigated are those of Dr. Theodore Hellbriigge
in Munich and Dr. Arthur C. Parmelee at the University of California,
Los Angeles. Although circadian rhythms are viewed as innate, they are
apparently not present at birth, and appear only after several weeks.
Only in the premature is there something like a 24-hour rhythm. But this


http://www.nap.edu/catalog.php?record_id=20078

Circadian Rhythms 183

rhythm soon disappears, and later on, as in the full-term newborn, the
circadian system emerges and is later entrained to 24 h.

Perspectives and Protocols

From the above facts and considerations one might easily conclude that
the newborn should be subjected to entraining conditions as promptly
as possible. But, in fact, how sure are we that light—dark cycles consti-
tute the zeitgeber for entrainment in infants? From animal studies it
seemed clear that light is the zeitgeber. But recent unpublished studies
of Aschoff have shown that other factors—sound and social signals, for
example—are of equal or greater importance in human adults. There-
fore, feeding schedules, handling, noise, and so on may be sufficient or
even better for the entrainment of the developing circadian system.

For phototherapy a 24-hour bright—dim light schedule could be de-
vised (16 h bright, 8 h dim) in which the total exposure would be not
much less than with continuous light. The same effect might be achieved
by “skeleton” periods; for example, two 1-hour periods of darkness at
approximately dawn and dusk could be used.

Light for phototherapy might also be more effective at one time of day
than at another, as it is in photosynthesis in some organisms (Figure 5).
This should be investigated. However, there may be some time-related
process that would result in an alternating cycle of effectiveness. For
example, such a cycle might be based on the rhythm of approximately
2 h that appears first in newborns. Perhaps a 20-minute exposure to
light followed by a 100-minute dark period is equal in effectiveness to
continuous light. If we extend this idea to the molecular level, it is possi-
ble that the photochemical step in phototherapy is much faster than the
subsequent dark reactions. Light absorbed in 1/1000 of a second might
be sufficient to keep dark reactions saturated for 10 or 100 times that
length of time. Total irradiation could thereby be reduced by a factor of
10 or 100.

Such questions merit full exploration in experimental phototherapy in
future years.
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Important Considerations in the
Clinical Management of Infants
with Hyperbilirubinemia

Nurses in the intensive care unit can barely keep up with what they are
asked to do; thus, if bilirubin lights are recommended, it is important that
any new duties for nurses, such as measurements of light, be kept simple.

Second, if the Committee recommends light therapy, I suggest that
they prepare different recommendations for infants of various sizes and
those with differing conditions.

Third, I have been interested in the effect of various elements of the
environment on the infant. As you know, for the past 15-20 years, there
has been tremendous interest in trying to determine how the premature
infant should be heated. At present, we know at what environmental
temperature there is an increased survival and at what temperature the
infants grow more rapidly, but we still do not know the effect of tem-
perature on the development of the infant at 5, 10, 15, or even 20 years.

I make this comparison with temperature, which has been intensively
studied, and then ask: What about sound? What about cutaneous stimu-
lation? And, of course, what about light?

I think it is going to be hard to say that lights are either helping or
hindering development, and another difficult question then comes: What
is optimum development?

I should like to describe two studies that may be relevant. One is a
study by Siqueland and Lipsitt at Brown University.® In their interven-
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tion, which was given during the infants’ entire hospital stay, half of the
premature infants were stimulated by being picked up and talked to for
20 minutes a day. The control group was not given any additional stimu-
lation. The infants were brought back at 4 months and studied by ob-
servers who did not know which group the infants were in, and they were
tested to determine the infants’ ability to focus a camera. When the
infant sucked at a certain rate, the picture came into focus. About 75 per-
cent of the infants who were given increased stimulation were able to
focus the picture, but only 20 percent of the nonstimulated premature
infants could accomplish this task.

Just joggling a premature infant for about 20 minutes a day will in-
crease his weight gain.? Other investigators have touched a baby 5 min-
utes every hour and markedly changed stool habits and activity pattern.?
Immature infants may be much more sensitive in the first day or two to
any environmental change.

The difficult decision is: What should we consider to be good? Is it
good to be able to focus a camera? It is a knotty problem to know what
type of light is best for the human infant. It is a difficult question, and
it is going to keep everyone busy for a long time.

I should like to raise another issue, which is simpler. There is a second
patient that we all take care of, and this is the mother. Blue lights are
extremely frightening and disturbing to the mother. About 30—40 percent
of all battered children are premature infants.* Also, about 25-40 per-
cent of all infants who come into a children’s hospital with failure to
thrive without organic disease (this is a disease that accounts for about
2-3 percent of all admissions to children’s hospitals) were sick as neo-
nates or were prematures.” In such diseases there are problems of attach-
ment of mother to infant. It is possible that some of these problems are
produced by the hospital. Blue bilirubin lights can be extremely upsetting
since they make the infant appear dead. Mothers who have sick or pre-
mature infants quickly believe the infants will die even without bilirubin
lights and start anticipatory grief (the process of giving up the infant).* *
For this reason, it is important not to use lights with only the blue
spectrum,

A fourth recommendation is related to eye patches. There is accumu-
lating evidence that human mothers make significant attachments to in-
fants in the first minutes and hours of life, and this attachment occurs in
part when the mother looks at the infant’s eyes.> ® As you know, the
infant can see and follow and has visual preferences (which change dur-
ing the first year of life). The infant has the visual apparatus to follow
and see the mother at a distance of 12 in.

If you use phototherapy and patches on the infant’s eyes, the mother


http://www.nap.edu/catalog.php?record_id=20078

MARSHALL H. KLAUS 187

may have a difficult time making an attachment to the infant. We have
found that when you first present a mother with her baby without patches
and record everything she says, 80 percent of the verbal content is re-
lated to the eyes: “Please open your eyes. Open your eyes. If you open
your eyes, I will know you are alive.” ° I have sometimes heard mothers
say, “But then the baby looked at me, and I thought he liked me; I then
became fond of him.” If you patch the eyes, you prevent or quench (if
you wish to use a chemical term) mother-to-infant attachment at that
visit.

I have seen eye patches fall over the infant’s nose and obstruct the
nostrils. Since an infant is an obligate nose breather, the eye patches can
obstruct respiration. Although they are necessary, they almost asphyxi-
ated one of our own low-birth-weight newborns when they dropped over
his nose.

It is my personal prejudice that some diseases, and here I refer to
battering and failure to thrive, are produced in part by the hospital and
particularly by equipment, such as phototherapy equipment. I strongly
urge that when a mother visits, the lights be turned off and the eye
patches removed from the baby. I am much more sure of this than I am
about how much light a baby should have.
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