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Abstract. Irradiation of the ocular lens of numerous species by
near-UV or short-visible wavelengths induces a blue-green fluores-
cence, which can be a source of intraocular veiling glare. Wave-
lengths longer than the �365-nm lens absorption peak induce pro-
gressively weaker but also progressively more red-shifted fluorescence
emission. The more red-shifted emission has a higher luminous effi-
ciency and, in fact, earlier studies in this laboratory have demon-
strated that the lens fluorescence in the nonhuman primate yields an
approximately constant luminous efficiency when excited by equal
radiant exposures over the wavelength range from 350 to 430 nm.
Now, with the recent development and projected widespread use of
“blue” diode lasers, a further study extending the measurements of the
induced fluorescence efficiency and of the consequent veiling glare to
the human lens seemed timely. The current study quantifies the fluo-
rescence intensity induced in the human lens, both in terms of radi-
ance and luminance, as a function of exciting light intensity, excita-
tion wavelength, and subject age. The spatial distribution of the
emitted fluorescence is also examined. These data are shown to imply
that exposure to near-UV/blue wavelength sources at “safe” exposure
levels �according to existing laser safety standards� can induce a veil-
ing glare intense enough to degrade visual performance, and that the
fluorescence intensity and consequent glare disruption show little de-
pendence on subject age. © 2005 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.1990163�
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1 Introduction

Several years ago, the development of low-cost red diode la-
sers and their incorporation into pointers and illuminators ush-
ered in an era of widespread routine use of such sources.
Casual and capricious or even malicious use of these devices
resulted in rapidly escalating rates of ocular laser exposures
and occasional claims of eye injury and/or persistent visual
problems following what would otherwise be considered non-
injurious exposure levels.1–4 With such large numbers of indi-
viduals receiving ocular laser exposures, questions were
raised regarding the appropriate application of laser safety
standards,5,6 and government guidelines and regulations were
considered and promulgated at both local and national levels.

The more recent development of “blue” diode lasers �this
terminology refers to diodes emitting at near-UV through
short-visible wavelengths� and their expected widespread use
in consumer electronics devices, raises the prospect of a simi-
lar spate of claims of visual disruption and/or eye injuries
following ocular exposure incidents, and creates the likeli-
hood that the analogous safety and regulatory issues will be
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revisited. In this instance, however, an interesting variation
exists in the nature of the potential visual disruption. Because
the majority of the incident radiation within the near-UV
through blue wavelength range is absorbed by the lens of the
primate eye, the visual consequence arises not just from the
incident radiation transmitted directly to the retina but also
�and primarily� from the blue-green fluorescence induced by
lenticular absorption of the incident radiation.7,8

The lens fluorescence, although usually unnoticed, is nev-
ertheless present with exposure to the ambient solar environ-
ment. Weale9 has estimated that the reciprocal ratio between
the luminance of a patch of sky and that of the fluorescence it
induces is �0.002 for the normal lens of a 30-year old hu-
man �generally unnoticeable�, but increases to 0.017 for a
60-year old �generally noticeable�, and to 0.121 for an
80-year old. In the latter case, the fluorescence can be an
intraocular source of “veiling glare,” covering the entire field
of view with intensity sufficient to impair visual function.10

With certain disease processes, including diabetes, the optical
aging of the lens may be accelerated.11

The results of earlier studies on both human12 and nonhu-
man primate �NHP� lenses13 raised the concern that exposures
1083-3668/2005/10�4�/044021/7/$22.00 © 2005 SPIE

July/August 2005 � Vol. 10�4�1



Zuclich et al.: Near-UV/blue light-induced flourescence…
to near-UV to blue wavelength laser sources at otherwise
“safe” exposure levels �i.e., at or below the maximum permis-
sible exposure �MPE� levels defined by laser safety
standards5,6� can still result in a disturbing if not debilitating
fluorescence glare. However, prior to the recent development
of compact, commercially viable blue-diode lasers, the ques-
tion of visual interference due to lens fluorescence glare
seemed an academic issue as far as impact on the general
public. This report argues that the issue is no longer academic,
that the possibilities for visual disruption, especially under
low-light conditions, should be recognized, and that suitable
preventive/protective measures should be considered.

Several observations from the earlier studies by Zuclich et
al.13–15 and van den Berg et al.12,16,17 define the scope of the
current concerns. First is the finding that the wavelength range
effective in inducing lens fluorescence and the consequent
veiling glare spans a rather broad band from
�350 to 450 nm. This is illustrated by the NHP lens data
seen in Table 1, which summarizes the results of
spectroradiometer/spectrophotometer measurements of fluo-
rescence intensity as the exciting wavelength varied from
350 to 430 nm. It is seen that after equating for source irra-
diance, both the fluorescence radiance and luminance were
relatively constant over this range of exciting wavelength.
Other data from the same study13 suggested that the fluores-
cence glare could easily reach visually debilitating levels in
situ with excitation-source �in that case, a 413-nm laser� in-
tensities approximating laser safety standard MPE levels.5,6

The work by van den Berg12 discussed the spatial distribu-
tion of fluorescence induced in the human lens by three wave-
lengths �380, 400, and 420 nm�, but was limited to observa-
tions in just three human lenses. The current study extends the
findings in human lenses by both covering a broader range of
exciting wavelengths and by including a considerably larger
pool of human lenses �24 versus 3�.

2 Materials and Methods
Human lenses were provided by participating eye banks of
Tissue Banks International �see Acknowledgment section at
the end of this work�. Whole encapsulated lenses harvested by
eye bank personnel were placed in buffered saline solution,
packed in ice, and shipped to our facility. Data were collected
at times ranging from 1 to 7 days postmortem, but lenses
were discarded as soon as they began to show signs of dete-
rioration �sloughing off of surface layers� at anywhere from

Table 1 Fluorescence intensities me

Excitation parameters

Wavelength
�nm�

Irradiance
�mW/cm2�

350 0.019

360 0.092

400 0.054

430 0.064
4 to 7 days postmortem.
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During experiments, the lenses were removed from the re-
frigerated saline and mounted upright on a vertically oriented
hemicircular grooved plastic washer �analogous to the lower
half of a wheel rim�. The lenses remained upright with no
further restraint, allowing them to be irradiated along the cen-
tral axis, from the anterior side, while the lens fluorescence
was detected either on or off axis from the posterior side
without line-of-sight interference from the lens holder.
Throughout the course of the experiment, the optical integrity
of the lens was maintained by irrigation with a slow drip of
saline from above.

The excitation source for wavelength-dependence studies
was an Oriel �Stratford, CT� 1000-W mercury xenon arc lamp
directed through an Oriel 1

4 -m grating monochromator with
slits set to yield a 10-nm bandwidth �full width at half maxi-
mum �FWHM��. With selected lenses, additional measure-
ments were made with a diode laser source �Micro Laser Sys-
tems, Incorporated, Garden Grove, CA� having a maximum
cw output power of �2 mW at 405 nm. Several instruments
were used to characterize the lens fluorescence. An Ocean
Optics �Dunedin, FL� USB 2000 spectrometer was used to
record the fluorescence spectrum induced by each exciting
wavelength �from 350 to 450 nm at 10-nm intervals�. The
radiance of the lens was measured with an International Light
�Bewbury, MA� IL 1700 radiometer and the luminance with a
Photo Research Incorporated �Chatsworth, CA� PR-880 auto-
mated telephotometer.

Radiance and luminance measurements were made with
the respective detector heads placed either along the axis of
irradiation at fixed distances from the posterior surface of the
lens, or along an arc at various angles �0 to 50 deg� to that
axis but within the horizontal plane passing through the center
of the lens. As the induced lens fluorescence spectrum is rela-
tively broadband and, depending on the wavelength and band-
width of the exciting light, partially overlaps the arc-lamp
excitation envelope, both on-axis �0 deg� and off-axis lumi-
nance measurements were collected. This allowed delineation
of the induced fluorescence from contributions due to direct
transmission and/or scatter of the exciting light.

The only donor information requested from the participat-
ing eye banks was age of the deceased. Donor ages ranged
from 14 to 66 and, of course, was determined by chance oc-
currence. For purposes of characterizing the lens fluorescence
properties as a function of donor age, the optical data were
pooled and averaged in three age categories: youths

from excised rhesus lenses.

Emission measurements

Radiance
�W/Sr/m2�

Luminance
�cd/m2�

4.5�10−4 0.034

9.6�10−4 0.16

5.3�10−4 0.13

6.2�10−4 0.18
asured
�20 years of age �2 lenses, donor ages 14 and 16�; adults
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�45 years of age �12 lenses, ages 36, 37, 37, 41, 45, and 45�;
and adults �45 years of age �10 lenses, ages 58, 59, 62, 63,
and 66�.

3 Results and Discussion
The fluorescence properties measured from the eye bank
lenses are qualitatively and quantitatively similar to those pre-
viously reported using NHP subjects.13 Fluorescence spectra
induced by 360-, 400-, and 440-nm arc-lamp excitation are
displayed in Fig. 1. Excitation wavelengths longer than the
�365-nm lens absorption peak result in a more red-shifted
fluorescence for all ages. However, for all lenses, the red-
shifted fluorescence has approximately the same luminance
and radiance values for any exciting wavelength within the
range from 350 to 450 nm. A plot of the peak wavelength of
the fluorescence spectrum as a function of the exciting wave-
length �averaged across all ages� is shown in Fig. 2. The only
apparent deviation from a monotonically increasing function
occurs for 450-nm excitation, where the fluorescence inten-
sity was weak and assignment of a peak wavelength for the
broad spectral output was problematic.

The current study includes age-dependent observations of
lens luminance intensities as well as the off-axis measure-

Fig. 1 Fluorescence spectra induced in �a� younger or �b� older lenses
by three exciting wavelengths.
ments to characterize the spatial distribution of the induced
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fluorescence emittance. There were no analogous measure-
ments in the earlier NHP lens fluorescence study.13 A compre-
hensive characterization of the spatial distribution of the fluo-
rescence induced in the human lens by three excitation
wavelengths, 380, 400, and 420 nm, was published by van
den Berg.12 Our radiometric measurements essentially repli-
cate his findings. The photometric measurements reported
here supplement both van den Berg’s quantum efficiency ob-
servations and the earlier photometric measurements on NHP
lenses.13

The age variation of transmission of the human lens is
illustrated in Fig. 3 by the spectral plots of the fraction of the
incident radiation transmitted directly through the lens for the
three age categories. These measurements were obtained with
the radiometer detector head placed first at the position where
the lens would be mounted and then directly behind the
mounted lens. Thus, Fig. 3 illustrates the on-axis
transmission/absorption spectra of human lenses for the three

Fig. 2 Variation of fluorescence peak wavelength as a function of
exciting wavelength �averaged over all lenses�.
Fig. 3 Lens transmission spectra for three age categories.
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age categories. It is seen that whereas the young lenses have
measurable transmission beginning at �390 nm and exhibit a
rapidly increasing transmission for excitation �410 nm, the
older lenses are virtually opaque to wavelengths �405 nm
and rise only to �20% direct transmission by 450 nm.

Figure 4 shows the analogous �on-axis� plots of lens lumi-
nance for the same three age categories �solid lines�. With
excitation wavelengths �390 nm, the measured luminance
increases rapidly with increasing wavelength. This is due pri-
marily to the increasing direct transmission of the source. For
shorter exciting wavelengths, where the contributions of the
directly transmitted radiation are minimal, all age categories
show approximately the same fluorescence luminance.

Figure 4 also depicts the off-axis luminance of the three
age categories measured at 40 deg from the axis of irradiation
�dashed lines�. In contrast to the on-axis measurements, the
off-axis results show little dependence on excitation wave-
length. The human lens luminance data also show a striking
similarity to the NHP results reported in Table 1. This can be
seen in Table 2, where the luminance values from Table 1 are
normalized versus their respective source irradiances to yield
a relatively constant ratio �central column of Table 2�. The

Fig. 4 On-axis and 40-deg off-axis luminance measurements plotted
as a function of exciting wavelength for each age category �normal-
ized to 1-mW incident laser power�.

Table 2 Comparison of luminous intensities from nonhuman primate
divided by irradiance of exciting source. The eyes bank lenses are av

Exciting
wavelength

�nm�

Normalized luminance,
NHP lenses

cd/m2 per mW/cm2 �

350 1.80

360 1.74 5

400 2.40 5

430 2.80 5
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analogous results from the eye-bank lenses show virtually the
same trend for all age categories �right-hand columns of Table
2�. The tabulated values of lens luminance averaged across all
ages are approximately five times higher for the human lens
than for the NHP, but interspecies comparisons are compro-
mised by differences in experimental approach �different de-
tecting instruments, aperture sizes, and detector head place-
ments were used�. Nevertheless, it is noted that the NHP
luminance values are in much closer agreement with the val-
ues for the youngest human age group �here the differences
are only a factor of �2�. This is likely the most valid cross-
species comparison given the relatively young ages of the
experimental NHP subjects �generally 2 to 8 years of age�.

Perhaps more noteworthy, although also problematic to
compare on an absolute basis, is the small spread between the
off-axis luminance values for the three age groups. The
40-deg off-axis luminance values �as plotted in Fig. 4� have
much weaker contributions from direct detection of the excit-
ing light than do the on-axis measurements and should, there-
fore, more faithfully represent the luminance due solely to the
emitted fluorescence for each age group.

A more objective discrimination between the exciting
source contributions and the induced fluorescence contribu-
tions to the measured luminance can be gleaned from the CIE
chromaticity diagrams derived from the on-axis �Fig. 5� and
40-deg off-axis �Fig. 6� measurements. In each case, the chro-
maticity coordinates are plotted for three exciting wave-
lengths �390, 410, and 430 nm� and for each of the three age
categories. For the on-axis measurements, the color appear-
ance reflects the dominance of the direct transmission contri-
butions for all age groups. An exception is noted for the com-
bination of the oldest age group and the shortest exciting
wavelength �390 nm�, where the direct transmission is mini-
mal. By contrast, the off-axis measurements demonstrate
similar fluorescence color appearances for all ages with 390-
and 410-nm excitation. Contributions from direct transmis-
sion of the exciting light are evident only for wavelengths as
long as 430 nm �again indicative of higher transmission
through the younger lenses�.

The observed similarities in luminance values and color
appearance imply that the lens fluorescence and consequent
glare disruption could be nearly as much of a problem for all
age categories. At first thought, this is somewhat surprising,

and eye bank lenses. The NHP lens data are from Table 1; luminance
across all lenses �far right�, with standard error in parentheses.

Normalized luminance,
eye bank lenses

cd/m2 per mW/cm2

Age

36–46 �45 Ave

9.96

9.18 11.5 9.85 �1.48�

11.1 14.0 11.1 �1.01�

12.9 20.1 15.2 �1.61�
lenses
eraged

20

.67

.31

.52
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since the lens absorption increases and broadens with age and
so might the induced fluorescence intensity. On the other
hand, considering that the young lens is already virtually
opaque �transmission �1%� at 360 to 390 nm, any increase
in absorption as the lens ages would not result in a significant
incremental increase in induced fluorescence. Even at longer
exciting wavelengths, where the young lens has significantly
greater transmission, the age-related incremental increase in
induced luminance and radiance is less than a factor of 2.
Furthermore, given that the induced lens fluorescence is gen-
erated in a cylindrical �or conical� volume as the incident

Fig. 5 CIE chromaticity diagram, on-axis measuremen
radiation penetrates into the lens, the younger lens, even if
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emitting a somewhat lower induced-fluorescence intensity,
has more of its fluorescence emanating from deeper in the
lens �i.e., closer to a detector positioned behind the lens�.
Because the emitted fluorescence has to cross through inter-
vening lens tissue before reaching the detector, and because it
is more highly absorbed and scattered by older lens tissue, the
luminance as measured from behind the younger lens would
be reduced by a lower factor than that measured for the older
lens. For the in situ case, think of replacing the photometer or
radiometer of our study with the innate detector �the retina�,
while maintaining the same relative geometry between the

three exciting wavelengths and three age categories.
ts for
source �the induced lens fluorescence� and the detector �the
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retina�. Then, we infer that the resultant visual interference
would be reduced less in the young lens than would otherwise
be expected solely on the basis of the lower absorption of the
exciting light.

In summary, we have examined the elicitation of a blue-
green fluorescence in the human lens by near-UV through
short visible wavelengths �narrow band� and determined that
the fluorescence intensity and, by inference, the expected vi-
sual interference �veiling glare� is similar across all ages.
From the luminance measurements on excised human lenses,
we estimate that cw laser exposure at a level of �1 mW �i.e.,

Fig. 6 CIE chromaticity diagram, 40-deg off-axis-measure
laser exposures that do not exceed safety standard MPE lev-
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els� and with any wavelength�s� within the range from
�350 to 430 nm can induce a lens fluorescence luminance of
�10 to 15 cd/m2, sufficient to impair vision at normal in-
door lighting levels and potentially debilitating at night.
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