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imultaneous two-photon spectral and lifetime
luorescence microscopy

amian K. Bird, Kevin W. Eliceiri, Ching-Hua Fan, and John G. White

When a fluorescence photon is emitted from a molecule within a living cell it carries a signature that can
potentially identify the molecule and provide information on the microenvironment in which it resides,
thereby providing insights into the physiology of the cell. To unambiguously identify fluorescent probes
and monitor their physiological environment within living specimens by their fluorescent signatures, one
must exploit as much of this information as possible. We describe the development and implementation
of a combined two-photon spectral and lifetime microscope. Fluorescence lifetime images from 16
individual wavelength components of the emission spectrum can be acquired with 10-nm resolution on
a pixel-by-pixel basis. The instrument provides a unique visualization of cellular structures and pro-
cesses through spectrally and temporally resolved information and may ultimately find applications in
live cell and tissue imaging. © 2004 Optical Society of America

OCIS codes: 180.0180, 180.2520, 170.3650, 170.3890.
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. Introduction

he application of two-photon fluorescence excita-
ion to laser scanning microscopy1 has provided a
owerful tool for three-dimensional imaging of bio-
ogical specimens. It has several proven advan-
ages over single-photon fluorescence microscopy,
ncluding sample viability,2 an inherent optical
ectioning effect, and superior penetration depth
nto dense tissue.3 For these reasons �and others1�
wo-photon laser scanning microscopy has received
onsiderable attention as a potential diagnostic im-
ging modality, primarily by enabling the spatial
istribution of fluorophores �both endogenous and
xogenous� to be visualized from relatively deep
ithin living tissue.
Recently, optical methods based on fluorescence

pectroscopy have proven to be powerful diagnostic
ools for the study of physiological and morpholog-
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cal changes of tissue at the subcellular level.4–8

nalysis of additional fluorescence properties such
s the characteristic emission spectrum and life-
ime can provide novel insights into the biophysical
roperties of a sample with high molecular speci-
city and sensitivity.9–12 The excited-state life-
ime of a fluorescent molecule is often of particular
nterest because it is both intensity independent
nd sensitive to changes in the local microenviron-
ent of the fluorophore. Lifetime determination
ay reveal diverse parameters such as pH, molecular

ssociation, oxygen concentration, Ca� concentra-
ion �or other ion concentrations�, and proteolysis
rocessing.13,14 To date, the intrinsic features of
uorescence �intensity, spectra, and lifetime� have
ostly been explored with mutual exclusivity.15–17

lthough previous studies utilizing combined spec-
ral and lifetime techniques have been explored,18

n contrast to this report those investigations were
maged in a different configuration.

In this paper we report on a two-photon fluores-
ence microscope operating in a simultaneous
pectral–lifetime mode allowing the information
ontained within the fluorescence signal to be max-
mally exploited. We have conducted extensive
haracterization experiments on the instrument
nd have applied the system to a preliminary anal-
sis of thick tissue sections prepared by staining
rotocols that are in common use in pathology lab-
ratories.
September 2004 � Vol. 43, No. 27 � APPLIED OPTICS 5173
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. System Design

. Laser-Scanning Microscope

he experimental arrangement of the new instru-
ent is depicted in Fig. 1. The system is largely

onstructed around an inverted microscope �Nikon,
iaphot 200� and a BioRad MRC-600 confocal scan-
ing head, which houses the optical beam scanning
echanism and an internal photomultiplier tube

PMT� detector. For source illumination, a Ti:sap-
hire laser �Coherent, Mira� pumped by an 8-W solid-
tate laser �Coherent, Verdi� was used to generate
ltrashort optical pulses ��3-nJ pulse energy� at a
avelength of 900 nm and a temporal pulse width of
pproximately 120 fs at a repetition rate of 76 MHz.
his beam was coupled to the input laser port of the
RC-600 scanning head, which was modified with

ustom optics to achieve optimum efficiency over the
uning range of the laser �approximately 700–1000
m�. In particular, after entering the scanning unit
he pulsed beam encounters a custom dichromatic
irror �D1� �650DCSP, Chroma Inc.� that efficiently

irects approximately 98% of the incident illumina-
ion into the scanning mechanism. This contains
wo oscillating galvanometer mirrors that generate
he x and y scanning movements.

The scan beam exits the unit through an eyepiece,
hich produces a focused scanning spot moving
cross the normal focal plane of the imaging objec-
ive. The beam is passed to the inverted microscope
hrough a transfer lens �L1� �01LAO159, Melles-
riot� and a dichromatic mirror �D2� �650DCSP,
hroma Inc.�, which is mounted at 45° in the sliding
lter block of the microscope. This mirror directs

ncident illumination up to fill the back aperture of an
maging objective �O1� �Nikon, 60�, 1.4 numerical
perture �NA�, oil� and transmits the collected visible
uorescent light from the sample to a multimode fi-
er �core diameter of 1.0 mm, 0.48 NA� through a
ustom-designed coupling assembly, which contains

ig. 1. Experimental setup of the combined two-photon spectral
nd lifetime microscope. O1, 1.4 NA oil 60� microscope objective;
2, 0.4 NA 10� microscope objective; D1, D2, dichromatic mirrors;
, eyepiece; L1, 160-mm transfer lens; BP1, BP2, bandpass filters.
174 APPLIED OPTICS � Vol. 43, No. 27 � 20 September 2004
10�, 0.4 NA objective �O2� �Nikon� and is directly
ttached to the microscope’s bottom-port Keller hole.
he small fraction of fluorescence emission that is not
ransmitted by D2 is descanned back to D1 where it is
irected onto the internal PMT of the MRC-600.
his signal is used to construct a two-photon image in
arallel with the spectral and lifetime mode. Fun-
amental blocking filters, BP1 and BP2 �BG39, Thin
ilm Imaging Technologies, Inc.� are positioned in

ront of the internal PMT and at the proximal end of
he multimode optical fiber in the fiber-optic coupling
ssembly. To control the power coupled to the sys-
em, a variable neutral-density filter wheel is posi-
ioned before the entrance to the MRC-600 scanning
nit. Two-photon images are acquired with custom
oftware that utilizes a digital signal processor for
eneration of the scan waveforms and data acquisi-
ion.19 On the basis of axial Rayleigh criterion, the
pecifications of O1, and the tuning range of the laser,
he microscope is capable of obtaining optical sections
ith a resolution of approximately 1.1–1.5 �m.

. Combined Spectral and Lifetime Functionality

easurement of the fluorescence lifetime is com-
only achieved either in the frequency or time do-
ain. In the frequency domain the phase shift

etween the modulated or pulsed excitation and the
mission from the sample at the fundamental modu-
ation frequency �or its harmonics�, together with the

odulation depth, is measured, whereas with time-
omain techniques pulsed excitation is used and the
uorescence decay function is recorded directly.
ne increasingly popular time-domain method is

hat of time-correlated single-photon counting
TCSPC�.20 TCSPC combines a near-ideal utiliza-
ion of detected photons with extremely high time
esolution, which is limited only by the transit time
pread of the detector. This, together with the fact
hat TCSPC can be combined with multiple detectors
or simultaneous multiwavelength detection,21,22

akes the technique particularly attractive for our
pplication.
To realize our aims, we incorporated a complete

lectronic system to record fast light signals by
CSPC �SPC-830, Becker & Hickl� with our two-
hoton laser scanning microscope. The SPC-830 is a
ompact solution that combines all the components
ecessary for TCSPC measurements onto a single
CI board. Synchronized data collection is achieved
ith the SPC-830 board �which has an internal pixel

lock� by use of the x and y laser scanning signals
enerated by the digital signal processor for the mi-
roscope. Laser pulses are detected by a high-speed
-i-n photodiode mounted inside the mode-locking
avity of the laser and are used by the SPC-830 board
o determine the detection time of a photon �anode
ulse from the PMT� relative to the laser pulses.
he SPC-830 unit starts timing on receipt of a de-
ected photon and measures the time lapse until the
ext laser pulse. The temporal evolution of the
mission probability after excitation is described by a
istogram of these time spans whereby each counting
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vent is allocated to a temporal bin for each pixel of
he image. For analysis of the time dependence of
he data it is assumed that the fluorescence decay
istogram for each pixel is well described by a mul-
iexponential decay23:

I�t� � 	
i
0

n

ai exp��t��i� � c. (1)

A Levenberg–Marquardt routine for nonlinear fit-
ing24 is applied to fit a decay curve to the data of this
odel function in a separate off-line software pack-

ge �SPCImage, Becker & Hickl�. The SPCImage
oftware has a deconvolution technique to separate
he decays associated with the different pixels into
he contributions that originate from different emit-
ing species. The final values are approximated by a
onvolution of these decays with the recorded instru-
ent response function of the measuring system and

re displayed as a pseudocolored image with color
epresenting lifetime. The detector employed in our
xperiments was a 16-anode photon-counting linear
MT array �PML-16, Becker & Hickl�, which has an
verage transient time spread of approximately 200
s. The multichannel TCSPC technique exploits the
act that the detection of several photons in different
etector channels in one laser period is unlikely.22

herefore the single-photon pulses from all detector
hannels can be combined into a common photon
ulse line and sent �together with routing informa-
ion identifying the PMT channel that generated the
ulse� through the normal time measurement proce-
ure of the SPC-830 module, i.e., spectrally resolved
uorescence lifetime.
Figure 2 shows the physical geometry of the spec-

rometer implementation. The distal end of the
ultimode optical fiber �FT-1.0-URT, ThorLabs Inc.�

s mounted in a fiber positioner and delivers the col-
ected fluorescence photons to a sinusoidal concave
iffraction grating G with a focal length f of 10 cm
Richardson Gratings�. The NA of the optical fiber
as selected to be comparable with that of the grating
f2� to minimize loss. The multianode detector is
ounted on an x–y translation stage and positioned

t the principal focus of the diffraction grating where
t detects the fluorescence signal of different wave-
ength components on the individual cathodes such
hat 1 � 2 �Fig. 2�. A pulse generated from the
node of a PMT within the linear array is amplified,
ncoded, and output through a routing channel, C1–
16, corresponding to the cathode that detected the
uorescence photon. The fiber, diffraction grating,
nd detector are all enclosed within a light-tight box
ssembly attached to the optical table to collectively
erve as a 16-channel photon-counting spectrometer.

. System Characterization

. Coupling Efficiency

he geometry of the microscope posed constraints on
he strategies that could be used to determine the
fficiency with which emitted fluorescence from a
20
ample was collected by the multimode fiber. With
he coupling apparatus mounted directly under the
icroscope, practical limitations are imposed on the

lacement of a powermeter head for a direct mea-
urement of optical power. As a consequence, the
ccuracy of the measurement is compromised when
e opt for a less than ideal placement. To address

his issue, we employed a TCSPC technique, which
llows an absolute count of the number of photons
ith a direct detection method �i.e., before entry to

he fiber coupling assembly� to be compared with the
otal number of photons counted by fiber delivery to
he detector.

A single 10-�m-diameter fluorescent polymer mi-
rosphere �type YG, Polysciences Inc.� with an exci-
ation and emission maxima of approximately 445
nd 470 nm, respectively, was used as a sample.
he sphere was isolated from an ensemble of such
pheres dried on a microscope slide and point
canned with 1.0 mW of 900-nm radiation �measured
t the back aperture of the imaging objective� for 20 s.
fter determining the PMT channel that was detect-

ng the peak of the emission spectrum �i.e., largest
hoton counts�, we executed our photon-counting
oftware in single-channel mode to build up a single
uorescence decay histogram in memory correspond-

ng to a single-pixel image. At the completion of the
cquisition, the number of detected photons in each of
he histogram time channels �bins� was summed to

ig. 2. Schematic diagram of the TCSPC spectrometer. Fluo-
escence collected by the multimode fiber is delivered to the con-
ave diffraction grating G mounted on an x–y translation stage.
he 16-channel detector is positioned at the focus of grating G
here reflected wavelength components impinge on the device

uch that 1 � 2. Anode pulses are amplified, encoded, and
utput through a routing channel C1–C16, corresponding to the
athode that detected the fluorescence photon.
September 2004 � Vol. 43, No. 27 � APPLIED OPTICS 5175



g
d
m
t
w
a
w
o
b
p
c
d
i

B

C
d
w
c
o
g
c
e
t
t
m
T
t
i
p
i
5
s
t
p
l
t
n

t
p
w
t
o

m
t
�
l
s
8
P
o
r
t
o
F
a
i
S
t
j
3

F
n
r
p

F
t
peaks are at 450 and 430 nm, respectively.

5

ive a total count of all photons that impinged on the
etector. This process was then repeated with the
ultimode fiber and coupling assembly in place, and

he ratio of the total counts �the coupling efficiency�
as measured to be approximately 0.71 � 0.02 aver-
ged over ten measurements. Each measurement
as obtained from ten different point scan positions

n the microsphere to eliminate the effect of photo-
leaching on the count measurement. It should be
ointed out that this measurement does not take into
onsideration the loss associated with the sinusoidal
iffraction grating, which we measured to be approx-
mately 80%.

. Spectrometer Calibration

alibration of the spectrometer was achieved by stan-
ard practice.25 Two laser lines, green and red of
avelengths 532 and 632.8 nm, respectively, were

oupled to the multimode fiber by a 10�, 0.25 NA
bjective �O2 in Fig. 1� and delivered to the diffraction
rating G �Fig. 2�. With the NA of the fiber being
omparable to that of the diffraction grating, the
merging beams approximately filled the diameter of
he concave grating. Fine adjustment of the x and y
ranslation stages upon which the grating was
ounted allowed maximum efficiency to be attained.
he fine position of the 16-channel detector placed at

he first-order focal plane was controlled with an
dentical arrangement of stages. Figure 3 shows the
osition of each of these wavelengths on a given rout-
ng channel. For calibration, we positioned the
32-nm line on routing channel 4 by translating the
tage of the detector. It can be seen from Fig. 3 that
his resulted in the illumination of 632.8 nm to im-
inge on routing channel 14, which by a process of
inear interpolation corresponds to a spectral resolu-
ion of approximately 10 nm. It is interesting to
ote the approximately equal photon counts in each

ig. 3. Calibration of the TCSPC spectrometer. The green �532-
m� laser line is positioned on routing channel 4 resulting in the
ed �632.8-nm� laser line impinging on channel 14. Linear inter-
olation reveals a spectral resolution of approximately 10 nm.
176 APPLIED OPTICS � Vol. 43, No. 27 � 20 September 2004
ime bin of the spectral channels 4 and 14. This
henomenon can be attributed to the continuous
avelength nature of the laser source because, under

his condition, there is no correlation of the detection
f a photon relative to an excitation pulse.
As a further measure of the spectrometer perfor-
ance, we measured the second-harmonic spec-

rum generated from a nonlinear �-bariumborate
BBO� crystal for a range of illumination wave-
engths. Figures 4�a� and 4�b� show the measured
pectra for two illumination wavelengths, 900 and
60 nm, respectively. In this arrangement the
MT array was first translated such that continu-
us wavelength illumination of 532 nm impinged on
outing channel 16, allowing the detection of spec-
ral components as short as approximately 382 nm
n routing channel 1. It can be clearly seen from
igs. 4�a� and 4�b� that the second-harmonic gener-
tion �SHG� spectra are accurately resolved on rout-
ng channels 8 �450 nm� and 6 �430 nm� and their
HG maxima coincide with the peak of the excita-
ion wavelength. The slight photon spill into ad-
acent PMT channels �an effect not observed in Fig.
� is due to the fact that the transform-limited ul-
ig. 4. Second-harmonic spectra recorded for incident illumina-
ion wavelengths of �a� 900 nm and �b� 860 nm. The harmonic
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rashort pulses of the excitation source have a band-
idth of approximately 16 nm.
It should be pointed out that the variation in the

pectral response of any given cathode in the linear
MT array was not taken into consideration in the
alibration process. For experiments in which the

ig. 5. System response function of the combined spectral–
ifetime microscope to a SHG signal from a BBO crystal measured
t routing channel 8 of the multianode photon-counting PMT.
he FWHM of the curve is approximately 295 ps. Inset shows the
easured system response at FWHM as a function of anode num-

er in the PMT array.

ig. 6. Single-channel control lifetime image of a 10-�m-diame
pproximately uniform 2.28 � 0.1 ns lifetime distribution across t
20
nstrument is to be applied to applications that re-
uire a more quantitative measurement �as opposed
o our relative analysis�, the spectral dependence of
he radiant sensitivity of the multianode PMT assem-
ly �R5900U-L16, Hamamatsu� is known26 and can
e employed to address this issue.

. System Response

he system response is a critical parameter when
uorescence lifetime data are modeled because it is
onvolved with the time slope of a �multi�exponential
ecay.22 A fast conventional PMT may have a tran-
it time spread as short as approximately 150 ps.
or a microchannel plate PMT, this time can be a
hort as 25–30 ps. Although much shorter lifetimes
an be determined by deconvolution of the recorded
xponential decay function21 in principle, it is the
esponse of the PMT that fundamentally limits the
ime resolution of the system in practice. The
ecker & Hickl PML-16 detector used in our experi-
ents has a quoted response time of approximately

00 ps. This of course represents an ideal situation
nd does not take into consideration system-
ependent optical effects. There are numerous fac-
ors, including light scattering and wavelength-
ependent light path differences that will in general
ause degradation of the system response. This is
articularly applicable when a multimode optical fi-
er is used to deliver the fluorescence photons to a

uorescent polymer microsphere imaged at 920 nm showing an
eld.
ter fl
he fi
September 2004 � Vol. 43, No. 27 � APPLIED OPTICS 5177
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emote detector due to multipath propagation within
he fiber core.

To characterize the performance of the new instru-
ent, we measured the system response to the SHG

ignal from a nonlinear BBO optical crystal. This is
particularly attractive calibration technique be-

ause �by virtue of the SHG process� the signal has a
ero lifetime and a narrow-bandwidth spectrum
Figs. 4�a� and 4�b��. The BBO crystal combines a
umber of unique features including wide transpar-
ncy and phase-matching ranges, a large nonlinear
oefficient, high damage threshold, and excellent op-
ical homogeneity. When the system response is
onitored in real time with the SPC-830 board run-
ing in oscilloscope mode and in the absence of
ackground fluorescence processes, the optical con-
guration and alignment can be optimized to yield
he fastest response function.

ig. 7. �a� Recorded emission spectrum and �b� fluorescence life-
imes from a sample comprising a mix of two distinct species of
uorescent polymer microspheres with overlapping emission spec-
ra imaged at 920 nm. Two peaks are observable in �a� at approx-
mately 460 and 570 nm. Lifetime analysis of these wavelengths
n �b� reveals two characteristic lifetimes, which can be used to
dentify the origin of any given wavelength component of the spec-
rum.
178 APPLIED OPTICS � Vol. 43, No. 27 � 20 September 2004
The results are given in Fig. 5, which depicts the
umber of measured SHG photons by routing chan-
el 8 of the PML-16 detector as a function of time.
he measured full width at half-maximum �FWHM�
f this curve is approximately 295 ps, which is in-
reased by approximately 95 ps compared with the
anufacturer specifications. This increase is

argely attributable to dispersion in the multimode
ptical fiber. As a further test, the inset in Fig. 5
hows the measured system response at FWHM as a
unction of the anode number in the linear PMT ar-
ay, where it is clear that any given channel of the
etector has a comparable system response. This
esult is of important physical significance and dem-
nstrates the ability of the instrument to resolve flu-
rescence lifetime measurements uniformly across
he spectrum.

. Experimental Results

. Wavelength-Resolved Fluorescence Lifetime

s an initial control, we measured the variation in
ifetime across a fluorescent polymer microsphere of
0 �m in diameter �type YG, Polysciences Inc.�.
his allowed us to access the imaging performance
nd lifetime uniformity across the optical field be-
ause the microspheres contain a single species of
uorescent dye molecule. The mean lifetime image

s given in Fig. 6 and indicates an almost uniform
istribution of monoexponential decay times within
he microsphere of approximately 2.28 � 0.1 ns.
his result is in good agreement with earlier mea-
urements of similar microspheres that varied only
y virtue of their diameter.27

To demonstrate the ability of the new instrument
o resolve particular wavelength components by the
haracteristic fluorescence lifetime, we simulta-
eously imaged and recorded, by two-photon excita-
ion at 920 nm, the lifetime of two distinct species of
uorescent polymer microspheres. Microspheres
Polysciences Inc.� of type YG �Fluorescein� and YO
Rhodamine� were specifically selected because of
lear overlap in their emission spectrum. We pro-
uced a sample of randomly dispersed spheres by
rying a drop of each solution in which the micro-
pheres were suspended onto a microscope slide.
he recorded emission spectrum from the sample is
hown in Fig. 7�a� and is not representative of any
iven pixel, but rather results from photon counts
hat occurred as a consequence of our scanning the
ntire image for approximately 10 s. In this ar-
angement, the spectrometer was calibrated such
hat the 532-nm laser line impinged on routing chan-
el 10.
Observation of Fig. 7�a� reveals two peaks. The

rst occurs at approximately 460 nm and the second
ppears at approximately 570 nm, corresponding to
outing channels 3 and 14, respectively. Because
he peak emission wavelength of the YO microsphere
s approximately 570 nm and the tail of the YG emis-
ion spectra extends beyond 600 nm,28 it is difficult to
onclude from this measurement if the 570-nm wave-
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ength component is a result of the Fluorescein or the
hodamine fluorophore. However, analysis of the
uorescence lifetimes of individual spectral compo-
ents can provide further insight. Figure 7�b� is the
esult of our applying a Levenberg–Marquardt non-
inear fitting routine to the accumulated histogram
ata in all time bins of routing channels 3 and 14.
s is shown in Fig. 7�b� the fits clearly reveal two

ndependent monoexponential decays having life-
imes of approximately 2.31 � 0.1 ns �curve A� and
.4 � 0.1 ns �curve B�, respectively, which correspond
o the 460- and 570-nm wavelength components of
he emission spectrum. It is clear from this result
hat the 570-nm spectral component is a consequence
f the YO microspheres because the shorter wave-
ength component lifetime is in good agreement with
hat measured by our control experiment where only
he YG microspheres were considered. It should
lso be pointed out that each peak in the emission
pectrum is within approximately 1.0% of those
uoted by the manufacturer of the microspheres.28

ig. 8. Two-photon fluorescence intensity images of a transverse
t the �a� 480-, �b� 510-, �c� 550-, and �d� 580-nm wavelength com
ethyl green fluorochrome and imaged with an illumination wav
20
. Combined Two-Photon Spectral–Lifetime Imaging

o explore the potential of the new simultaneous two-
hoton spectral–lifetime imaging system as a diag-
ostic tool for pathological investigations, we

nitiated preliminary imaging studies of a thick pri-
ate histological specimen �Cynomolgus monkey kid-
ey�. Tissue was excised and fixed in neutral
uffered formalyne and sectioned with a vibratome in
00-�m sections. The sample was then immersed in
.5% methyl green �in phosphate buffer� and taken
hrough 95% and 100% ethanol. Finally, the tissue
s cleared in xylene and mounted with cytosol 60.
igures 8�a�–8�d� depict four two-photon fluorescence

ntensity images of a transverse section of medulla
btained from the Cynomolgus monkey kidney ac-
uired at four representative wavelength compo-
ents of the emission spectrum: 480, 510, 550, and
80 nm. For clarity, each image is depicted so that
t appears to be the actual color of the spectral com-
onent. The total acquisition time for the entire

on though the medulla of a Cynomolgus monkey kidney acquired
ts of the emission spectrum. The sample was stained with the

th of 920 nm.
secti
ponen
eleng
September 2004 � Vol. 43, No. 27 � APPLIED OPTICS 5179
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ig. 9. Fluorescence lifetime images of a transverse section though the medulla of a Cynomolgus monkey kidney acquired at the �a� 480-,
b� 510-, �c� 550-, and �d� 580-nm wavelength components of the emission spectrum. The sample was stained with the methyl green
uorochrome and imaged with an illumination wavelength of 920 nm.
F
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i
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ig. 10. Multiexponential best-fit analysis of a representative
ixel �74, 65� for the �a� 480-, �b� 510-, �c� 550-, and �d� 580-nm
avelength components of the emission spectrum.
180 APPLIED OPTICS � Vol. 43, No. 27 � 20 September 2004
ig. 11. Fluorescence lifetime analysis across the 450–600-nm
pectral range for a representative pixel �74, 65� on each lifetime
mage. The dotted and dashed curves depict the variation in the
hort ��1� and long ��2� lifetime components as a function of wave-
ength, respectively. The ratio of amplitudes �a1�a2� as a function
f wavelength �solid curve� reveals the relative contribution of
hese components in the multiexponential sum.
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ata set was approximately 3 min with an average
hoton count rate of approximately 7.5 � 105 pho-
ons�s. The focused spot size and the average illu-
ination power at the sample were approximately

.8 �m and 4.4 � 0.2 mW, respectively. It is clear
hat any given image corresponding to a particular
avelength component of the emission spectrum re-
eals particular features about the sample that are
ot necessarily discernable by other wavelength com-
onents. This is particularly evident in Fig. 8�a�
here various nuclei that are well defined in Fig. 8�d�
re not easily identifiable. Figures 9�a�–9�d� illus-
rate pseudocolored fluorescence lifetime images cor-
esponding to each of the four representative
avelength components given in Figs. 8�a�–8�d�.
he entire data set �which occupies approximately 32
bytes on the disk� comprises 16, 128 � 128 pixel

mages, with each pixel being a lifetime photon count
istogram comprising 64 time bins that can each con-
ain up to 216 photon counts.

Visual analysis of Figs. 9�a�–9�d� reveals discrete
ifetime distributions within the sample that corre-
pond to signals emanating from different structures,
hich likely arise from the varying microenviron-
ents in different regions of the cell or tissue. Gen-

ral observation of all four images reveals that the
uclei in the collecting ducts �identified by their co-

umnar epithelium� and collecting tubules �which
ave a cuboidal epithelium� have shorter lifetimes
han that of the surrounding cytoplasm. However,
xamination of the image data with greater scrutiny
n a pixel-by-pixel basis over the representative flu-
rescence spectrum components reveals other subtle
hanges that may be of great characteristic signifi-
ance.

By way of example, we considered the same pixel
74, 65� on each spectral–lifetime image given in Figs.
�a�–9�d�. Figure 10, curves �a�–�d�, depict the
est-fit analysis of the photon histograms for our cho-
en representative pixel on each of these spectral–
ifetime images �Figs. 9�a�–9�d��. It is clear from
xamination of the 1�e point in Fig. 10 that each of
hese points has a different fluorescence lifetime.
urthermore, it is interesting to note that these data
ere best fitted with two exponential components in

he intensity sum �Eq. �1��. When several distinct
ecay rates from a single fluorophore are observed
ithin a sample or as we demonstrate in Figs. 9�a�–
�d�, it is likely that the lifetime of the fluorophore is
eing locally modified by the close association of a
olecule�s� within the specimen that alters the fluo-

escent lifetime by resonant energy transfer. In this
ase one can extract the respective lifetimes �i and
he distribution of the respective coefficients ai from
he model function and analyze the ratio of the asso-
iated and unassociated fluorophore at every pixel in
he image.

Employing this scheme reveals an approximately
qually weighted distribution of short ��1, approxi-
ately 500 ps� and long ��2, approximately 1900 ps�

ifetime components for the 480-nm spectral channel,
hereas at the longer 580-nm wavelength component
20
he short component �1 remains approximately un-
hanged �520 ps� and the long component �2 increases
o approximately 3200 ps. Furthermore, at this
pectral component the distribution of these lifetimes
s significantly altered by approximately 12% with
he longer lifetime �2 being the dominant component
n the exponential sum. Analysis across the entire
uorescence spectrum is provided in Fig. 11 where
he short lifetime component �1 �dotted curve�, the
ong lifetime component �2 �dashed curve�, and the
atio of the amplitude coefficients a1�a2 �solid curve�
re plotted as a function of wavelength. Although
n first observation it appears that little in the way of
hange is occurring below a wavelength of approxi-
ately 510 nm when one considers only the value of

ither �1 or �2, observation of the relative contribu-
ions of each of these components to the exponential
ecay a1�a2 �solid curve� reveals the contrary. It is
lso interesting to note that the general trend of the
ata tends to suggest an increase in the fluorescence
ifetime as the wavelength in the fluorescence spec-
rum increases.

. Conclusion

e have reported on the design and implementa-
ion of a combined two-photon spectral and lifetime
icroscope that incorporates a linear array of 16

ingle-photon-counting detectors for simultaneous
easurement of two-photon-excited fluorescence

mission spectra and lifetime on a pixel-by-pixel
asis. The new system is capable of measuring a
60-nm spectral window within the range of ap-
roximately 380–680 nm �by recalibration� with
pproximately 10.0-nm resolution, together with
he excited-state lifetime of the fluorophore for each
ndividual wavelength component with a time res-
lution of approximately 295 ps. The typical ac-
uisition time of an entire spectral–lifetime image
et is approximately 3 min, which is required to
ecord a sufficient number of photon counts for pre-
ise curve fitting. This limitation can be reduced
y one counting fewer photons; however, this comes
t the expense of accuracy. We have performed
xtensive characterization of the system using a
ariety of fluorescent samples, and it has proven to
e effective to resolve overlapping spectra by anal-
sis of the characteristic lifetimes. Combined
pectral–lifetime analysis may be particularly pow-
rful to analyze studies involving fluorescent reso-
ant energy transfer. Measurements of the
eduction of donor lifetime together with a change
n intensity of donor and acceptor wavelengths dur-
ng a fluorescent resonant energy transfer interac-
ion may avoid some of the ambiguities due to
nknown concentration changes inherent in mea-
urements that involve only relative changes in in-
ensity of the donor and acceptor wavelengths.

We have begun to explore the feasibility of a com-
ined spectral–lifetime imaging mode as a useful tool
or pathological analysis through systematic analytic
valuation of spectral–lifetime data sets obtained
rom a histological tissue sample. The new instru-
September 2004 � Vol. 43, No. 27 � APPLIED OPTICS 5181
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ent allows the information contained within the
uorescence signal to be maximally exploited and
ay provide new levels of diagnostically valuable in-

ormation for identification of subtle characteristic
roperties of cells and tissue. Although the analysis
resented in this paper is by no means an exhaustive
valuation of the image data, it does reveal the po-
ential analytical power of a combined spectral and
ifetime imaging modality. It also brings to fruition
ome of the more practical challenges that need to be
ddressed for the analysis of such complex data sets.
uture goals include use of the instrument for vari-
us in vivo biological studies.
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