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ABSTRACT : W e describe the characteristics of low —cost ultra-high-power light em i—
ting diodes (LED s) foruse In optical In agihg experim ents. W e use the LED s in experin ents
w ith bullfrog cardiac tissue and nd that the signaltonoise ratio is com parabl to other
comm only used illum ination sources.
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Introduction

T he developm ent of voltage-sensitive dyes has revolutionized the study of electrical ac—
tivity In spatially extended biological system s such as the heart [L]. In an opticalm apping
study, the electrical activity at di erent spatial locations can be visualized directly using
a uorescent dye in combiation wih an illum nation source to excite the dye and a de-
tector array to record  uoresence. A typical excitation source for use with di4-ANEPPS
(speci cations for other dyes are availbbl from M olecular P robes, www probes.com ) needs
to provide an intensity of 10-100mW /am? at the tissue surface, a spectralbandw idth less
than 35 nm, and the varation in the power of the source over tin em ust bem uch less than
the anticipated change In  uorescent power when the cell depolarizes.

Som e groups have recently nvestigated the use of light em itting diodes (LED s) as illum i~
nation sources 2,3]. The narrow bandw idth, high e ciency, and the potential for low noise
operation of LED s satisfy the illum ination source requirem ents for successfiil optical in ag—
Ing. However, these early experin ents used lowpower (02510 mW ) LED s so they could
only in age an all areas of cardiac tissue.

In thispaper, we report on the use of recently available ultra-high-power LED s (Lum ikds,
m odel Luxeon Star/O and Star/V) as an illum ination source In cardiac optical m apping
system s. Our study is needed because the LED s operate at high power where them al
e ects can be in portant and noise In the higher current supplies can be di cul to control.
Speci cally, it is not obvious that they will operate with su ciently low noise to be usefiil
In biological In aging experin ents.

The ultra-high-power LED s are available in two di erent m odels: Star/0, lower power
(3585 mW ) with collin ating optics, and Star/V, higher power (200400 mW ) w ithout col-
lim ating optics. The new LED s are signi cantly m ore powerfiil than those used in previous
experin ents and are available In a variety of em ission wavelengths [4] that span the near-
Infrared, visbl, and near ultraviolt spectrum , so the LED s can be used wih a varety
ofdi erent dyes and for ratiom etry experim ents [B]. These LED s are also signi cantly less
expensive ( $15-540) than either lasers or white light sources. Thus, they o er an attrac—
tive option for use In optical m agihg experim ents if they can achieve a signaltonoise ratio
(SNR) com parabl to currently used sources.

M ethods
LED characteristics

W em easured the intensity ofthe LED sw ith a New Focus photodetector (m odel # 2031)
at various distances for both the Star/O and Star/V m odels. Both m odels were run at their
m axinum rated current (700 m A forthe Star/V and 350 m A forthe Star/O ) by a low noise,
constant current power supply @A gilent m odelE 36152 ).

The LED s must not only provide enough Intensity for the experin ents, the intensity
must ram ain stable over the course of the experin ent. Since these LED s are so much m ore
powerfilthan previousm odels, heating ofthe juinction may a ect light output. W em ounted
the LED son CPU heat sinks and fans to help dissipate heat. W e then tumed on the LED s
and recorded the ntensity w ith the New Focus detector for 20 seconds every 2 m nutes over
a span of 10 m inutes, and every 10 m inutes thereafter for an hour.

F inally, wem easured the noise ofthe LED sby illum Inating a card stained with uorescent
paint that m In icsthe uorescence ofthe dye In an opticalm apping experin ent, but w ithout



the constant disruption of action potentials. We used a DALSA (model CA-D1-0128T)
cam era to collect 500 in agesat a fram e rate 0f490 H z. W e calculated them ean and standard
deviation ofthe Intensity for each pixel to determm ine the relationship between intensity and
noise.

In vitro E xperim ents

W e used the LED s to perfom opticalm apping experin ents in pieces of bullfrog ventric—
ular m yocardium . These studies were perform ed in accordance w ith the Resesarch Anin al
U == G uidelines of the Am erican Heart A ssociation and the Public Health Service Policy on
Hum ane Care and U s= of Laboratory Anin als, and the experim ental protocolw as approved
by the D uke University Tnstitutional Anin alCare and U se Comm ittee. Two bullfrogs were
anesthetized and their hearts were excised. Sm allpieces @oout 5 5 3 mm ) of ventricular
myocardiim were stained with 50 M di4-ANEPPS and placed In a tissue chamber. The
tissue was superfused w ith standard R inger’s solution and paced at a constant basic cycle
length. In each of the experin ents, we illum inated the tissue w ith either a cyan or green
LED.

Since both LED s em it som e light at wavelengths greater than the cuto for our high—
pass Ier, additionaldichroic Xers (Edm und Industrial O ptics H 52-538 and H 52-535) were
placed In front of the LED s to block any long wavelength em ission. W e used an OG 590

ter Edmund Industrial O ptics H 46-064) to lterthe uorescent em ission and we captured
the In agesw ith the DALSA cam era. W em ade several 3,000-fram e recordings to detem ine
the signal am plitude and signalto-noise ratio (SNR) ofboth sources.

Resuls
LED Characteristics

Figure[IA shows the Intensity as a function of distance of the green LED (results are
sin ilar for other colors). The Star/O m anages to produce Intensities greater than those of
the Star/V (more powerful) LED oncewe aremorethan 1 an from the source. Thus, for
n aging experim ents w here the source needs to be som e distance from the tissue, the Star/O
LED is the better choicel]

A tin e course of the intensity after nitial tum-on F igure[IB) show s that the intensity
output of the LED s is quite stable. W e see an hnitial drop in light output of 6.3% for the
Star/V and 5.0% for the Star/0O .

A Though this is a fairly large drop In Intensity @ drop In = uorescent intensity close to
an action potential), it only happens over a short period of tin e after the initial tum-on; the
tin e constant for the Star/V is 11 2 sand for the Star/O it is 8.3 s. The LED s reach steady
state w thin 30 s and the light output rem ains very stable W ithin the digitization error of
our data acquisition card: 0.001 mW /am?) beyond the iitial decrease in intensity.

Finally, m easurem ents from the uorescent card show that the LED s operate near the
shot noise 1im it.

W e expect an ideal light source to have the follow ing relationship between noise and
m ean intensity [6]:

q_—
vn= RN+ G (1)

W e have recently leamed that the plastic lens that is an integral part of the Star/O devices can be
purchased separately from Luxeon. The lens can be glued to the Star/V devices, leading to much higher
Intensities in com parison to the Star/O devices.



Source R APA SNR
Green LED | 00568 0.006| 4.7 08% | 13 3
Cyan LED 0.0569 0006| 53 08% |14 3

Tablk 1: Results of the noise and action potential am plitude A PA ) m easuram ents.

where R is the cam era conversion factor, N is the mean Intensity (in digital num bers)
and  gayx Is the dark noise of the cam era. Any deviation from the form of this equation
iIndicates the presence of technical noise, such asvaration in the light output ofthe em ission
source or noise from the power supply [7]. To detem ine how well the data t the above
relationship, we tthemean and standard deviation values for each source to Eqlll F igure
[3). Experin entally determ ined values of R are given in Tabl[ll. Both the green and cyan
LEDs t the theoretical curve well, ndicating that the LED s operate near the shot noise
Iim it.
In V itro E xperim ents
F igure[2 show s representative action potentials from the in vitro experin ents. B oth raw
data and ltered data are shown. W e detemn ined the average action potential am plitude
(APA) foreach pixeland resultswere binned and plotted asa function ofm ean intensity. W e
then t the data to a straight line, the slope of which gives the percent change in intensity
during the action potential. F igure[3 show s the results for both cyan and green LED s. W e
nd that both cyan and green LED s perform equally well w ith sin ilar m axinum signal to
noise ratios (see Tablk(d).

D iscussion and C onclusion

W e have shown that the characteristics ofthe Luxeon Star LED s satisfy the requiram ents
for an illum nation source In an epi uorescence m easurem ent of tranam em brane potential.
Both the Star/O and the Star/V provide su cient stablk light intensity for in aging exper—
Inents. The SNR in these experim ents is com parabl to the SNR found in other in agihg
experin ents using lasers or white light sources B]. O ur experim ents easily In aged pieces
of tissue of area 0.5 an? using a single LED . Use of multiple LED s pem its in aging of
even larger areas. Since the LED s are less expensive, m ore com pact and m ore e cient than
current light sources, evidence of their com parable perform ance In experin ents m akes them
an attractive new option for optical in aging.
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F igure[ll: Intensity of the green LED as a function of @) distance and (B) tim e.

Figure[J: @) Intensity map of a piece of frog cardiac tissue. (B) Optically recorded
action potentials from frog hearts. Pacing intervalwas 800 m s. Raw data (1,3) was lered
wih a 3 3 spatialGaussian Ier and threepoint tem poral averaging 2,4).

Figure[3: Signal and noise of the LEDs. (&) Standard deviation as a function of the
m ean intensity for both cyan and green LED s asm easured from the uorescent card. B)
R ecorded action potential signal as a function of m ean intensity for frog hearts. The slope
of the line gives the percent change In Intensity during the action potential.
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