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Introduction
The developm entofvoltage-sensitive dyeshasrevolutionized the study ofelectricalac-

tivity in spatially extended biologicalsystem ssuch asthe heart[1].In an opticalm apping

study,the electricalactivity at di� erent spatiallocations can be visualized directly using

a  uorescent dye in com bination with an illum ination source to excite the dye and a de-

tector array to record  uoresence. A typicalexcitation source for use with di-4-ANEPPS

(speci� cationsforotherdyesare available from M olecularProbes,www.probes.com )needs

to providean intensity of�10-100 m W /cm 2 atthetissuesurface,a spectralbandwidth less

than �35nm ,and thevariation in thepowerofthesourceovertim em ustbem uch lessthan
theanticipated changein  uorescentpowerwhen thecelldepolarizes.

Som egroupshaverecently investigated theuseoflightem ittingdiodes(LEDs)asillum i-

nation sources[2,3].Thenarrow bandwidth,high e� ciency,and thepotentialforlow-noise

operation ofLEDssatisfy the illum ination source requirem entsforsuccessfulopticalim ag-

ing. However,these early experim ents used low-power (0.25-10 m W )LEDs so they could

only im agesm allareasofcardiactissue.

In thispaper,wereporton theuseofrecentlyavailableultra-high-powerLEDs(Lum ileds,

m odelLuxeon Star/O and Star/V) as an illum ination source in cardiac opticalm apping

system s. Our study is needed because the LEDs operate at high power where therm al

e� ectscan beim portantand noisein thehighercurrentsuppliescan bedi� cultto control.

Speci� cally,itisnotobviousthatthey willoperate with su� ciently low noise to be useful

in biologicalim aging experim ents.

The ultra-high-powerLEDs are available in two di� erent m odels: Star/0,lower power

(35-85 m W )with collim ating optics,and Star/V,higherpower(200-400 m W )withoutcol-

lim ating optics.Thenew LEDsaresigni� cantly m orepowerfulthan thoseused in previous

experim ents and are available in a variety ofem ission wavelengths [4]thatspan the near-

infrared,visible,and near ultraviolet spectrum ,so the LEDs can be used with a variety

ofdi� erentdyesand forratiom etry experim ents[5]. These LEDsare also signi� cantly less

expensive (�$15-$40)than eitherlasersorwhite lightsources. Thus,they o� eran attrac-

tiveoption forusein opticalim aging experim entsifthey can achieve a signal-to-noiseratio

(SNR)com parableto currently used sources.

M ethods
LED characteristics

W em easured theintensity oftheLEDswith a New Focusphotodetector(m odel# 2031)

atvariousdistancesforboth theStar/O and Star/V m odels.Both m odelswererun attheir

m axim um rated current(700m A fortheStar/V and 350m A fortheStar/O)by alow-noise,

constantcurrentpowersupply (Agilentm odelE3615A).

The LEDs m ust not only provide enough intensity for the experim ents,the intensity

m ustrem ain stable overthecourse oftheexperim ent.Sincethese LEDsareso m uch m ore

powerfulthan previousm odels,heatingofthejunction m ay a� ectlightoutput.W em ounted

theLEDson CPU heatsinksand fansto help dissipateheat.W ethen turned on theLEDs

and recorded theintensity with theNew Focusdetectorfor20 secondsevery 2 m inutesover

a span of10 m inutes,and every 10 m inutesthereafterforan hour.

Finally,wem easured thenoiseoftheLEDsbyillum inatingacardstained with  uorescent

paintthatm im icsthe uorescenceofthedyein an opticalm appingexperim ent,butwithout
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the constant disruption ofaction potentials. W e used a DALSA (m odelCA-D1-0128T)

cam eratocollect500im agesatafram erateof490Hz.W ecalculated them ean and standard

deviation oftheintensity foreach pixelto determ inetherelationship between intensity and

noise.

In vitro Experim ents

W eused theLEDsto perform opticalm apping experim entsin piecesofbullfrog ventric-

ularm yocardium . These studies were perform ed in accordance with the Research Anim al

UseGuidelinesoftheAm erican HeartAssociation and thePublic Health Service Policy on

Hum aneCareand UseofLaboratory Anim als,and theexperim entalprotocolwasapproved

by theDukeUniversity InstitutionalAnim alCareand UseCom m ittee.Two bullfrogswere

anesthetized and theirheartswere excised.Sm allpieces(about5�5�3 m m )ofventricular
m yocardium were stained with 50 �M di-4-ANEPPS and placed in a tissue cham ber. The

tissue wassuperfused with standard Ringer’ssolution and paced ata constantbasic cycle

length. In each ofthe experim ents,we illum inated the tissue with either a cyan orgreen

LED.

Since both LEDsem itsom e lightatwavelengths greaterthan the cut-o� forourhigh-

pass� lter,additionaldichroic� lters(Edm und IndustrialOpticsH52-538and H52-535)were

placed in frontofthe LEDs to block any long wavelength em ission. W e used an OG 590

� lter(Edm und IndustrialOpticsH46-064)to� lterthe uorescentem ission and wecaptured

theim ageswith theDALSA cam era.W em adeseveral3,000-fram erecordingsto determ ine

thesignalam plitudeand signal-to-noiseratio (SNR)ofboth sources.

Results
LED Characteristics

Figure 1A shows the intensity as a function ofdistance ofthe green LED (results are

sim ilarforothercolors). The Star/O m anagesto produce intensitiesgreaterthan those of

theStar/V (m orepowerful)LED oncewearem orethan �1 cm from thesource.Thus,for

im agingexperim entswherethesourceneedstobesom edistancefrom thetissue,theStar/O

LED isthebetterchoice.1

A tim e course ofthe intensity afterinitialturn-on (Figure 1B)showsthatthe intensity

outputofthe LEDsisquite stable. W e see an initialdrop in lightoutputof6.3% forthe

Star/V and 5.0% fortheStar/O.

Although thisisa fairly large drop in intensity (a drop in  uorescentintensity close to

an action potential),itonly happensoverashortperiod oftim eaftertheinitialturn-on;the

tim econstantfortheStar/V is11.2 sand fortheStar/O itis8.3 s.TheLEDsreach steady

state within 30 sand the lightoutputrem ainsvery stable (within the digitization errorof

ourdata acquisition card:�0.001 m W /cm 2)beyond theinitialdecreasein intensity.

Finally,m easurem ents from the  uorescent card show thatthe LEDsoperate nearthe

shotnoiselim it.

W e expect an ideallight source to have the following relationship between noise and

m ean intensity [6]:

� N =

q

R � N + �2
dark

; (1)

1W e have recently learned that the plastic lens that is an integralpart ofthe Star/O devices can be

purchased separately from Luxeon. The lens can be glued to the Star/V devices,leading to m uch higher

intensitiesin com parison to the Star/O devices.
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Source R APA SNR

Green LED 0.0568�0.006 4.7�0.8% 13�3
Cyan LED 0.0569�0.006 5.3�0.8% 14�3

Table1:Resultsofthenoiseand action potentialam plitude(APA)m easurem ents.

where R is the cam era conversion factor, N is the m ean intensity (in digitalnum bers)

and � dark is the dark noise ofthe cam era. Any deviation from the form ofthis equation

indicatesthepresenceoftechnicalnoise,such asvariation in thelightoutputoftheem ission

source or noise from the power supply [7]. To determ ine how wellthe data � t the above

relationship,we� tthem ean and standard deviation valuesforeach sourceto Eq.1 (Figure

3). Experim entally determ ined valuesofR are given in Table 1. Both the green and cyan

LEDs � t the theoreticalcurve well,indicating thatthe LEDs operate near the shot noise

lim it.

In Vitro Experim ents
Figure2 showsrepresentative action potentialsfrom thein vitro experim ents.Both raw

data and � ltered data are shown. W e determ ined the average action potentialam plitude

(APA)foreach pixeland resultswerebinned and plotted asafunction ofm ean intensity.W e

then � tthe data to a straightline,the slope ofwhich givesthe percentchange in intensity

during theaction potential.Figure3 showsthe resultsforboth cyan and green LEDs.W e

� nd thatboth cyan and green LEDsperform equally wellwith sim ilarm axim um signalto

noiseratios(seeTable1).

Discussion and Conclusion
W ehaveshown thatthecharacteristicsoftheLuxeon StarLEDssatisfy therequirem ents

foran illum ination source in an epi uorescence m easurem ent oftransm em brane potential.

Both theStar/O and the Star/V provide su� cientstable lightintensity forim aging exper-

im ents. The SNR in these experim ents iscom parable to the SNR found in otherim aging

experim ents using lasers or white light sources [8]. Our experim ents easily im aged pieces

oftissue ofarea �0.5 cm 2 using a single LED.Use ofm ultiple LEDs perm its im aging of

even largerareas.SincetheLEDsarelessexpensive,m orecom pactand m oree� cientthan

currentlightsources,evidenceoftheircom parableperform ancein experim entsm akesthem

an attractivenew option foropticalim aging.
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Figure1:Intensity ofthegreen LED asa function of(A)distanceand (B)tim e.

Figure 2: (A) Intensity m ap ofa piece offrog cardiac tissue. (B) Optically recorded

action potentialsfrom frog hearts.Pacing intervalwas800 m s.Raw data (1,3)was� ltered

with a 3�3 spatialGaussian � lterand three-pointtem poralaveraging (2,4).
Figure 3: Signaland noise ofthe LEDs. (A) Standard deviation as a function ofthe

m ean intensity forboth cyan and green LEDsasm easured from the  uorescentcard. (B)

Recorded action potentialsignalasa function ofm ean intensity forfrog hearts. The slope

ofthelinegivesthepercentchangein intensity during theaction potential.
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