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Comparison of violet versus red laser exposures
on visual search performance in humans

Fred H. Previc Abstract. Previous research suggests that the visual impairment of a
Leon N. McLin violet laser is not highly localized on the retina, because the lens
Brenda ). Novar absorbs most short-wavelength visible light and partly retransmits it as
William Kosnik a diffuse fluorescence at ~500 nm. The present study investigated
Northrop Grumman Information Technology whether a 405 nm violet diode laser more greatly impairs visual
4241 Woodcock Drive Suite B-100 search performance in humans than does a 670 nm red diode laser,

San Antonio, Texas 78228 depending on target eccentricity. Participants had to locate a square

among 15 diamonds spread throughout a visual search display while
being exposed to a violet or red laser beam that was either continuous
or flickering and presented either on-axis or 33° off-axis. Whereas the
continuous on-axis violet and red lasers had comparable effects on
search performance when the target was located near the center of the
beam, the violet laser disrupted processing of eccentric targets more
than did the red laser. The search decrements were reduced for both
lasers when the beams were flickered or presented off-axis. Both the
bluish appearance and greater spatial spread of effect of the violet
laser suggest that the unique impairment caused by a violet laser
beam derives from its induced lens fluorescence. © 2005 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1925207]
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1 Introduction lation where the magnitude of LF has been estimated at 12%

Eye-safe diode lasers are used in a variety of applications in of the background Iumina_néeiueaato an increase oin lens ab-
government and industry, including as laser “dazzlers” in po- SOTPtion and scatter. Zuclich et-afeported a~25% decre-

lice and military applications. The only laser dazzlers that Ment in the amplitude of the visualde?voked potential in mon-
have actually have been deployed or are currently commer- K€YS t0 high-contrast stimuli at 60 cdfiwhen a 413 nm laser

cially available use diode sources in the red and green range. stimulated the lens at 45° off-axis; however, the estimated LF

H 5
One disadvantage of a collimated longer-wavelength Iaserfor_ a GOgW E)époséu_re Wr?s IessUt\P}an L cdlf’ri_Eglott et akl., 365
dazzler is that its beam is focused to a point source on the using a broadband incoherent source with a peak at

retina and the extent of the glare field around the laser is nm, showed a visual acuity decrement for_targ_ets of high lu-
limited to a few degrees for eyesafe exposir8y. contrast minance(100 cd/nf) but low contrast11% n m|dd!e-aged
there is evidence that more recently developed violet diode and elderly persons. In a more recent study involving isolated

lasers centered around 405 nm create a more diffuse disablindﬂ'ugrgan d/lf;?eg,thi of\f/-valxs LF Iumlnancet was Iestlnshatefd at
glare than do longer-wavelength lasérs. ¢ ora 1 mvViaser exposure at wavelengins from

Violet (400425 nm and near-ultraviolet(UV) light 360 to 450 nm, with an increasing ratio of LF relative to the
(350—-400 nm are largely absorbed and scattered by the lens direct beamfjuminance in the elderly Iense:?. Assuming a lin-
which excites fluorophores in a phenomenon known as lens ggLrL(;eﬁaec }gismvgg:d trg‘:jll)?;e iﬁ:.8LEd/esI?rL:tgo¢:y the
fluorescencgLF). For a relatively narrow excitation beam, , app y

longer wavelengths from the more spatially diffuse LF are mo‘lr']rijgyr?na'or urpose of the present study was to investigate
transmitted to the retina along with the direct transmission of jor purp P y g

short-wavelength laser light. For violet and near-UV, the ex- how a 405 nm violet diode-laser exposure compares, in terms
o 9 gnt. . . ’ of functional visual decrements, to a typical red laser dazzler
citation peak of the LF is predominantly in the blue-green

PR output(670 nm of the same irradiance. The effects of the two
range (480520 n, _V\_/h.'Ch is much closer t(_) the pez_ik _Of different lasers were assessed by means of a visual search task
human spectral sensitivity than the UV or violet excitation

. - i~ similar to that used by Reddix et al. in studying the effects of
beam. Previous data indicate that the veiling glare created bya 532 nm exposurkVisual search tasks in which participants
LF can disrupt visual function, especially in the elderly popu-

are free to make eye movements are not as tightly controlled
as typical psychophysical studies. However, search tasks offer
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several advantages in assessing laser effects on vision becausgther parameters of the search task were controlled by means
(1) they are more analogous to the natural scanning behaviorof customized software programmed on a Gateway computer
of humans,(2) they generally require less tim@sually one (model ATXSTF FEDPro M1000

second or lessto produce a perceptual decision, which limits Participants viewed the visual search stimuli while re-
the laser exposurdg3) the latency and accuracy of the first  strained in an ophthalmic bragicluding chin and forehead
saccad®and whether it is even made at’adire highly sensi-  rest, head straps, and a bite-bar made of dental-impression
tive to the visibility/perceptibility of the stimulus and are pre-  compound(Kerr Mfg. Co., Romulus, Mi. They viewed the
dictive of overall search timesand (4) search tasks are ad- video monitor(Gateway model VX70pat a distance of 58.4
ditionally sensitive to higher-order effects such as attentional -, through a beam splitter located directly in front of the

capture/distractioh’ To measure the lasers’ spatial spread-of- right eye. The room was darkened, and the left eye was
effect, the beams were presented either to the center of the .| ded.

visual field (on-axig or 33° to the right of centefoff-axis).
[The terms “on-axis” and “off-axis” refer to the position of
the laser with regard to the visual search field. The first sac-
cadic movement(typically around 250-300 ms in visual

search studigsbegan after the laser and search targets ap- ) )
peared. After the initial saccade, the position of the laser on BOth the violet(405 nm and red(670 nm) diode lasers were

the retina could not be specifi@dEach laser beam was also PPMT models supplied by Power Technology, Inc. Each laser
presented continuously and & 5 Hzflicker mode, because of ~ Was rated as having a maximum output of 4 mW at its exit
evidence that certain types of visual functions may be more aperture, although the actual laser power at the eye was 15
disrupted when a laser beam is chopped. #W as measured by a Newport Corp. 883-SL detector and
For the on-axis exposures, it was predicted that the red power metemodel 1815-Ctuned to each laser wavelength.
laser would be at least as effective as the violet laser in re- For 32 trials at 1.5 sthe number of trials in each laser con-
ducing the visibility of search targets near the center of the dition in a given session times the maximum duration of the
display (up to 7° off-axig, because of its highly focused search interval during which the laser beam was presgnted
beam. However, the violet laser and its LF were predicted to the 15uW continuous-wavédcw) exposure represented 19%
be relatively more disruptive for targets located in the outer of the maximum permissible exposu(®PE) limit for hu-
portion of the field(8°-15° off-axig. It was also predicted mans at 405 nm and 4% at 670 nm. BecauseAtrerican
that the violet laser, with its spatially diffuse LF effect, would National Standard for Safe Use of LasErassumes a fully
be more disruptive than the red laser for the off-axis exposure, dilated, 7 mm pupilpupil area of 0.38 cA) in calculating the
in which the search targets were displaced by 18°-48° from MPE, the 154W continuous exposure would correspond to

2.2.2 Laser exposures

the laser-beam axi83°+15° to each side of the monitor an ocular irradiance of 4@Wi/cn?. For a block of thirty-two
1.5 s trials in the 405 nm range, 40V/cn? represented 19%
2 Methods of the MPE value of 20g.W/cn¥ for a cumulative exposure

of 48 s(10 mJ/cri). The same exposure over 48 s represented
only 4% of the MPE for 670 nm, because the MPE does not
reflect a cumulative effect for that wavelength.

The outputs of the two lasers were combined by a beam
splitter, sent throug a 2 mmaperture and then passed through
a Uniblitz electronic shutteimodel T132, which limited their
presentation to only the search-field interval. The two beams

2.1 Participants

A total of eight participants took part in this study, all of
whom were civilian or military personnel at the Optical Ra-
diation Branch at Brooks City-Base, Texas. All participants
signed an informed consent document approved by the
Brooks City-Base Institutional Review Board, and all passed

an ophthalmological screening that required a normal fundus, ) o :
normal Amsler grid, normal red-green and blue-yellow color then passed through a variable-transmission neutral-density

vision, and an acuity requirement of 20/25 in the right eye. filter that was used to adjust the final output power at the eye.
The age of the participants ranged from 23-53 yr, with a By means of a second beam splitter, one beam was sent di-

mean age of 37.25 yr. rectly to the fovea in line with the center of the search display,
while the other beam was sent to a mirror located to the right

2.2 Apparatus of the video monitor that reflected the beam into the eye from
33° off-axis (see laboratory illustration in Fig.)1Measure-

2.2.1 Visual display ment of the on-axis and off-axis 405 and 670 nm beam pro-

The search display contained a single square target and a totafil®S Py means of a Cohu solid-state camerzodel 4812—

of 15 distractor diamonds. The square target appeared ran-/000 showed them to be approximately Gaussian, with an
domly within the 16 blocks of a 44 grid (four inner posi-  average beam diameter of 1.85 nfrange of 1.13—2.33 mm
tions and 12 outer ongsThe square had the same dimensions that was well within the minimum diameter of the human
as the diamonds but was rotated 45°. The diagonals of thepupil under low-to-moderate illuminatiori.

square and the diamond subtended 0.94° of arc. The high- The laser beam was presented either in a cw mode or was
contrast, white search targets had an average luminance oflickered at 5 Hz by means of a Systron-Donner pulse genera-
0.45 cd/m against the dark background of the monitor. The tor (model 100A. In the flicker mode, the peak laser power
total size of the search field was 25° vertically1° horizon- remained at 15uW but the beam was chopped with a 50%
tally, while the outer boundary of the inner four positions was duty cycle(100 ms on; 100 ms off so that average power of
12°x15°. The presentation of the stimuli, search interval, and the beam was half that of the cw exposure.
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procedure was used to counterbalance the order of the eight

conditions across participants. The order of presentation of the
\ eight laser conditions was reversed for each participant during
a second replication conducted during the third and fourth

sessions. In addition to the laser conditions, a block of 16
. : no-laser trials was run at the beginning or end of each of the
N/ four sessions, in an alternating procedure across sessions and
: participants(The total of 128 trials in the no-laser condition

was the same as for each of the laser conditjoBach laser
670 session was run with 72 h separation, to avoid cumulative
laser exposure effects.

In addition to the experimental sessions, participants re-
ceived three training sessions. During the last training session,

58.4 cm

aperture a single block of trials was presented with the full laser expo-
beam-splitter 1uuus sures to prepare participants for what would be experienced
filter _ during the experiment.

mirror —

hutt —

il 3 Results

After averaging across the two replications, the data were
analyzed in terms of the speed in finding the target—i.e.,
mean search time, in millisecon@ms—and the accuracy of
2.2.3  Procedures the search(% errors, which included all trials in which an

Prior to the first trial of each laser condition, the beam power Incorrect response was made or no res.porzse was made W!,thm
the 1.5 s interval To measure the spatial “spread-of-effect

was adjusted to the desired power level at the eye. The bea ) : ) e
) P Y mfor the two different lasers, the on-axis and off-axis conditions

was then attenuated to less tham\® by means of a 1.5 log vzed el d with diff i . for th
optical density filter, so that participants could align their right Wwere analyzed separalely and with different groupings for the
location variable. In the on-axis conditions, the laser wave-

eye with the beam. In aligning the beam, participants were . .
instructed to maximize the beam’s glare image by moving length gnd flicker modécw or fI|ck_er_) _effects were anglyzed .
for the inner versus outer eccentricities. In the off-axis condi-

their heads slightly in all directions while holding tightly to tion. in which the | | ted 1o th
the bite bar. In independent observations, the LF appeared tor'igﬂ’t Igfvtvhécsea?cha?ig de)iﬂcés:;?niv;?;y\g:ss vr:lgarséega?rieg ouet
be approximately centered on the eye when the participant . o : i

bp y y P P when the locations were divided into the right versus left por-

reported being aligned using this procedure. . . .
- _tions of the search field. All analyses-of-variar@dNOVAS)
The search task that participants performed was a two were performed using PS S(Chicago, I0).

alternative forced-choice discrimination task. They had to re-
port, using the left or right key of a computer mouse con- )
trolled by their left hand, whether the square target appeared3-1  On-Axis Data
to the left or right of the search field. Each trial in the self- The speed and accuracy data for the on-axis condition are
initiated block of 16 trials began with a 500 ms presentation shown in the top and bottom panels, respectively, of Fig. 2.
of the square target superimposed on a fixation cross. Partici-The data for the violet versus red laser exposlight versus
pants were directed to fixate the center of the cross until the dark gray bars cw versus 5 Hz modésolid versus stippled
search field was presented, after which they were allowed tobarg, and inner versus outer locations are depicted, along
move their eyes to locate the target. The search field was thenwith the respective means for these measures in the no-laser
presented for as long as it took to find the target and respondcondition (depicted by black lings Figure 2 reveals that the
with the mouse, up to a maximum of 1.5 s. If the participant cw exposures disrupted visual search more than did the flick-
responded with the opposite key or did not respond within the ering exposures and that the 405 and 670 nm exposures had
1.5 s interval, the response was categorized as an error. In theeomparable effects on the inner targets whereas the violet
laser conditions, either the violet or red laser was on for the exposure was much more effective for the outer eccentricities.
entire search-field interval, whereas the search field was The mean search time in finding the outer target wd20 ms
viewed unobstructed in the “no-laser” condition. The inter- longer when the violet cw beam was presented. Similarly, the
trial interval was 1 s. In each trial block, the target appeared in percentage of errors for the outer targets was nearly doubled
each of the 16 locations in the search field using a “sampling- (21.9% versus 12% for the 405 and 670 nm cw laser expo-
without-replacement” procedure. A second block of 16 trials sures, respectively
was run immediately thereafter for each laser condition, so  Because the no-laser means for the inner and outer targets
that a total of 32 trials were run per laser condition per were substantially different, each participant’s no-laser mean
session. at each eccentricity was substracted from the mean in each
Participants received a total of eight laser conditions in an laser conditions prior to performing the repeated-measures
orthogonal combination of three facto405 nm versus 670  ANOVA. The ANOVA for on-axis search times revealed sig-
nm; on-axis versus off-axis; and cw versus flicker mode nificant main effects of flicker mode(F[1,7]=6.73,
They received four laser conditior(82 trials eachin one p<0.05) and location(F[1,7]=7.26,p<0.05), as well as a
session and the other four in a second session. A Latin-squaresignificant wavelengtklocation interaction effect(F[1,7]

Fig. 1 An illustration of the laboratory setup for the experiment.
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Fig. 2 The effects of 405 nm versus 670 nm cw (solid bars) and flick-
ering (stippled bars) on-axis exposures on search times (top panel) and
errors (bottom panel) for locating inner and outer targets. No-laser
means are depicted by black lines.

Fig. 3 The effects of 405 nm versus 670 nm cw (solid bars) and flick-
ering (stippled bars) off-axis exposures on search times (top panel) and
errors (bottom panel) for locating left-sided and right-sided targets.
No-laser means are depicted by black lines.

=13.99, p<0.01). Posthoc simple main-effect analyses re- tions), no-laser means were subtracted from the laser means in
vealed that the wavelengtfiocation interaction was caused the same hemifield prior to performing the off-axis ANOVAs
by the greater effect of the 405 nm versus 670 nm laser on for the search time and error data. In contrast to the on-axis
search times for the outer eccentriciti€s[1,7]=3.27, ANOVAs, however, neither of the off-axis ANOVAs revealed
p=0.09) than for the inner eccentricitie§F[1,7]=0.02, even a single marginally significant main or interaction effect.
p=0.89). The repeated-measures ANOVA for the on-axis er-

ror data yielded a mostly similar set of results, including sig- 4  pDiscussion

nificant main effects of flicker mode(F[1,7]=19.07, The results of the present study clearly point to the fact that a

<0. i =16. <0. . .
p=0.01)and locatior(F[1,7]=16.14,p<0.01),as well as a 405 nm laser exposure produces a more spatially diffuse glare

flicker modexlocation (F[1,7]=46.77, p<0.001) interac-
tion effect. Post-hoc simple main effects tests revealed that.than does a 670 nm exposure, presumably because of the LF

the flicker modelocation interaction was caused by the induced by the short-wavelength exposure. For on-axis expo-
greater effect of the cw versus flickering exposure on the in- sures, the greater effect of both cw and 5-Hz violet exposures

ner eccentricities(F[ 1,7]=45.45, p<0.001) than on the on search times and errors was present only for the outer
outer eccentricities(Ffl 7]:1'.5§ p=6.23). Despite the eccentricities(8°—15° off-axig. For off-axis exposures, the

greater number of errors for the outer targets when the violet 405 and 670 nm beams both produced relatively weak effects

as compared to red laser was presented, the wavelengththat did not differ from one another, indicating that the spread

Xlocation interaction proved nonsignificant. Thus, there was of the LF was insufficient beyond 18° to disrupt visual search
no speed-accuracy tradeoff that could have accounted for the
significant wavelengtRlocation interaction in the search time
data.

using the task and stimulus conditions of the present study.
Based only on the direct transmittance of the excitation
beam, the comparable effectiveness of the on-axis violet laser
exposures for the inner targets was somewhat surprising. The
) photopic sensitivity of the human visual system is about 30
3.2 Off-Axis Data times greater for 670 nm light than for 405 nm lighiso the
The speed and accuracy data for the off-axis condition are red laser should have produced a greater impairment of visual
shown in the top and bottom panels, respectively, of Fig. 3. search performance in the absence of LF. It is possible that the
The increase in search times across all locations and lasered laser beam did produce a greater impairment within a
conditions relative to the no-laser mean varied only slightly, degree or two of the fovea but that this effect was not re-
from 85 to 145 ms. There were slightly more errors to targets flected in the overall effects on the inner search targets, whose
on the left side of the display during the 670 nm versus 405 average eccentricity was 4°. Also, it is possible that LF con-
nm laser exposure, but this was offset by a slight decrease intributed to increases in search time and error rate even for the
search times on the left side during the red exposure. Becausenner targets.
the no-laser mean search time for the left-sided targets was Despite the greater violet versus red laser effects on the
substantially less than the mean for the right-sided targetsouter targets, the violet laser effects on search times and er-
(perhaps because only the left hand was used in all condi-rors, relative to the no-laser condition, were nevertheless sub-
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stantially greater for the inner than outer targets. The falloff in
the effectiveness of the 405 nm laser is consistent with re-

because the transmission of the main beam is enlys!’
Thus, future research should also be directed at the conse-

cently obtained isolated-lens data in humans, which were usedquences of LF produced by near-UV lasers.

to estimated the combined veiling luminance of a 400 nm

exciting beam and its fluorescence at the posterior surface of Acknowledgments
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the periphery of our display, thereby reducing the contrast of References

the inner and outer targets in our display to 23% and 50%,

respectively. In contrast to the isolated-lens stitipwever,
the lack of a significantly greater violet laser effect in the
off-axis exposure conditions indicates that LF does fall off
considerably beyond 10°-15° and is definitely not homoge-
neous across the visual field.

Violet and red laser exposures differ in other ways besides
LF, but these other differences are less likely to be the source
of the differences in search performance for the outer targets.

Relative to medium- and long-wavelength light, violet light 4.

requires less lens accommodation, given its refractive error of
+1.5 diopters® However, such a defocus could not have
spread our point-source laser image as far as 5°—10° off axis.
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frequency, and other parametétdn this study, the largest
differences between the cw and 5 Hz laser exposures occurred
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conditions where the laser glare was greatest and where the
chopping of the beam allowed for a reduced average power
and increased interpulse visibility to occur.
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405 nm—while broader than for 670 nm and other visible
longer-wavelength laser beams—is not homogeneous. The re-

sults of Zuclich et af.suggest that, for excitation wavelengths 17,

below 390 nm, LF may approach a more homogeneous spread
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