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Abstract. Selective laser targeting of the retinal pigment epithelium
�RPE� is an attractive method for treating RPE-associated disorders. We
are developing a method for optically detecting intracellular micro-
cavitation that can potentially serve as an immediate feedback of the
treatment outcome. Thermal denaturation or intracellular cavitation
can kill RPE cells during selective targeting. We examined the cell
damage mechanism for laser pulse durations from 1 to 40 �s ex vivo.
Intracellular cavitation was detected as a transient increase in the
backscattered treatment beam. Cavitation and cell death were corre-
lated for individual cells after single-pulse irradiation. The threshold
radiant exposures for cell death �ED50,d� and cavitation �ED50,c� in-
creased with pulse duration and were approximately equal for pulses
of up to 10 �s. For 20 �s, the ED50,d was about 10% lower than the
ED50,c; the difference increased with 40-�s pulses. Cells were killed
predominantly by cavitation �up to 10-�s pulses�; probability of ther-
mally induced cell death without cavitation gradually increases with
pulse duration. Threshold measurements are discussed by modeling
the temperature distribution around laser-heated melanosomes and
the scattering function from the resulting cavitation. Detection of in-
tracellular cavitation is a highly sensitive method that can potentially
provide real-time assessment of RPE damage during selective laser
targeting. © 2007 Society of Photo-Optical Instrumentation Engineers.

�DOI: 10.1117/1.2804078�

Keywords: laser; cell targeting; intracellular cavitation; retinal pigment epithelium;
laser-induced cell death.
Paper 06195RR received Jul. 25, 2006; revised manuscript received Jun. 11, 2007;
accepted for publication Jun. 12, 2007; published online Nov. 12, 2007.
oston, Massachusetts 02114
Introduction

n recent years, laser therapeutic applications have increas-
ngly moved toward less-invasive techniques. Utilizing selec-
ive absorption of tissue,1 modern laser therapeutic applica-
ions aim to selectively target a specific tissue. Avoiding
ollateral damage to neighboring tissue structures becomes
specially interesting in organs where the targeted tissue is in
lose proximity to a neural tissue. To ensure selective damage
o the target, monitoring of the treatment outcome and under-
tanding of the damage mechanism become crucial. Laser
reatment of retinal diseases of the eye is an important ex-
mple, where collateral thermal damage due to nonselective
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treet, Boston, MA 02114; Tel: 001-617-724-3957; Fax: 001-617-724-2075;
-mail: lin@helix.mgh.harvard.edu
ournal of Biomedical Optics 064034-
laser exposure adversely affects the visual acuity of the pa-
tient. In this paper, we describe a method that potentially can
allow monitoring the irradiation success during selective laser
targeting of retinal pigment epithelium �RPE� cells in the
retina.

The retina is a visual organ of about 300 �m in thickness
and is located in the back of the eye. The RPE is a monolayer
of cells that is interposed between the sensory retina and the
choroid.2 A single RPE cell measures about 15 �m in diam-
eter, and its nucleus is shielded by 150 to 300 melanin gran-
ules. The RPE absorbs, due to its high melanosome content,
about 50 to 60% of incident green light, as opposed to 7 to
10% absorbed in the neural retina.3 The RPE supplies the
photoreceptors with nutrients from the choroid by active
transport. Likewise, metabolic end-products from the photo-

1083-3668/2007/12�6�/064034/14/$25.00 © 2007 SPIE
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eceptors are removed or digested by the RPE. The function-
lity of the RPE slows with age or a systemic disease �such as
iabetes�.4

Retinal laser photocoagulation, one of the most widely
sed laser procedures in medicine and the established modal-
ty for the treatment of a variety of retinal disorders, can pre-
ent or slow vision loss in many patients. However, since the
ulse duration of the photocoagulator ��p�100 ms� is longer
han the thermal relaxation time of RPE ��r�a few �s�, heat
iffuses away from the absorbing RPE layer. A zone of co-
gulation that extends through the full thickness of the retina
s produced, resulting in a permanent blind region in the laser-
rradiated area �laser scotoma�.5 Treatment near the fovea is
specially dangerous since it can cause foveal burn and per-
anent loss of central vision.
Recent evidence demonstrates that selective targeting of

he RPE layer that avoids collateral damage to the photore-
eptors is the appropriate treatment modality for diseases
riginating from dysfunction of the RPE, such as drusen in
ge-related macular degeneration �AMD�, diabetic macular
dema �DME�, or central serous retinopathy �CSR�.6–8 Since
he first demonstration of selective RPE targeting �SRT� in
abbits,9 many preclinical and clinical studies have shown that
RT is an attractive method for treatment of retinal disorders

hat are associated with dysfunctional RPE.6–14 SRT is based
n the hypothesis that:

1. RPE can be selectively destroyed while preserving
verlying photoreceptors.

2. Injured RPE cells are replaced by migration and prolif-
ration of neighboring healthy cells.9

3. The functionality of the RPE layer is reestablished
long with the recovery of the lesion, preventing disease pro-
ression and blindness.

To minimize heat diffusion from the RPE and to achieve
electivity, it is necessary to employ pulses with durations on
he order of the RPE’s thermal relaxation time. Short exposure
imes can also be realized by rapidly scanning a continuous-
ave �cw� laser beam across the target tissue; while pulsed
RT is currently undergoing clinical trials, the scanning ap-
roach is under development. Scanning selective targeting
as demonstrated ex vivo by Brinkmann et al. using a multi-
ode fiber coupled argon laser.15 We have demonstrated using
slit lamp adapted laser scanner that SRT can also be

chieved in vivo in rabbits by scanning the spot �diameter of
bout one RPE cell� of a cw laser across the retina so as to
roduce microsecond-short exposure at each targeted RPE
ell.16,17

However, accurate dosimetry in a clinical setting will be
omplicated partly because the absorption coefficient of ocu-
ar melanosomes is not well described; available values in the
iterature18–22 vary from about 0.2 �m−1 to 1.3 �m−1. Fur-
hermore, the number of absorbing melanosomes per RPE cell
iffers among individuals and is not necessarily uniformly
istributed within an individual eye. Thus, a single threshold
alue �in mJ/cm2� that equally applies to all individuals and
o all locations within one eye cannot be found.23 Conse-
uently, dosimetry becomes a crucial step that is required to
void irreversible damage to the photoreceptors. Currently,
reatment outcome in SRT is assessed 1 h after irradiation by
uorescein angiography �FLA�, where a fluorescent dye pools
ournal of Biomedical Optics 064034-
into the ocular space in areas with laser-induced RPE damage.
This is necessary because the selective RPE damage is not
visible by ophthalmoscopic examination.6–17 Thus, no feed-
back is available during irradiation.

In this study, we investigate the possibility for an alterna-
tive feedback method that will allow monitoring of the treat-
ment outcome �i.e., selective RPE cell damage� during the
irradiation. In order to detect cell death during treatment, it is
necessary to understand the mechanism underlying the cell
damage by microsecond pulses. Two distinct cell damage
mechanisms have been proposed for the cause of RPE cell
death: thermal denaturation and intracellular cavitation. Upon
irradiation, the laser light is absorbed by melanosomes that
are contained within the RPE, near the anterior portion of the
cell. As described by the Arrhenius rate integral, an RPE cell
can be killed thermally when it is exposed to a temperature
higher than body temperature for a certain time. This thermal
rate process is the predominant cell damage mechanism for
millisecond pulses.24–26 For exposures on the order of the
thermal relaxation time, the laser-induced temperature around
the melanosomes is much higher ��150°C� than in any other
retinal layer ��40°C� because of their strong absorption in
the visible spectrum.21,22 This localized heating can induce
rapid vaporization of a thin layer of cytoplasm in contact with
the melanosomes, raising the vapor pressure high enough to
overcome the surface tension of the fluid and creating an in-
tracellular cavitation bubble around each granule.21,22,27–29 The
mechanical stress associated with the rapid expansion and
subsequent collapse of these bubbles can induce damage to
the membrane or intracellular organelles of the RPE cell �in-
tracellular cavitation-induced cell damage�.30

Previous studies have suggested that the transition from
cavitation-induced to thermal damage is expected to take
place somewhere within the microsecond regime.31,32 It was
shown that RPE cell death coincides with bubble formation
for 3-, 5-, and 6-�s pulses,31,32 while RPE cells were dam-
aged without cavitation formation for 50-�s pulses.32 How-
ever, these reports did not examine pulse durations between 5
and 50 �s, a critical parameter range for scanning selective
targeting of the RPE.

In order to be able to utilize cavitation formation as an
immediate feedback mechanism, our study is designed to
closely examine the dependence of RPE cell death mechanism
on pulse duration, in the clinically relevant microsecond range
�1 �s to 40 �s�. We hypothesize that optical monitoring of
the formation of intracellular cavitation can be a valuable tool
for dosimetry in individual irradiation spots, if RPE cells are
damaged due to cavitation formation. The beam diameter on
the RPE was adjusted to about the size of a single RPE cell so
that the cavitation signal could be correlated with individual
cell death. During the laser pulse, the variation of the back-
scattered irradiation light from the target was monitored, and
intracellular cavitation was detected as a transient increase in
backscattering of the treatment beam. The threshold radiant
exposures for cell death and cavitation were compared for
different pulse durations. The percentage of cell death associ-
ated with cavitation was measured as a function of pulse du-
ration and radiant exposure. We discuss the potential for real-
time monitoring of treatment outcome during SRT based on
November/December 2007 � Vol. 12�6�2
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he monitoring of backscattered light of the treatment laser
eam.

Materials and Methods
.1 Experimental Setup
n irradiation system was set up to monitor light backscat-

ered during the irradiation of RPE cells. The schematic dia-
ram of the experimental setup is shown in Fig. 1. A cw laser
unning at a power of 1 W ��=532 nm; VERDI, Coherent,
anta Clara, California� with linear polarization served as a

aser source for the irradiation. In order to produce pulses
ith various durations �1 �s to 40 �s�, the cw laser output
as gated using an acousto-optic modulator �AOM; AOMO
080-120, Crystal Technology, Palo Alto, California�, which
as controlled by a function generator. The radiant power was

ontrolled by adjusting the RF level of the AOM. An acousto-
ptic deflector �AOD; 2DS-100-35-.532, Brimrose, Balti-
ore, Maryland� was employed to scan the gated laser pulses

o discrete locations along a line scan. For the current study,
he AOD and AOM were modulated to create seven stationary
pots in each scan line. The collection efficiency of the back-
cattered photons is limited by the numerical aperture �NA� of
he focusing lens. The NA of the lens is determined by the
ctive aperture of the AOD �5 mm�, which constrains the
aximum collimated beam diameter, combined with the long
orking distance �125 mm� of the focusing best-form lens.
he long working distance was implemented to simulate the
onditions of our slit-lamp adapted laser scanner. In order to
ncrease the NA for backscattering light �from 0.02 to 0.06�, a
� telecentric beam expander was inserted between the AOD
nd the focusing lens. The 1/e2 diameter of the irradiation
eam at the focus was determined to be 16.7±0.1 �m using a
lit scanning beam profiler �Beam Scan 1080, Photon, Inc.,
an Jose, California�. The incident-forward and the backscat-

ered propagation were separated by utilizing the principle of

ig. 1 Schematic diagram of the experimental setup. The cw laser w
-D–acousto–optic deflector �2D-AOD�. A post-scanning 3� telecent
ered light was detected confocally with a 10-MHz avalanche photodi
uorescence microscope that was built vertically on top of the sam
llumination �627 nm�.
ournal of Biomedical Optics 064034-
an optical isolator, consisting of a polarizer and a Faraday
rotator �FR�. By placing a polarizing beamsplitter �pBS� cube
and an FR in the optical path between the AOM and the AOD,
the polarization of the incident beam was rotated by 45 deg.
The returning signal �backscattered light� going back through
the FR was rotated by an additional 45 deg �the returning
light is at 90 deg to the incident polarization�, enabling it to
be deflected by the beam splitter cube. The deflected beam
was focused by a 50-mm focal length lens through a 100-�m
pinhole for confocal detection. The ratio of focusing lens of
the scanner versus focusing lens of detector is 2.5. The pin-
hole, therefore, is about twice the diameter of the beam propa-
gating through it. Confocal detection was needed in order to
reject the signals from interfaces other than the RPE surface.
A 10-MHz-bandwidth avalanche photodiode �APD; C5460,
detector diameter=1.5 mm, Hamamatsu, Hamamatsu City,
Japan� was placed directly behind the pinhole. The APD sig-
nal was sampled with a 25-MHz data acquisition card �Com-
puscope 1250, Gage Applied, Lachine, Quebec, Canada� in-
terfaced to a PC.

For aiming and navigation on the sample, a compound
microscope �10�, infinity corrected� was erected on top of
the sample stage. The microscope was set up such that the
focal plane of the scanner coincided with the object plane of
the microscope. To illuminate the sample, a red light emitting
diode �LED� was used to obtain a reflectance image. A blue
LED at a wavelength of 480 nm and a long-pass filter were
incorporated into the microscope to excite calcein fluores-
cence that was used to assay viability of the RPE cells before
and after the treatment. Images were captured using a CCD
and a framegrabber-equipped PC.

2.2 Sample Preparation
The RPE explants were prepared from fresh, young bovine
eyes. During transport, the eyes were kept in a cooled solution
that provides nutrients to the eye in order to avoid premature

dulated using an acousto-optic modulator �AOM� and scanned with
m expander was inserted to increase collection efficiency. Backscat-
D�. Fluorescence images were taken using a custom-built compound
e. Two LEDs were used for fluorescence �490 nm� and reflectance
as mo
ric bea
ode �AP
ple stag
November/December 2007 � Vol. 12�6�3
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eakening of the RPE cells over time. The solution consisted
f 1:1 Dulbecco’s phosphate buffered saline �PBS� enriched
ith cell culture medium RPMI 1640, 20% fetal bovine se-

um, 5% 200 mM glutamine, and 1% penicillin-streptomycin.
hus, RPE cells remained viable for about 6 h after enucle-
tion. Upon arrival, eyes were cut equatorially, and the ante-
ior part and vitreous humor were removed. One sample of
oughly 15-mm diam was prepared from the posterior seg-
ent of each eye. The neural retinal layer was carefully

eeled off to expose the RPE. The RPE explants were incu-
ated for 30 min in calcein-acetoxymethyl �calcein-AM; Mo-
ecular Probes, Eugene, Oregon� �3 to 4 �g/mL� to stain vi-
ble cells. Calcein-AM is a nonfluorescent and nonpolar dye
hat can diffuse through the cell membrane into the cell
lasma, where the AM-group is hydrolyzed by esterase. The
esulting derivate calcein is fluorescent �excitation 490 nm,
mission 520 nm�. Because calcein without the AM-group is
olar, it is trapped within the cell, and fluorescence accumu-
ates with incubation time. Thus, viable cells appear bright in
uorescence microscopy. Dead cells appear dark in fluores-
ence images, as the calcein leaks through the compromised
ell membrane.

For the experiments, samples were placed in a Petri dish
lled with PBS. The dish was closed with a microscope cover
lass. Irradiations typically began 3 h and were completed 4
o 5 h after enucleation.

.3 Evaluation of Cell Viability and Cavitation
Formation

rradiation was performed by scanning the chopped cw laser
pot to seven discrete locations in a single line. Individual
esions were separated by about 60 �m within the line. The
ample was translated to target the tissue area for the applica-
ion of the next line. The lines were separated by 100 �m.

The laser pulse duration was varied from 1 �s to 40 �s.
or all pulse durations, the radiant exposure was varied in
rder to determine the ED50 for cell death and cavitation. A
otal of over 3900 cells �at least 574 cells for each exposure
uration� were tested on 5 samples from different eyes. Fluo-
escence images were taken immediately before and 30 min
fter irradiation using the compound fluorescence microscope
ntegrated in our setup. RPE cells that remained viable ap-
eared fluorescent, while cells that lost viability were identi-
ed by loss of calcein fluorescence. The backscattering signal
as recorded for every pulse applied. The signals were evalu-

ted for cavitation formation based on examination of the raw
races. In addition, the maximum derivative of the raw trace
ided the evaluation process. That is, the steepest slope mea-
ured during any single backscattering trace can guide the
ssessment by providing a measurable number.

Cell viability was assessed based on the fluorescence im-
ges by individuals who had no knowledge of the backscatter-
ng signal traces. Likewise, the signal traces were interpreted
s bubble/no bubble by a person who had no knowledge of
he state of the corresponding cell after irradiation. For every
ulse applied, the viability and cavitation assessments were
atched and compared.
The results of the respective counts were used to plot the

robability of finding cell death and cavitation as a function of
adiant exposure for the various exposure times. Furthermore,
ournal of Biomedical Optics 064034-
Probit analysis33,34 was utilized to statistically determine the
effective dose 50% for cell death �termed ED50,d� and the
effective dose 50% for cavitation �termed ED50,c� for each
exposure time. ED50,d describes a radiant exposure that is
required to damage 50% of irradiated cells. Likewise, ED50,c
defines a radiant exposure that induces cavitation in 50% of
irradiated cells. For Probit analysis, the quantal response data
were set equal to ‘1’ for every individual dead cell or cavita-
tion event and equal to ‘0’ for every surviving cell or absence
of cavitation, respectively. Beyond statistical determination of
the 50% probability points for cell death and cavitation, we
also evaluated the percentage of dead cells that underwent
bubble formation and the percentage of cavitation events that
did not result in cell death.

2.4 Temperature Calculations
The temperature profile around a single melanosome was cal-
culated using the model describing the heat distribution of a
uniformly heated spherical particle that was developed by
Goldenberg and Tranter.35 This model is widely used to deter-
mine the temperature distribution around laser-heated par-
ticles. Brinkmann and Neumann adapted this model for com-
prehensive temperature calculations in RPE cells.21,22 For our
calculations, the melanosome was assumed to be a spherical
particle of 1.5-�m diameter immersed in water. The particle
was considered centered on our Gaussian irradiance profile
�waste radius �=8 �m�, since the highest temperature is
achieved in that location. As a source term, we considered the
fraction Pa of the cavitation threshold power that is incident
on and absorbed by a particle of radius a at the cavitation
threshold:

Pa = PED50,c����1 − exp�− 2�a2�/��2���

��1 −
1

2�2a2 �1 − exp�− 2�a���1 + 2�a�	 .

Here, the term in the first bracket is the fraction of the power
of a Gaussian irradiance profile that intersects with a particle
of radius a. The term in the second bracket is the fraction
absorbed by a spherical particle, as described in detail by
Gerstman et al.,29 where � is the melanosome absorption co-
efficient ��=13,000 cm−1�.21 Literature values for the ther-
mal properties of melanosomes and water36,37 were used for
the calculations.

2.5 Scattering Calculations
To determine the smallest bubble size that can be detected
with our system, we calculated the percentage of incident la-
ser power that is backscattered into the system. The resulting
detector voltage was estimated and used to determine the
signal-to-noise ratio �SNR�.

2.5.1 Scattering phase function for microcavitation
bubbles

The scattering phase function for a growing cavitation was
calculated to determine the fraction of an incident laser beam
that is backscattered at the target tissue. The angular scatter-
ing phase function is described by Mie theory38 as
November/December 2007 � Vol. 12�6�4
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fMie��� =
S1S1

* + S2S2
*

2�

0

�

�S1S1
* + S2S2

*� sin � d�

,

here

S1��� = �k=1

� 2k + 1

k�k + 1��ak

Pk
1�cos ��
sin �

+ bk
d

d�
Pk

1�cos �� ,

S2��� = �k=1

� 2k + 1

k�k + 1��bk

Pk
1�cos ��
sin �

+ ak
d

d�
Pk

1�cos �� .

Pk
1�cos �� are the associated Legendre functions, and ak

nd bk are the coefficients of the Mie series that depend on the
avelength �, the size of the scattering body, and the relative

efractive index n. In the simulations, the following optical
roperties of the growing, nonabsorbing cavitation were used:
=532 nm, n=1/1.33, and the diameter of the bubble was
aried from 1 �m to 5 �m. To estimate the fraction of inci-
ent light 	NA that is backscattered within the field of view of
ur detector �NA=0.06�, we considered the ratio of SNA
backscattering of fMie��� within the NA� and Stot �total scat-
ering of fMie��� into all angles�:

	NA =
SNA

Stot
· Qscat,

here Qscat is the scattering efficiency, defined as the ratio of
he scattering cross section to the geometric cross section.39

s the photon source, we again considered the fraction of
ower that is incident on a growing bubble that is centered on
ur Gaussian irradiance profile.

.5.2 Detector voltage as result from backscattering
o determine the detector voltage due to backscattering, we
sed the measured cavitation ED50 power �ED50,c����. To ac-
ount for power losses in our setup, the transmission effi-
iency �Tsetup=53% � was measured through the confocal
inhole with a mirror placed in the sample plane. Last, the
hotoelectric sensitivity of our APD at 532 nm �PEAPD
0.6*10−6 V/W� was considered. Thus, the voltage result-

ng from cavitation-induced backscattering is

VAPD = ED50,c��� · 	NA · TSetup · PEAPD.

Results
PE explants were irradiated ex vivo using laser pulses at
ifferent pulse durations �1, 5, 10, 20, and 40 �s�. In order to
etect intracellular cavitation, the backscattering of the treat-
ent laser was monitored using an APD. A typical back-

cattering signal with cavitation is shown in Fig. 2 together
ith fluorescence images of RPE cells before and after the

aser pulse. Fluorescent, hexagonal RPE cells are clearly vis-
ble, indicating that all cells are viable prior to irradiation.
fter the laser pulse, the targeted cell turns dark, suggesting

hat it was killed by the pulse. In the trace of backscattered
ight, a baseline signal represents no pulse. The rectangular
edestal wave form was produced as the irradiation pulse is
ournal of Biomedical Optics 064034-
turned on. The spike occurring on top of the pedestal at the
end of the pulse represents the increased reflectance at the
vapor-liquid interface of the cavitation bubble.

Figures 3 and 4 compare the fluorescence images after
irradiation with 1- and 20-�s pulses and their corresponding
backscattering traces. Cavitation events are characterized by
rapid, transient increase of the backscattering signals. At the
cell damage threshold ��ED50,d�, the cavitation usually
formed toward the end of the pulse, while the onset of cavi-
tation occurred earlier with higher radiant exposure. All dead
cells are associated with cavitation for 1-�s pulse duration.
Two cells survived the formation of cavitation, indicated by
asterisks in Fig. 3. For pulses of 20-�s duration, two cells
were killed without cavitation near ED50,d; those cells are
indicated by crosses in Fig. 4. With higher radiant exposure,
cavitation was detected earlier in the pulse for almost all dead
cells, and multiple dead cells were observed from a single
laser spot.

Judging the signal traces as positive or negative �as to
whether there was a spike� was clear in the vast majority of
irradiations �about 99% of all irradiated cells� by examination
of the raw traces �Figs. 3 and 4�. In addition, we differentiated
the raw traces with respect to time in order to evaluate the
steepest transient during the application of the pulse �in units
of V/�s�. Plotting the maximum slope values versus radiant
exposure, we observed for all pulse durations that slopes from
traces without a clear spike are well-separated from traces of
cavitation events. Figure 5 shows the typical distribution of
slope maxima for 5- and 10-�s pulses. Cavitation-induced
spikes have slopes up to two orders of magnitude higher than
slope maxima introduced by background noise �i.e., no cavi-
tation�. More than 99% of cavitation-induced spikes are three
times higher than average noise. Thus, we observed that a
threshold could be used to guide assessment of those few
backscattering cases that were difficult to judge because the
cavitation signal was barely above the noise floor. Figure 5
further shows that the threshold value was set to approxi-
mately two times higher than the average of noise level. Ex-
ample traces corresponding to maxima near the threshold are
shown as well.

Fig. 2 Fluorescence images and backscattering signal from calcein-
stained bovine RPE irradiated with a 5-�s pulse, �=532 nm,
radiant exposure=185 mJ/cm2 ��6% above ED50,d�. Irradiation was
performed approximately 4 h after enucleation of the eye. Hexagonal
RPE cells are clearly visible and the cells are fluorescent, indicating
that all cells are viable prior to irradiation �left�. 30 min after the irra-
diation, the cell in the middle of the right image turns dark, suggesting
that the cell was killed by the pulse. In the signal trace �x axis
125 mV/div; y axis 2.5 �s /div�, the spike occurring near the end of
the pulse represents increased backscattering due to formation of a
cavitation.
November/December 2007 � Vol. 12�6�5
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The cell damage probability �number of dead cells/total
umber of irradiated cells� and the cavitation probability
number of cells with cavitation/total number of irradiated
ells� are compared as a function of radiant exposure �Fig. 6�.
or 1- and 5-�s pulse durations, the probability of cavitation

s higher than the probability of cell death over the entire
ange of radiant exposures because a significant number of
ells survived the cavitation. For 10-�s pulses, the two traces
oincide for all tested radiant exposures. For pulses 20 �s and
onger, the cell death probability is higher than the cavitation

ig. 3 Fluorescence images 30 min after 1-�s pulse irradiation with
amples were irradiated with seven discrete laser spots along a scan l
ignal without cell death. In �a� �86 mJ/cm2�ED50,d�, cells in positi
ubbles have been detected. Cells in positions 5, 6, and 7 survived th
as survived the irradiation, but a bubble has been detected. In panel
nly the cell in position 7 survived.

ig. 4 Fluorescence images 30 min after 20-�s pulse irradiation with
amples were irradiated with seven discrete laser spots along a scan
ithout a cavitation signal. In �a� �283 mJ/cm2�ED50,d�, cavitation wa

n �b� �412 mJ/cm2�1.4 ED50,d�, cavitation occurred significantly earl
ocation.
ournal of Biomedical Optics 064034-
probability, that is, cavitation occurs at a significantly higher
radiant exposure than cell damage. The discrepancy further
increases with pulse duration.

ED50,d and ED50,c were determined from the Probit analy-
sis and plotted in Fig. 7 as a function of pulse duration. The
error bars represent the upper �FUL� and lower �FLL� limits
of the 95% fiducial confidence intervals. The ED50 radiant
exposures, for both cavitation and cell death, were found to
increase with increasing pulse duration �note that the ED50
power decreases with pulse duration�. For 1- and 5-�s pulses,

ponding backscattering traces �x axis 250 mV/div; y axis 1 �s /div�.
e beam was stationary during the irradiation. ‘*’ indicates a cavitation
3, and 4 are damaged, as indicated by a lack of fluorescence, and
ation, and no bubbles have been detected. The cell in position 1 also
0 mJ/cm2�1.3 ED50,d�, all signal traces show bubble formation, and

ponding backscattering traces �x axis 125 mV/div; y axis 5 �s /div�.
e beam was stationary during the irradiation. ‘+’ indicates cell death
ted at the end of the pulse in two cells, although four cells have died.
ng the exposure in all cells. Multiple dead cells are found in each spot
corres
ine. Th
ons 2,
e irradi
�b� �12
corres
line. Th
s detec

ier duri
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he ED50,d �86 mJ/cm2 and 173 mJ/cm2, respectively� is
igher than the ED50,c �72.2 mJ/cm2 and 158 mJ/cm2, re-
pectively�. The ED50 for cell death and cavitation were ap-
roximately equal for the 10-�s pulses ��210 mJ/cm2�. For
0 �s, the ED50,d �281 mJ/cm2� is lower than the ED50,c
311 mJ/cm2�, and the difference is larger with 40-�s pulses.

In Fig. 8�a�, the percentage of dead cells associated with
avitation �number of dead cells with cavitation/total number
f dead cells� are plotted for radiant exposures at 1.1ED50,d
nd higher. In the case of 1- to 10-�s pulses, more than 95%
f dead cells were associated with cavitation bubble formation
egardless of the pulse energy. For pulses with 20- and 40-�s
uration, the majority of dead cells �more than 95%� were
ccompanied by cavitation at high pulse energy
�1.5 ED50,d�. However, cell damage without cavitation is
ncreasingly observed, and the ratio near ED50,d decreased to
5% and 45% for 20 and 40 �s, respectively.

The percentage of surviving cells associated with cavita-
ion �number of viable cells with cavitation/total number of
rradiated cells� are presented in Fig. 8�b� for radiant expo-
ures at 1.1 ED50,d and higher. The percentage decreases with
ncreasing pulse duration. In the case of 1 �s, the percentage
s as high as 29%, while cells surviving a cavitation event
ere rarely found for 20 �s �3 out of 574 cases� or not found

t all for 40-�s exposures �0 out of 840 cases�.

Discussion
n order to investigate the cell damage mechanism, bovine
PE cells were irradiated with green laser pulses with various
ulse durations. Intracellular cavitation was monitored and

ig. 5 Maximum derivative calculated from the backscattering raw sig
elative to ED50,c for �a� 5-�s pulses and �b� 10-�s pulses. Circled da
egative as to bubble formation. Although an increase of signal can a
g�, their peak derivative delivers a quantitative and objective measu
teeper slopes than the noise signals and are typically larger than 3 ti
ournal of Biomedical Optics 064034-
correlated with the cell death. Previous studies21,40–42 have
used simultaneous high-speed imaging and light scattering ex-
periments to investigate bubble formation around laser-heated
melanosome particles. These studies cover the range of laser
pulses from 30 ps �Ref. 40� up to 1.8 �s �Refs. 21 and 41�.
These studies all show an abrupt drop in the forward-
transmitted probe beam signal that coincides with the forma-
tion of microbubbles around the melanosomes as observed by
high-speed imaging. In addition, interferometric measure-
ments during RPE irradiation with 1.8-�s pulses revealed that
cavitation gives rise to a transient backscattered signal that is
attributed to a rapidly moving interface formed when a bubble
expands and collapses.42 These previous studies sufficiently
demonstrated that formation of the cavitation bubble extends
into the �s regime, and the onset of the cavitation causes an
abrupt change in the forward and backward scattering of the
probe beam. It has been also reported that the onset of the
cavitation bubble takes place near the end of the irradiation
pulse in the regime of pulse durations discussed here.21,31,41,42

In the current study, intracellular cavitation was monitored
by detecting the backscattered light of the irradiation pulse
because backscattering geometry is necessary for future in
vivo detection. The enhanced backscattering at the interface of
a cavitation bubble appears as a rapid, transient increase of
the APD signal �Fig. 2�. The signal contains the following
distinct features:

• An abrupt and transient increase in backscattering,
which occurs near the end of the laser pulse at threshold and
moves forward in time with increasing pulse energies.

• Above threshold, the abrupt increase in the backscatter-

to g: x axis 100 mV/div; y axis 2 �s /div� for discrete radiant exposure
ts correspond to the raw signal traces �c� to �g�. Traces �c� and �f� are
be observed near the end of the pulse in the raw traces �d�, �e�, and
. The cavitation-induced spikes have up to two orders of magnitude
e average noise.
nals �c
ta poin
lready
rement
mes th
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ng signal is followed by rapid oscillations, often consisting of
ultiple spikes with individual pulse width of a few hundred

anoseconds.
The signal width is consistent with the previously reported

ifetime of micrometer-size bubbles around laser-heated
elanosomes.41 The reason for the multiple spikes is that
any melanosomes are heated at once, creating multiple

ubbles. In addition, when the laser pulse duration is longer
han the bubble lifetime, individual melanosomes can be
eated again after bubble collapse to produce additional
ubbles.

The derivative of the backscattering signal was utilized to
istinguish the cavitation-induced signals from noise. The ma-
ority �more than 99%� of cavitation spikes produced a slope
t least three times larger than the average noise level. This
uggests that the derivative of the backscattering signal can
erve as a good metric for the assessment of intracellular cavi-
ation during SRT.

At the ED50 radiant exposure for cavitation, the cavitation
ubbles were detected at or near the end of the pulse. With
igher radiant exposure, the cavitation threshold is reached
ooner, resulting in an earlier cavitation signal. As expected,
he ED50 for cavitation and cell death were found to increase
ith increasing pulse duration �1 �s→40 �s�.

It is notable that a significant number of surviving cells
ere associated with intracellular cavitation during short
ulses. Previous studies have shown that it is possible to cre-
te cavitation without inducing endothelial cell30 and RPE cell
eath.32 It can be assumed that small cavitation bubbles are

ig. 6 Probability functions of cell death and cavitation as a function
ersus the number of irradiated cells for exposure times 1 �s to 40 �
ith exposure time. For 1- and 5-�s pulse durations, the percentage o

or 10-�s pulses, the two traces coincide for all tested radiant expos
avitation percentage, and the discrepancy increases with pulse durat
ize for all other points of the curve.
ournal of Biomedical Optics 064034-
formed, but the resulting mechanical stress is not sufficient to
cause cell death.30 The percentage of cells that survived a
cavitation event decreased with increasing pulse duration.
Near the threshold of cavitation, larger cavitation signals were
observed with longer pulses.31 This was attributed to the
higher threshold radiant exposure achieved with a longer
pulse. During a long exposure time, a larger volume of sur-
rounding fluid is heated as a result of heat diffusion from the
absorbing melanosomes. This volumetric heat accumulation
leads to a large bubble once the nucleation temperature is
reached at the surface of melanosome. Smaller cavitation
bubbles, produced by shorter pulses, can lead to a higher in-
cidence of surviving cells with cavitation. That is, the stress
imposed by a few small bubbles may not be sufficient to
damage the cell.

Cell death without cavitation signal, on the other hand, can
be interpreted in two different ways: cavitation bubbles were
formed but not detected, or cells were killed without cavita-
tion. For short pulses �up to 10 �s�, cavitation bubbles were
detected in a significant number of surviving cells, indicating
that the optical detection scheme is sensitive enough to pick
up cavitation events that are insufficient to cause cell death.
Consequently, the likelihood for missing cavitation bubbles
leading to cell death is low.

It is noted that an increasing number of cells died without
a cavitation signal for longer pulse durations. If cavitation
occurs, the bubble size is typically larger for longer pulse
durations,32 making them easier to be detected. Consequently,
the likelihood for missing the cavitation bubble should de-

iant exposure acquired by counting dead cells and cavitation events
shold radiant exposure increases for both cell damage and cavitation
ation is higher than that of cell death for any given radiant exposure.
or pulses 20 �s and longer, the cell death percentage is higher than
e error bars represent the standard deviation; they are about the same
of rad
s. Thre
f cavit
ures. F
ion. Th
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rease with increasing pulse duration. The high sensitivity and
igher number of cells without cavitation signal for long
ulses suggest that the lack of bubble signal indicates lack of
ubble formation.

For pulse durations of 20 �s and longer, the ED50 radiant
xposure for cell death is lower than that of cavitation. As the
ulse gets longer, the amount of heat diffusion away from the
elanosomes into the cytoplasm becomes more significant.
his outcome can be predicted considering the thermal relax-
tion time and the thermal diffusion length. The thermal re-
axation time is proportional to the particle radius and in-
ersely proportional to the thermal diffusivity of the medium:

TRT=a2 / �4
�. For a melanosome of 1.5 �m in diam that is
mbedded in water, �TRT�1 �s �with 
�H2O�
1.5*105 �m2/s�. The thermal diffusion length is related to

he pulse width: Ldif f =sqrt��pulse*4
�. In our experiments, the
iffusion length increases with pulse duration from 0.75 �m
ith 1-�s pulses to 5 �m for 40-�s pulses, respectively.
hus, heat diffusion is confined to the vicinity of the particle

or the shorter pulse durations. For the long pulse durations,
he diffusion length exceeds the typical distance between
eighboring melanosomes �about 1 �m�. As a result of in-
reased heat diffusion into the surrounding cell medium, the
robability of thermally induced cell death increases with
ulse duration, and the mechanism of cell damage undergoes
gradual transition from a purely mechanical to a thermal-
ediated process.21,32 The observation of multiple dead cells

round a single laser spot �Fig. 4� provides further evidence of
hermal conduction away from the absorbing melanosomes.

ith increasing heat dissipation, neighboring cells can be af-
ected by diffusion into the periphery �if no bubble was de-
ected� or by generation of larger bubbles in the targeted cell.
hese results are explained in more quantitative terms by ex-

ig. 7 Radiant exposure thresholds �ED50� for cell death and cavita-
ion as a function of pulse duration. The error bars represent the upper
FUL� and lower �FLL� confidence limits �95% fiducial confidence
ntervals�. For 1- and 5-�s pulses, the ED50,d �86 mJ/cm2 and
73 mJ/cm2, respectively� is higher than ED50,c �72.2 mJ/cm2 and
58 mJ/cm2, respectively�. The ED50 values for cell death and cavita-
ion were approximately equal for 10-�s pulses ��210 mJ/cm2�. For
0 �s, the ED50,d �281 mJ/cm2� is lower than the ED50,c
311 mJ/cm2�, and the difference gets higher with 40-�s pulses. This
ndicates that more and more cells are damaged without the influence
f cavitation with increasing exposure time. ‘n’ represents the number
f data used for the analysis for each exposure time.
ournal of Biomedical Optics 064034-
amining the spatial temperature distribution and light scatter-
ing from small cavitation bubbles in the following two
sections.

4.1 Temperature Calculations

Figure 9 shows the temperature distribution around a single
melanosome for the ED50,c measured in our experiments; the
inset shows the results when the ED100,c is used for the source
term. ED100,c values were taken from Fig. 6; ED100,c occurs
consistently at about 1.3 ED50,c. According to this model,
irradiation with 1- and 5-�s pulses results in the same surface
temperature �114°C at ED50,c and 140°C at ED100,c�, with
the 1-�s pulse resulting in the least amount of heat diffusion.
The temperature in the cell medium at position r /a=2 �i.e.,
1.5 �m from the particle surface� is not elevated at the end of
a 1-�s pulse for either ED50,c or ED100,c. As a consequence,
short pulses are more likely to result in bubble formation than

Fig. 8 Percentage of dead cells associated with cavitation �a� and
percentage of viable cells with cavitation for different pulse duration
�b�. The error bars represent the standard deviation. The number of
exposed cells per pulse duration is consistent with the sample size
stated in Fig. 7. In �a�, for 1- to 10-�s pulses, more than 95% of dead
cells were associated with cavitation formation at about cell damage
threshold �ED50,d�. The ratio decreased to 65% and 45% for 20 and
40 �s, respectively. However, the majority of dead cells �more than
95%� were still accompanied by cavitation at 30% to 50% above
ED50,d even for pulse durations of 20 and 40 �s. In �b�, the percentage
of cells surviving a cavitation decreases with increasing pulse dura-
tion. In the case of 1 �s, cavitation in as many as 29% of viable cells
was observed, while the percentage is close to zero for 20 and 40 �s.
November/December 2007 � Vol. 12�6�9
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onger pulses. Cavitation is observed in almost every dead cell
Fig. 8�a��, suggesting that these cells have been damaged
echanically.
With increasing pulse duration, heat diffusion becomes

ignificant, leading to decreased temperature on the particle
urface and increased temperature in the surrounding cell me-
ium. The surface temperature is, in the most extreme case at
0 �s, about 40% below the temperature of a 1-�s pulse.
onversely, the medium temperature at a distance of 1.5 �m

rom the particle is elevated, suggesting that significant
mounts of heat energy are diffusing even from a single par-
icle. Thus, heat diffusion leads to heating of both the sur-
ounding cell medium and adjacent particles, because the spa-
ial separation between neighboring melanosomes is typically
bout 1 �m.21 In addition, the Gaussian irradiance profile
ith a 1/e2 diameter of 16 �m is also incident on neighbor-

ng particles �even though those “see” a smaller fraction of
ncident power�, further adding to the amount of heat energy
hat is absorbed and, subsequently, conducted into the cell

edium. Thus, accumulating conduction during a 40-�s
ulse leads to heating of a cell volume that is significantly
arger than that from a 1-�s pulse, where heat is mostly con-
ned to the immediate vicinity of the particle. Therefore, with

ong pulse durations, the probability for cells to be damaged
hermally before the cavitation temperature is reached in-
reases �Fig. 8�a��, resulting in a cell death threshold that is
ower than the cavitation threshold.43

.2 Detection sensitivity
iven that bubble formation accompanies RPE cell death in

he majority of cells irradiated with short laser pulses, we next
xamine the sensitivity of optically detecting cavitation as a
eedback mechanism during treatment. The following discus-
ion is based on Mie scattering calculation of light scattering
rom spherical bubbles. According to Fig. 10, at �=532 nm,
pproximately 0.0005% of a 16-�m Gaussian laser beam in-
ident on a �1.5-�m-diam bubble is backscattered. This ex-
remely low fraction of backscattered light justifies the deci-

ig. 9 Spatial temperature distribution around a single melanosome of
.5-�m diameter with absorption coefficient of 13,000 cm−1 and the
D50,c �inset: ED100,c�. The traces are defined in terms of pulse dura-
ion, which represents the ED50,c power that decreases from 164 mW
or 1-�s pulses to 26 mW for 40-�s pulses. The x-axis r/a describes
he distance from the particle center; ‘1’ is the particle surface. The
article is outlined by the gray box.
ournal of Biomedical Optics 064034-1
sion to detect the backscattered signal from the higher-power
irradiation pulse itself, rather than from a separate, low-power
probe beam. However, backscattering in this size regime is
strongly dependent on the bubble diameter; thus, increasing
the bubble diameter to �3.5 �m results in a backscattering
percentage that is about 5 times higher.

4.2.1 Detector voltage resulting from backscattering
and signal-to-noise ratio

Considering the transmission efficiency of our system and the
photoelectric sensitivity of our APD, a micron-size bubble
during a 1-�s pulse at the ED50,c power results in a detector
voltage on the order of 100 mV. Due to lower incident laser
power for 40-�s pulses, backscattering from a micron-size
bubble �at ED50,c power� would result in a much lower detec-
tor signal of �15 mV. However, since backscattering in this
size regime is strongly dependent on the bubble diameter, a
bubble that is only 5% larger leads to a signal that is almost
twice as big ��30 mV� �Fig. 11�.

A bubble can be detected only if the detector voltage due
to backscattering is larger than the noise �voltage fluctuation�.
To estimate the detection sensitivity, the calculated cavitation-
induced voltage was compared to the noise of our signal. The
noise was determined for no light input between consecutive
pulses �i.e., dark noise� and for the pedestal at 164 mW and
25 mW optical power �ED50,c at 1 and 40 �s, respectively�
by analyzing six acquired detector traces each. The standard
deviation of the voltage fluctuation in the dark trace was
2.6 mV. In the pedestals during 1-�s irradiation, the mean
voltage was typically about 400 mV and the standard devia-
tion was 19 mV. A 40-�s pulse resulted in a pedestal mean
voltage of about 125 mV and a standard deviation of 9.8 mV.
These numbers agree with the noise figures calculated from
the noise spectral density, using data supplied by the
manufacturer.

Comparing these noise values with calculated voltage from
Fig. 11, our system is capable of detecting micron-size spheri-
cal bubbles during both a 1-�s and a 40-�s pulse at ED50,c.
For a 1-�s pulse, with a probe power of 164 mW available,

Fig. 10 Percentage of laser power backscattered by a growing cavita-
tion into NA=0.06 as a function of bubble diameter. For calculations,
the bubble was assumed to be centered on a Gaussian irradiance
distribution, since the highest temperature is most likely achieved in
this location.
November/December 2007 � Vol. 12�6�0
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he SNR is 5 for the smallest cavitation of 1 �m in diameter.
he SNR is 1.5 for 40-�s pulses when one standard deviation
f noise is considered. With the bubble most likely expanding,
he SNR rapidly increases to 3 for a slightly larger bubble.
he post-scanning beam expander that triples the collection
umerical aperture to NA=0.06 made this detection sensitiv-
ty possible. Without the beam expander, the collection NA
ould have been equal to the forward NA of the scanner

NA=0.02�, resulting in a photon loss of about one order of
agnitude.

.2.2 Implications for current results and future in
vivo work

iven the good detection efficiency of our setup, we must
onclude that cells in fact were damaged thermally during
ong pulse durations and that bubble formation truly did not
ccur when cells appeared to have been damaged without
ubble formation �Fig. 8�a��. For pulse duration of 1 �s, the
cattering calculations furthermore demonstrate that our in-
trument is capable of detecting spherical bubbles that barely
xpand beyond the diameter of the particle. This observation
uggests that sensitivity of the system is sufficient to detect
ubbles that form around individual particles. At the short
ulse durations, not every detected cavitation resulted in cell
eath �Fig. 8�b��; it is conceivable that a single bubble that
orms around one melanosome is insufficient to damage the
ell.

When bubbles were detected at ED50,c during 40-�s
ulses, the transient bubble signal was significantly longer
han in 1-�s pulses. In Fig. 12, we plot the detector voltage
ersus the width of several transient bubble signals for 1- and
0-�s pulses. Detector signals that were cut off by the end of
he pulse and multiple spikes were excluded from the analy-
is. As a result, the signal width �i.e., the bubble lifetime� is
n the order of 100 to 200 ns for 1-�s pulses, while it ex-
ends to up to 600 ns for 40-�s pulses �Fig. 12�a��. Higher
oltage and steeper slope in the 1-�s data are a result of
igher probe power: data were taken at 30% above ED

ig. 11 Resulting voltage from backscattering for cavitation between 1
nd 1.5 �m in diameter. As in Fig. 9, power decreases from 1 to
0 �s. Thus, the voltage as a result of backscattering scales with the
vailable power. The smallest bubble leads to a signal of 15 mV when
robed with the ED50,c of 40 �s �26 mW�. Since scattering in this size
egime is strongly size dependent, a slightly larger bubble
�1.06 �m� yields a signal of 29 mV.
50,c

ournal of Biomedical Optics 064034-1
�220 mW� for 1-�s and at ED50,c �25 mW� for 40-�s data.
Therefore, in Fig. 12�b�, we estimate the bubble diameter that
corresponds to the detector voltage, using the results of the
Mie calculations �compare Sec. 2.5 and Figs. 10 and 11� and
taking the different probe powers into account. The estimated
bubble size is compared to a derivation of the Rayleigh
equation,44,45 which states that the bubble lifetime � is propor-
tional to the maximum bubble radius R: �
�0.915R�� /�P�1/2. Using the mass density � of water
�998 kg/m3� and a pressure difference �P across the bubble
interface of 101,325 Pa, the resulting equation for the Ray-
leigh fit is R�� /0.089. Thus, Fig. 12 demonstrates that long
pulse durations generate larger bubbles than pulse durations
on the order of the thermal relaxation time, as was previously
reported.31 This observation in turn supports the notion of
volumetric or interparticle heating �discussed in Sec. 4.1� that
dominates during long pulse durations.

Figure 12 furthermore shows the relationship of estimated
bubble size to measured lifetime; the solid line is the predic-

Fig. 12 Detector voltage above pedestal versus full width at half maxi-
mum of individual bubble spikes for 1- and 40-�s pulse durations �a�
and estimated size of the cavitation �b�. �a� Bubble lifetimes are
mostly between 100 to 200 ns during 1-�s pulses and have signifi-
cantly longer lifetimes of up to 600 ns for 40-�s pulses. Note that
these data were taken at 1.3 ED50,c �220 mW� for 1-�s pulses and
ED50,c �25 mW� for 40-�s pulses. As a consequence of higher probe
power, spherical bubbles of equivalent size will result in higher de-
tector voltage during 1-�s pulses. �b� Estimating the bubble diameter
from Mie calculations and taking the difference in probe power into
account confirms the trend that longer pulse durations result in larger
bubbles. The solid line in �b� is the relation of bubble size versus
lifetime as predicted by the Rayleigh equation.
November/December 2007 � Vol. 12�6�1
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ion according to the Rayleigh equation. Two factors most
ikely contribute to the small discrepancy:

• the uncertainties in the Rayleigh parameters used �i.e.,
ressure difference across the bubble wall�, and

• the fact that our scattering model does not consider ei-
her optical inhomogeneities �i.e., the absorbing melanosome
t the center of the bubble� or geometrical variations �i.e.,
lliptical bubbles�.

Due to these uncertainties, the scattering model can only
pproximate the bubble diameter; however, the trend that
onger pulse durations result in larger bubbles is not affected
y the uncertainties in the model.

We are currently assembling a slit-lamp adapted scanner
or in vivo experiments in rabbit eyes. The post-scanning op-
ical system is comprised of the same 3� beam expander that
ncreases the collection NA to 0.06. The detection sensitivity
s expected to be sufficient to monitor cell death during irra-
iation; the collection efficiency should be preserved, since
he collection NA is significantly smaller than the NA of the
ye �NA�0.1 with a dilated pupil�. The sensitivity may de-
rease due to scattering in the ocular media; however, if or to
hat degree the sensitivity decreases will be the subject of

uture in vivo measurements.

.3 Comparison to Alternative Detection Schemes
chüle et al. employed two independent methods to detect

ntracellular cavitation on porcine RPE cells upon pulsed laser
rradiation.32 One is an acoustic measurement method using a
ydrophone, and the other is an optical backscattering mea-
urement, which is similar to our monitoring scheme. The
eam diameter on RPE was about 50 �m, and thus 7 to 9
ells were exposed at a time. Their acoustic measurement
emonstrated that cells were killed predominantly by cavita-
ion during 5-�s pulses and that thermal denaturation was the
rimary cause of cell death for pulses 50 �s and longer. How-
ver, their optical measurement was not able to detect cavita-
ion near threshold. We suspect that two reasons mainly con-
ributed to this fact:

1. The paraxial trajectory of backscattered light, through
hich the majority of the backscattered photons propagates,
as likely blocked by the on-axis mirror of the slit lamp’s

llumination system.
2. The large irradiation spot leads to a decreased signal-

o-background ratio. Thus, the reflection from a large area of
PE may mask the increase in backscattered light produced
ithin a single cell.

We performed more detailed measurements of the cell
eath mechanism in the crucial transition region between 1
nd 40 �s. In addition, we irradiated single cells with a single
ulse in order to correlate every cavitation signal with indi-
idual cell death. We showed that the optical method is sen-
itive enough to detect even small cavitation bubbles that did
ot cause cell death. Our method has several advantages over
he acoustic method. The acoustic transducer needs to main-
ain contact with the patient’s eye, whereas the backscattering

ethod can be performed in a noncontact mode. Backscatter-
ng can monitor single cell death produced by a single pulse,
hile the acoustic approach provides an assessment only for
ulses applied to a group of cells.
ournal of Biomedical Optics 064034-1
Overall, our results are in agreement with the acoustic
measurement of Schüle et al.32 For pulses shorter than 10 �s,
more than 95% of all cell deaths were associated with cavita-
tion bubble formation. The high percentage of cell death as-
sociated with cavitation and the fact that ED50,c is slightly
lower than ED50,d suggests that RPE damage is caused by the
formation of intracellular cavitation for laser pulses up to
10 �s. For pulses of 20-�s and longer durations, radiant ex-
posure for ED50,d is lower than that of ED50,c. Many cells
were killed without cavitation at ED50,d, suggesting that the
probability of cell death by thermal mechanism gradually in-
creases with pulse duration.

4.4 Proposed Application of Optical Detection of
Cavitation

During in vivo irradiation, selective RPE lesions are not vis-
ible by slit-lamp examination, due to the absence of thermal
coagulation of the sensory retina. In a clinical setting, it will
be crucial to monitor the selective RPE death during the treat-
ment in order to provide immediate feedback. As reported in
this paper, monitoring the backscattering of the treatment la-
ser beam is an attractive, noncontact method to detect intrac-
ellular cavitation in individual RPE cells for individual expo-
sures. Alt et al. and Framme et al. have demonstrated that
selective damage of the RPE can be achieved in rabbit
eyes16,17 by focusing the laser beam to approximately the size
of a single RPE cell and rapidly scanning the spot so as to
produce effective exposure durations in the microsecond do-
main. Thus, the ability to measure cell death at the single cell
level is important in this treatment modality. Detection sensi-
tivity can decrease when a Gaussian profile is continuously
scanned across the retina because at the end of the exposure
the irradiance maximum has passed the irradiation site. Thus,
fewer photons are available for backscattering. Investigations
to determine whether pulsed and scanning irradiation modes
can be combined to optimize dosimetry are currently under
way.

Since the majority of cell death is accompanied by cavita-
tion, the backscattered light can be used to monitor cell dam-
age for exposure durations shorter than 10 �s. Even for 20-
and 40-�s pulse durations, treatment outcome can be reliably
assessed using the backscattered light for radiant exposure of
1.5 ED50,d. A setting of 1.5�ED50,d is more likely to be used
in the clinic than 1�ED50,d, since in most situations we want
to ensure near 100% cell killing. Scanning irradiation at about
1.5 ED50 can be safe considering the large therapeutic win-
dow �i.e., safety range� of the scanning device.17 By monitor-
ing cavitation in real-time during SRT, treatment parameters
�radiant exposure and pulse duration� can be adjusted in order
to ensure selectivity and efficiency in a clinical application as
well as to avoid damage to the photoreceptors.

5 Conclusion
The RPE cell damage mechanism has been investigated by
monitoring of the intracellular cavitation for various clinically
crucial pulse durations from 1 to 40 �s. The backscattering of
the treatment laser beam was monitored to detect the cavita-
tion. The derivative of backscattering signal can serve to dis-
tinguish the cavitation-induced increase from noise. The
threshold radiant exposures for cell death and cavitation were
November/December 2007 � Vol. 12�6�2
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ound to increase with pulse duration. It was found that cells
ere killed predominantly by cavitation for pulses shorter

han 10 �s and that the percentage for thermally induced cell
eath gradually increases with pulse duration. We have dem-
nstrated that the backscattering of treatment light can be
sed to monitor single cell viability during SRT for pulses
horter than 10 �s ex vivo. In cases of 20-�s and longer pulse
urations, the backscattering signal allows monitoring of cell
iability for radiant exposure of 1.5 ED50,d and higher. Future
esearch will show whether the laser radiant exposure and
ulse duration can be adjusted by monitoring the treatment
utcome using the backscattering signal.
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