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Abstract. Conventional fluorescence lifetime imaging requires complicated algorithms to extract lifetimes of
fluorophores and acquisition of multiple data points at progressively longer delay times to characterize tissues.
To address diminishing signal-to-noise ratios at these progressively longer time delays, we report a time-resolved
fluorescence imaging method, normalized fluorescence yield imaging that does not require the extraction of
lifetimes. The concept is to extract the “contrast” instead of the lifetime value of the fluorophores by using simple
mathematical algorithms. This process converts differences in decay times directly to different intensities. The
technique was verified experimentally using a gated iCCD camera and an ultraviolet light-emitting diode light
source. It was shown that this method can distinguish between chemical dyes (Fluorescein and Rhodamine-B) and
biomedical samples, such as powders of elastin and collagen. Good contrast was obtained between fluorophores
that varied by less than 6% in lifetime. Additionally, it was shown that long gate times up to 16 ns achieve
good contrast depending upon the samples to be studied. These results support the feasibility of time-resolved
fluorescence imaging without lifetime extraction, which has a potential clinical role in noninvasive real-time

imaging. © 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3609229]
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1 Introduction

Tissue imaging plays a major role in the physician ability to
locate tumors and define borders between normal and abnormal
tissues. Identification of abnormalities in tissue physiology and
composition may allow for improved determination of the lo-
cation of cancer, identification of failing wounds, and detection
of abnormal growth patterns. Development of an accurate rapid
method of tissue characterization using optical techniques has
the potential to significantly advance patient care.

Studies have shown tissue autofluorescence can provide con-
trast between different tissue types, such as normal tissues and
carcinoma.’? Fluorescence imaging, therefore, is being consid-
ered as a method for cancer detection.’> There are two types of
fluorescence imaging: steady-state and time-resolved. Steady-
state imaging displays, at each pixel of the image, the num-
ber of fluorescence photons recorded; time-resolved fluores-
cence imaging displays, at each pixel, the characteristic decay
times of the photons recorded. Steady-state imaging is the most
commonly used fluorescence measurement technique due to its
simplicity. Time resolved imaging technique requires precisely
synchronized measurements on a nanosecond time scale. Steady
state fluorescence imaging is limited due to the broad overlap-
ping spectra of many tissue fluorophores. Overlapping spectra
limit discrimination between different tissue types. Nonuniform
illumination also causes serious problems in intensity detection,
particularly for wide-field imaging in medical applications.
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Fluorescence lifetime imaging can be obtained using two dis-
tinct approaches: in one technique (time-domain), one measures
the intensity decay after the sample is exposed to a pulse of light.
In a second technique (frequency-domain), the excitation light
(continuous wave) is modulated at a frequency f; one measures
the phase shift and the demodulation of the fluorescence. The
frequency-domain approach can indeed be utilized with pulsed
sources as well. In Sec. 2, we will consider mainly the time-
domain approach to the determination of fluorescence lifetime
imaging (FLIM). FLIM is a common time-resolved fluorescence
imaging technique that extracts the fluorescence lifetime from
the intensity decays. Lifetimes are extracted from the intensity
decay at each pixel, and the image is then generated by assigning
an intensity or fast color map to the range of measured lifetime.
Since each fluorophore has its unique lifetime, distribution of
lifetimes can provide image contrast between different tissues.
An advantage of FLIM is that the lifetime measurement is in-
dependent of the absolute intensities. This makes the contrast
independent of the fluorescence intensity of the emission spec-
trum, and therefore less sensitive to nonuniform illumination,
nonuniform fluorophore concentration, and overlapping emis-
sion spectrum.

The fluorescence lifetime is extracted by curve fitting the data
of the intensity decay after illumination. For a tissue containing
one kind of fluorophore only, the fluorescence decay upon exci-
tation with a narrow pulse of light (ideally a delta-function) can
be written as a single-exponential decay:

It)=A e, (1)
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where A is the amplitude and 7 is the lifetime of the decay. Curve
fitting can be readily performed in this case. Most biological
tissues, however, are composed of more than one fluorophore.
This results in a multi-exponential intensity decay, which can be
written as follows:

I0=)"A,- e . 2)

Multi-exponential decay has more than one set of amplitudes
and lifetimes, which significantly increases the difficulty of the
curve-fitting. For example, it has been shown that two expo-
nential decays with different amplitudes and lifetimes cannot be
uniquely determined from the data. It has been shown, (Ref. 6)]
that two radically different dual exponentials:

F(1) = 7500 - €55 + 2500 - e50,

F(2) = 2500 - ¢35 + 7500 - e,

are indistinguishable even in the absence of noise, until the
decay curves are three orders of magnitude below their initial
levels. This makes it experimentally difficult to uniquely iden-
tify the time constants in dual exponentials that are more than
20% different. In addition, it would require signal-to-noise ratios
(SNRs) on the order of 10,000 to 1. In addition to fitting com-
plexity, FLIM also suffers from processor intensive technique
required for accurate curve fitting. The curve fitting process is
required to generate lifetime image and the problem becomes
more significant in wide field imaging. This prevents FLIM from
being applied to real-time application.

Another problem of FLIM is the consumption of computer
time for curve fitting. The curve fitting process has to be done
pixel by pixel to generate the lifetime image, and this time-
consuming issue becomes even more severe on wide-field imag-
ing. This hinders FLIM from the application of real time and
wide-field applications. There are studies that employ algo-
rithms, such as global analysis and stretched exponential fitting,
to decrease the processing time.>’ However, pixel-by-pixel
lifetime extraction is still required. The development of a re-
liable and rapid time-resolved fluorescence imaging method is
required to provide real time tissue discrimination and tumor
detection.

We present a novel time-resolved fluorescence imaging
method which extracts the effect of different lifetimes without
the need of curve fitting and lifetime calculations. This method
can easily resolve lifetime differences less than 10% and gener-
ate effective contrast with modest SNR requirements.

2 Method
2.1 Theory

The concept of our method is to map the image with the informa-
tion of lifetime difference from intensity decays by separating
the information from nonideal effects. There are several effects
that could interfere with the time-resolved fluorescence experi-
ment, such as: 1. nonuniform illumination, 2. variable fluores-
cence yield of different tissues, and 3. variable pump absorption
by different tissues. The fluorescence decay of a specimen com-
posed of two fluorophores is taken as an example (Fig. 1).
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Fig. 1 Fluorescence intensity decays of two fluorophores with different
lifetimes (Fluorescence decay of fluorophores with long/short lifetime
is demonstrated by gray solid line/ black dot line). The black solid line
represents the illumination. Calibration image is recorded during the
illumination, while fluorescence image is sampled during the fluores-
cence decay.

One of the fluorophores has a longer lifetime than that of the
other. Unlike conventional FLIM, which records and analyzes
the whole intensity decay, only three main images are recorded
in our method. The first image is an unexcited dark field, which
is used to remove leakage effects, the charge coupled device
(CCD) base level, and background illumination via subtraction.
The second fluorescence image is taken during excitation, which
is referred to as the “calibration image” or “normalization im-
age.” The third image is taken during the fluorescence decay.
Both the normalization image and the fluorescence decay im-
age have the first “dark field” image subtracted from them. The
background corrected fluorescence decay image is divided by
the background corrected calibration image. This creates our
final image which is therefore normalized for yield point by
point.

In principle, normalizing the image taken during decay by
the calibration image removes the variation due to nonuniform
illumination and/or variation in fluorescent intensity during il-
lumination. The contrast of the image is, therefore, only due to
the lifetime differences, or the decay rate. This is a normalized
fluorescence yield imaging technique which we call NoFY1.

Figure 2 shows our method, normalized fluorescence yield
imaging (NoFYI), graphically. Image 1 is the calibration
image and Image 2 is the fluorescence decay image. Both have
had the dark image subtracted. The two regions at the left are
composed of the shorter-lifetime fluorophore, while those at the
right consist of the longer-lifetime fluorophore. If only the in-
tensity values are considered, the specimen seems to have four
fluorophores in Image 1 and have two or three fluorophores
in Image 2. This is due to the nonuniform illumination and/or
variation in fluorescent yield. However, these effects are re-
moved after dividing Image 2 by Image 1, as shown in Image
3. In Image 3, the fluorophores in the specimen can be eas-
ily classified. The range of the pixel values can be adjusted by
multiplying a constant (Image 4), and the contrast is enhanced
by simply adjusting the display range. Because the differences
in the decay time have been translated into intensity variation,
conventional image processing techniques can be directly ap-
plied to these files to enhance the visual appearance of the
image.
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Fig. 2 The procedure of the imaging processing. Image 1 and 2 are the
calibration image and fluorescence decay image, respectively. With
division of Image 2 by Image 1, classification of the fluorophores
can be done (Image 3). Multiplying a constant adjusts the pixel range
(Image 4).

Using conventional FLIM techniques, it is necessary to accu-
rately measure the fluorescence decay. This is made difficult by
the short decay times encountered in typical tissues. Gate width
must be significantly shorter than any time constant to be deter-
mined. The short gate times reduce the signal levels and require
very expensive gated imagers. NoFYI does not require short
gate times although they can be used. Figure 3 demonstrates the
fundamental concept.

The signals are proportional to the area under the curves.
Clearly, the area difference increases as the gate time increases
until 74 exceeds the longer lifetime. Very long gate time can
suffer degradation of the SNR from leakage or background cur-
rents. Mathematically, the normalized signals are represented

Fluorescence
Intensity
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Calibraton | ===-- Decay curve 2
Image
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Fig. 3 Time-resolved fluorescence imaging operated under long gate
time. Decay curve of fluorophores with long/short gate time is repre-
sented by Decay curve 1/2. Slash-line area represent the area under
the decay of long gate time, while gray area is that under the decay of
short gate time.

-t
—> Signal I=[ "I, (t}t=["Te " de=I, 7,
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by Egs. (3) and (4):
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where /] and I, are the intensity decays of sample 1 and sample 2,
respectively, and 7| and 7, are the lifetimes. Note that the dif-
ference between the two integrations is merely determined by
the fluorescence lifetimes, which implies that the contrast of the
fluorescence decay image is also due to the lifetimes, even under
long gating time. If the gate width exceeds the lifetime and #
is short compared to the lifetime, the ratio becomes t,/t,. If
the fluorescence intensity shows a multi-exponential decay, the
contrast of the image can also be shown by the difference in
the areas under the curves. This proves that NoFY]I is robust to
gating width, and experimental results demonstrating this are
shown in Sec. 2.2.

The main goal of NoFYTI is to help increasing the accuracy of
target diagnosis and determination. Note that for clinical applica-
tions of NoFYI, we usually have the fundamental knowledge of
the specimens, and thus measurement of the entire fluorescence
decay curves of the samples is not needed. If the information of
the specimen is unknown, we only need to measure the decay of
a small area or a single point on the specimen to obtain the fun-
damental nature of the decay, and this data can also be applied
to samples of the same kind of tissues in future studies.

2.2 Experimental Configuration

Ultraviolet (UV) light-emitting diode (LEDs), instead of lasers,
were used for illumination. It has been shown that UV LEDs can
be used as the excitation light source for both time-domain and
frequency-domain FLIM.'®!! The light source in our system
was composed of two UV LEDs (370 nm, Thorlabs) in series

4
x10
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N
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Time (ns)

Fig. 4 Intensity curve of the termination of the illumination. Falltime
of approximately 6 ns is shown.
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Fig. 5 Schematic diagram of the fluorescence imaging setup.

driven by a pulse generator (HP 8013B). The pulse generator
provided 8 V pulses with a 100 ns pulse-width and approx-
imately a 6 ns fall-time (Fig. 4). The repetition rate was set
at 20 kHz. The optical peak power is approximately 20 mW
and the average power is approximately 40 uW. Employing the
UV LEDs simplified the illumination. The small size of LEDs
facilitates construction of an array of diodes of different wave-
lengths, which could be switched on as desired without changing
the setup. The pulse width could be controlled and the excita-
tion wavelength can be adjusted by changing to another LED.
However, it is possible to get higher excitation power densities
with laser illumination compared to the diodes.

Filters were used to separate excitation light and fluorescence
signals. The specimens were imaged onto a gated intensified
CCD camera which provided a 2 ns gating-width with 1 ns steps
between sampling. Note that the 1 ns step width was for the
purpose of showing the complete fluorescence decay, and thus
around 70 images were acquired for each sample set in this
study. In clinical applications, only three images are required to
obtain the NoFYI image. The exposure time of the iCCD cam-
era controls the amount of fluorescence being collected, and the
gain parameter is in charge of the amplification of the signals.
Both parameters were adjusted based on the fluorescence yield
of each sample set to obtain the best SNR. The collected fluo-

4
x10

Intensity (counts)
o«

rescence images were sent to a computer connected to the iCCD
camera. The software for image processing was Astroart 4.0.'2
The schematic of the experimental setup is shown in Fig. 5.

The sample was placed on an x-y-z stage for height and direc-
tion adjustment. Note the camera can also be directly connected
to a typical laboratory microscope by a standard C-mount.

2.3 Materials

Chemical dyes and biological powders were used as test sam-
ples. The reason for using chemical dyes for the initial test is
that dyes provide a known fluorescence lifetime with higher
fluorescence intensity. Dyes can also be adjusted in their de-
cay times by the use of different solvents and solvent mixtures
and/or concentrations.

Fluorescein and Rhodamin-B (Lambda Physik) dissolved in
methanol were chosen as the sample dyes due to their emis-
sion fluorescence spectra (in the visible range) and their ease
of handling. Because the lifetime of the dye solution changes
with concentration, another set of Fluorescein and Rhodamin-B
solutions with lower concentrations were used as a comparison.
The Fluorescein and Rhodamin-B solutions of higher concen-
trations (about 1g/L) are labeled FS-H and RB-H, respectively,
and the dye solutions of lower concentrations (about 0.5g/L) are
labeled FS-L and RB-L.

NoFYI was also tested on biological samples. We tested
elastin powders (from bovine neck ligament) and collagen pow-
ders (from bovine Achilles tendon), both from the Elastin Prod-
ucts Company.

3 Results
3.1  Fluorescein and Rhodamin-B

The time dependent intensity decay of each sample was first
recorded by the iCCD camera to obtain the relative decay rate
between the samples. The samples were illuminated at 370 nm
with a 100 ns-excitation pulse. The iCCD camera sampled the
images with a 2 ns gate-width and 1 ns steps between each data
point. The starting point of data collection could be controlled
so the intensities before and after the illumination could be
recorded. The intensity decays of the fluorescence of the dye
solutions are shown in Fig. 6.

Intensity (counts)

0 10 20 30 40 50 60 70
Time (ns)

(@)

Time (ns)
(b)

Fig. 6 (a) Fluorescence intensity decays. (b) Normalized intensity decays.

Journal of Biomedical Optics

086001-4

August 2011 * Vol. 16(8)



Jiang, Grundfest, and Stafsudd: Quasi-real-time fluorescence imaging with lifetime dependent contrast

The peak intensities of FS-H and RB-H are higher than those
of FS-L and RB-L. Comparing the emittions of Fluorescein and
Rhodamin-B, itis apparent that FS-H is more intense than RB-H,
and FS-L is more intense than RB-L. Since the pulse genera-
tor has an inherent fall-time of approximately 6 ns, the decays
appeared to be nonexponential. However, the relative lifetimes
between each solution are consistent since fluorescence inten-
sity with longer lifetime decays slower than that with shorter
lifetime. In Fig. 6(b), the curves were normalized to match with
the initial intensity value of FS-H. It can be seen that Fluores-
cein obviously has a longer lifetime compared to Rhodamin-B,
and solutions with higher concentration have a relatively slower
decay rate. Note that the decay rate of RB-H and RB-L are close
(2.93 and 2.78 ns, a 5.25% difference).

RB-H and FS-L were chosen as the first sample set.
Figure 7(a) shows the unprocessed fluorescence image. RB-H is
apparently brighter than FS-L, and the lines shown at the center
are the edges of the cuvettes. The division of the fluorescence
decay image by the calibration image, shows that the processed
image [Fig. 7(b)] successfully discriminates the sample into two
clearly determined regions.

The wiremesh plots shown in Figs. 7(c) and 7(d), show not
only the large difference in intensity between the two samples
after NoFYI processing, but also show the sharpness of the
discrimination at the boundary of the two samples. Each pixel
on the processed image represents the ratio of emission intensity
over calibration intensity. Therefore, fluorophores with longer
lifetimes result in higher ratios, which correspond to the brighter
pixels; while fluorophores with shorter lifetimes lead to smaller
ratio values and thus darker pixels. Since RB-H decays faster
than FS-L, the result is consistent with our theory. Note that the
darker perimeter in the recorded image is due to nonuniform
illumination. These results show NoFY]I can easily discriminate
between chemical dyes, and is also capable of eliminating the
effect of nonuniform illumination.

RB-H and FS-H were chosen as the second sample set. To
further assess the impact of nonuniform illumination, we added
an optical density (OD 0.2) to block the bottom half of the
sample. The intensity distribution, due to partial attenuation,
makes the sample looks like a combination of four discrete areas,
each composed of different fluorophores, as shown in Fig. 8(a).
The result after processing provides a clear discrimination of the
two dyes [see Fig. 8(b)].

The entire area of RB-H is much darker than that of FS-H,
regardless of the effect of the optical density and the nonuni-
form illumination at the corner. Figure 8(c) shows the wiremesh
plot of the center of the calibration image, which displays the
intensity of both RB-H and FS-H with/without attenuation.
The successful determination capability of NoFYI can further
be emphasized and is demonstrated by the wiremesh plot of the
processed image as shown in Fig. 8(d). Despite the nonuniform
fluorescence intensity in the calibration image, NoFYI clearly
discriminates between the two dyes.

In cases where the lifetimes of the fluorophores are very
close in value, an increased contrast can be obtained through
spatial averaging. The averaging reduces the effects of noise in
the system.

RB-H and RB-L were chosen as the next sample set due to
their close lifetimes (2.93 and 2.78 ns). The fluorescence image
of this sample set is shown in Fig. 9(a). The NoFYT contrast of
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Fig. 7 (a) Unprocessed fluorescence images of RB-H (left) and FS-L
(right). (b) Normalized fluorescence image (NoFYI). (c) Wiremesh plot
of (a). (Raw fluorescence image). (d) Wiremesh plot of (b). (NoFYI
image).

the image is barely visible as seen in Fig. 9(b). Further image
processing produces a discernible difference between the two
sides of the image despite the close lifetimes.

Since it is already known that RB-L and RB-H are placed at
the left and right hand sides respectively, and since both solutions
are uniformly distributed on each side, we took the mean of each
column by using the “binning” command in Astroart, instead of
repeatedly taking the mean of the surrounding eight pixels of
each pixel. The NoFYI image was processed by taking the mean
of each columns and substituting each pixel by the mean value.
In a practical case, repeating spatial averaging is still required
to smooth the image and reduce the noise. Figure 9(c) shows
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Fig. 8 (a) Unprocessed fluorescence image of RB-H (left) and FS-H
(right). (An optical density placed at the bottom for partial attenuation.)
(b) NoFYI Processed result of the fluorescence image. (c) Wiremesh
plot of part of (a). (Raw fluorescence image) (d) Wiremesh plot of part
of (b). (NoFYI image)

the x-profiles of both the calibration image and the processed
result. In the x-profile of the processed image [bottom part of
Fig. 9(c)], the peak at the center is due to the boundary of the
cuvettes, which can be ignored. Comparing the values of the two
sides of the peak, a clear intensity difference can be seen. The
intensity of RB-L (left) is around 630 counts, while that of RB-H
(right) is around 670 counts. The noise variation is lower than
20 counts, which is smaller than the intensity difference between
the samples. This shows that NoFYI can produce a measurable
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Fig. 9 (a) Unprocessed fluorescence image of RB-L (left) and RB-H
(right). (b) Processed NoFYI result. (c) Profiles of (a) (top part) and (b)
(bottom part)

contrast image from fluorophores that differ by less than 6%
in their lifetimes. Note that the salt and pepper noise appearing
in the image mainly results from weak fluorescence signals.
This can be improved by increasing the excitation intensity,
such as increasing the driving voltage of the LEDs, increasing
the number of LEDs, and lengthening the gate times. These
images were obtained using modest illumination intensities, i.e.
<0.5 mW/cm?.

3.2 long Gate Times

We also tested NoFYT with different gate times. FS-H and RB-
H were chosen as samples. Figure 10(a) shows the fluores-
cence image of the sample, and the processed images with the
gate time of 2, 8, and 16 ns are shown in Figs. 10(b)-10(d).
NoFYI clearly determined the two areas using longer gate times.
Even if the gate time is longer than the lifetime of the samples,
NoFYTI continued to provide contrast discrimination between
samples. The wiremesh plots of Figs. 10(b)-10(d) are shown in
Figs. 10(e)-10(g), respectively. Because long gate times can be
successfully used by NoFYI, higher SNRscan be obtained. The
feasibility of using long gate times is a feature of time-resolved
fluorescence imaging. It lowers the time resolution requirements
for the iCCD, and therefore potentially lowers the cost of the
setup of the imaging system.

3.3 Elastin and Collagen

After showing that NoFYT is able to discriminate chemical dyes
without doing lifetime extraction, we investigated the biologi-
cal powders, elastin, and collagen to observe if NoFYI is ca-
pable of discriminating biological samples. Elastin and colla-
gen powders were placed between two sapphire windows and
were illuminated by pulse light of 370 nm wavelength with a

August 2011 * Vol. 16(8)
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Fig. 10 (a) Fluorescence image of FS-H (left) and RB-H (right) with 2
ns gate time. (b) Processed NoFY! result of (a). (c) Processed NoFYI
result with 8 ns gate time. (d) Processed NoFYI result (e) Wiremesh plot
of (b). with 16 ns gate time. (f) Wiremesh plot of (c). (g) Wiremesh plot
of (d).
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100 ns pulse-width. The iCCD camera was operated with 2 and
8 ns gate-widths, and the intensity decays of elastin and colla-
gen powders are shown in Fig. 11. Since the autofluorescence
of the sample was weaker than chemical dyes, the exposure
time was increased to 5 s to obtain higher contrast. As shown in
Fig. 11(a), elastin possessed stronger fluorescence intensity than
collagen. The normalized intensity decay [Fig. 11(b)] shows that
the intensity of collagen decayed 1 to 2 ns slower than that of
elastin.

Figures 12(a) and 12(b) shows the photograph and the flu-
orescence image of the sample. Most of the areas of elastin
powder show similar brightness, while the right hand side of
the image is relatively darker, which is the result of nonuniform
illumination. The determination of which areas are elastin and
collagen cannot therefore be made by observing the contrast in
brightness in the original image. However, NoFYI processing
of the images (2 ns gate-width) clearly discriminates the two
powders as shown in Fig. 12(c).

Elastin has a shorter lifetime which results in relatively darker
regions; while the collagen portion of the image became brighter
after normalization. Note that NoFYT is also able to preserve
the detailed information of the spatial distribution of the sam-
ples, even if the fluorescence intensity is much weaker than
that of chemical dyes. We also imaged this sample under long
gate time condition. Figure 12(d) shows the NoFYI result using
8 ns gate-width, which also successfully discriminates the two
powders.

Comparing the two NoFYIimages, both images provide clear
determination of the two samples, but 8 ns gate-width shows
less noise, clearer determination, and higher uniformity. This
comparison supports that NoFYTI is able to provide clearer de-
termination on bio-samples with long gating time. Note that
the noise at the right hand side of the image can be elimi-
nated by adding excitation from the right to achieve uniform
illumination.

4 Discussion

In this study, we have demonstrated a novel time-resolved flu-
orescence imaging method without the need of lifetime extrac-
tion. In tissue discrimination, it is the image contrast, instead of
the lifetime value, that is the main concern. Therefore, a simple,
accurate, and rapid method to extract the contrast is desirable.
Employing simple mathematical algorithms such as image sub-
traction and division, NoFYT has been shown to provide clear
sample discrimination and good image quality in wide-field flu-
orescence imaging without any exponential curve fitting. This
eliminates all the undesirable problems resulting from expo-
nential curve fitting, such as arbitrary assumption of single or
multiple exponential decay components, time-consuming itera-
tive optimization, and nonunique solutions. Because the NoFYT
techniques converts differences in fluorescence decay times to
intensity changes, many different commercial image processing
programs such as Astroart, Photoshop, etc., can easily be applied
to the images.

Lifetimes of the samples were extracted by curve fitting the
intensity decays to use as a baseline. The decays of the chemical
dyes fit well with a single exponential. Lifetime values range
from RB-L (2.78 ns) to RB-H (2.93 ns); FS-L (4.71 ns) to FS-H
(7.09 ns). The extracted lifetimes are consistent with the decay
rate from the recorded intensity decays as shown in Fig. 6(b).
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Fig. 11 (a) Fluorescence intensity decays. (b) Normalized intensity decays.

Curve fitting the decays of bio-powders also shows that collagen
(3.6 ns) possesses a slightly longer lifetime than elastin (3.0 ns),
which matches with the decay curves in Figs. 11(a) and 11(b).
Due to the multi-exponential decay of the pump diode output,
one obtains a convolution of both the fluorescence sample decay
and the diode. While one can extract the actual lifetime of the
fluorescence sample, it is relatively difficult. Note that these
results not only show that NoFYT is able to discriminate samples
with lifetime difference less than 1 ns. Our results demonstrate
that the technique works with falltime as long as the lifetime of
the fluorescence species. High speed illumination (shorter than
1 ns) is therefore not an requirement of NoFY1 for biological
imaging. Our experiments show the falltime of the pump need
only to be three times the magnitude of the shortest fluorescence

Fig. 12 (a) Photograph of elastin and collagen (dotted circle). (b) Flu-
orescence image of (a). (c) Processed result (NoFYI image) with 2 ns
gate time. (d) Processed result (NoFYI image) with 8 ns gate time.
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lifetime material to be identified. This is an essential advantage
since it further lowers the cost of the system and simplifies the
operation.

With respect to the total integration and computational time,
NoFYI is more economical than fluorescence lifetime imaging.
Due to the simple algorithm, even a wide field image can be
processed rapidly. The total integration time of each NoFYI
image in this study is around 10 min. Note that this is under
the setting of acquiring 70 fluorescence images to show the
complete picture of the decay curve. In real uses, we usually
have the fundamental knowledge of the specimen so it is not
needed to acquire images along the entire decay. Therefore, the
total integration time can be reduced to about 1 min since only
three images are needed. In cases where the nature of the sam-
ple is unknown, we can obtain it by measuring the decays of
a small area before applying NoFY]I, and this information can
also be kept for future studies of the same kind of tissues. The
exposure time of the camera is another factor that affects the
integration time. For biological samples, since the autofluores-
cence is weaker than chemical dyes, each fluorescence image
requires a longer exposure time than chemical dyes. In the case
of elastin and collagen powders, the exposure time was around
5 s to obtain enough fluorescence signals and clear determina-
tion of the NoFYI result. However, the acquisition time can be
decreased by increasing the gain factor of the camera, while
this may also amplify the system noise. An additional solution
is to optimize the illumination by increasing the driving volt-
age of the LEDs and/or increasing the amount of LEDs. Thus,
the total integration time can be further shortened to less than
1 min, and quasi-real-time fluorescence imaging can therefore
be implemented by using NoFYI.

Besides straight-forward and rapid image processing, an-
other key advantage of NoFYI is the feasibility of long gate
times. Using long gate times allows discrimination between the
samples with the increase of SNR. Since the feasibility of longer
gate time, an iCCD camera with extremely short gate time less
than 1 ns is no longer needed, and can be replaced by a lower
cost iCCD camera with gating width greater than 2 ns. This
feature will reduce the cost of time-resolved fluorescence imag-
ing. So far we have tested longer gating on the sample set such
as FS-H/RB-H, FS-L/RB-H, RB-H/RB-L, and elastin and col-
lagen. Among these sample sets, RB-H/RB-L, with a lifetime
difference smaller than 1 ns, can still be discriminated success-

August 2011 * Vol. 16(8)



Jiang, Grundfest, and Stafsudd: Quasi-real-time fluorescence imaging with lifetime dependent contrast

fully. In clinical applications, gating time can be designed to
serve as a variable of the system during image acquisition for
optimization of the image contrast.

With respect to the illumination system, a wide-spectrum
tunable-wavelength light source can be constructed by UV LEDs
of various emitting wavelengths. Thanks to the development of
the semiconductor industry, UV LEDs with emission ranges of
245 to 400 nm are available. Low cost, simple operation, and
high power are the benefits of employing UV LEDs in fluores-
cence imaging. Since the peak absorption wavelength varies
with different biological tissues,'"!* the illumination source
should provide for spectral selection.

Previous studies have shown that the combination of tem-
poral and spectral fluorescence information can improve the
sensitivity and specificity of fluorescence imaging. It has been
demonstrated that time-resolved fluorescence spectroscopy is
able to successfully diagnose glioma specimens and character-
ize different collagen tissues.*'* It has also between shown that
it enhances the ability of fluorescence measurement on discrim-
inating different grades of atherosclerotic lesions.'> '® Future
work will optimize NoFYI imaging through the use of multiple
wavelength LED illumination and bandpass filters to discrimi-
nate the fluorescence wavelengths.

It should be noted that an alternative technique, frequency-
domain FLIM, has been developed using a sinusoidal modulated
pump source and a similarly modulated image intensifier. This
technique can be used to recover images in such a way to identify
areas with different lifetimes.!”~'” Gioux et al. have shown that
lifetime varying from 0.5 to 1.5 ns can be resolved spatially by
this technique.

5 Conclusion

In this study, we show a time-resolved fluorescence imaging
method (NoFYI) without the need of lifetime extraction. It is
capable of discriminating between various chemical dyes (Flu-
orescein and Rhodamin-B), elastin, and collagen powders. No-
FYI is a wide-field imaging technique which extracts lifetime
information in the form of intensity differences or contrast, and
therefore does not require separate time intensive calculations
for each image pixel, nor the measurement of many images with
discrete time delays. The ability of NoFYI to operate with light
source falltime as long as around three times the shortest flu-
orophore lifetime and with gate times as much as five times
the shortest lifetime reduces the system requirements drasti-
cally with respect to device performance. Therefore, NoFYI not
only reduces drastically the computer time, but also eases the
requirement of pumping light generation and gated imager per-
formance. This makes it possible to have a quasi-real time cost
effective lifetime discriminating fluorescence imaging system.
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