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Abstract. The use of fluorescence for cancer detection is currently
under investigation. Presently, steady-state fluorescence detection
methods are in use, but have limitations due to poor contrast between
the fluorescence of the tumor and background autofluorescence. Im-
proved contrast can be obtained with time-resolved techniques be-
cause of the differing lifetimes between autofluorescence and exog-
enous photosensitizers that selectively accumulate within tumor
tissue. An imaging system is constructed using a fast-gated (200-ps)
charge-coupled device (CCD) camera and a pulsed 635-nm laser di-
ode. To characterize the ability of the system to transfer object con-
trast to an image, the modulation transfer function (MTF) of the system
is acquired by employing an extended knife-edge technique. A knife-
edge target is assembled by drilling a rectangular well into a block of
polymethyl methacrylate (PMMA). The imaging system records im-
ages of the photosensitizer, chloroaluminum phthalocyanine tetrasul-
fonate (AlPcTS), within the well. AlPcTS was chosen to test the system
because of its strong absorption of 635-nm, high fluorescence yield,
and relatively long fluorescence lifetime (;7.5 ns). The results show
that the system is capable of resolving 1024 M AlPcTS fluorescence as
small as 1 mm. The findings of this study contribute to the develop-
ment of a time-gated imaging system using fluorescence lifetimes.
© 2004 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1803550]
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1 Introduction
Photodynamic therapy~PDT! is a relatively new treatment
modality that utilizes light and a photochemically active drug
~photosensitizer! that preferentially accumulates within tumor
tissues.1–3 Many of the photosensitizers used for PDT also
exhibit high fluorescence yields that can be utilized for tumor
detection.4–6 The use of fluorescence for cancer detection
could have several advantages over alternatives such as co
ventional white-light endoscopy. For example, in the treat-
ment of lung cancer, a more desirable prognosis is achieve
when the lesion is discovered in the intraepithelial~preinva-
sive! stage.7,8 However, intraepithelial neoplastic lesions are
difficult to localize by conventional white-light bronchoscopy
~WLB!.7,9,10Fluorescence bronchoscopy, when used as an ad
junct to WLB, has been proven to improve physicians’ ability
to detect lung cancer by 6.3 times compared with conven
tional WLB alone.7

Steady-state fluorescence imaging techniques are presen
in use.11,12 Unfortunately, these methods have limitations due
to poor contrast between the fluorescence of the tumor an
background autofluorescence.13,14 To compensate for autof-
luorescence, current steady-state fluorescence imaging met
ods require parallel imaging at several excitation or emission
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wavelengths, followed by image processing to subtract
autofluorescence contribution or to form emission wavelen
ratios.15 Time-resolved fluorescence imaging techniques co
eliminate the need for: 1. numerous excitation sources an
filters, and 2. complex image processing to eliminate au
luorescence.

Previously, filters have been used to distinguish excitat
scatter and autofluorescence from the fluorescence signal
photosensitizer. As excitation wavelengths in the red are
creasing in use, it is more difficult to use filters to discrimina
from a fluorescence signal that is also red. Alternatively
nanosecond-pulsed excitation source can be used, and
the photosensitizer fluorescence exhibited by the tumor ca
detected only after both the excitation light and autofluor
cence has decayed.16 By using this method, only the longer
lived emission signal of the photosensitizer will be detect
Also, there will be no need for complex image processing
is needed for fluorescence lifetime imaging~FLIM !. ~see Fig.
1!.

Preinvasive bronchial cancers are usually very small,
example, a previous study showed that the median sur
diameter of carcinomain situ was 8 mm.9 Thus, it is impor-
tant that an imaging device is able to detect fluorescent
jects of the same magnitude or smaller. The modulation tra
fer function ~MTF! is a parameter that characterizes t
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Fig. 1 Schematic depiction of the detection of a photosensitizer with
a 15-ns fluorescence lifetime using a gated camera system.
t

s
a

a
s

n

e

e
n

y

a

-
g

p

g
sifier
.4

ro-

lby-
100
n
an

l

d to
s a
the
the
nd

, by

. If
resolution properties of a fluorescence imaging system. A
simple method of determining the MTF of a digital image
acquisition device is an extension of the traditional knife-edge
technique.

The traditional knife-edge technique is a method used to
calculate the MTF from an image of a knife edge, a targe
with a straight-edged, sharp discontinuity. Originally, the
technique was created for characterizing acquisition device
that produce spatially continuous images such as convention
analog x-ray imaging systems that use film.17 The traditional
approach relies on oversampling a continuous image with
scanning device. When the traditional knife-edge technique i
applied to a digital imaging device, the image is not over-
sampled, which creates aliasing causing significant errors i
calculating the MTF. An extension of the original technique,
in which the knife edge is aligned slightly off perpendicular to
the scan direction, generates a composite scan with a high
resolution than the sampling rate from which the MTF can be
accurately obtained.18

Previous time-gated fluorescence imaging studies hav
used imaging systems with gate widths of 50 ns and repetitio
rates of 50 Hz.13,14,16,19–23This investigation describes an im-
proved fast-gated imaging system with shorter gating speed
~,1 ns! and higher repetition rates~100 kHz! than those used
in prior investigations. Also, previous investigations of time-
gated fluorescence imaging systems have not involved an
quantitative analysis of spatial resolution. This investigation
applies a spatial resolution measuring technique to perform
quantitative analysis of the developed imaging system. A
novel knife-edge target designed specifically to test the time
gated fluorescence system was constructed to recover the ed
response function, line spread function, and modulation trans
fer function.

2 Methods
2.1 Gated Imaging System
The time-gated imaging system is described by the set u
shown in Fig. 2. The images were collected by an integrated
gateable intensified CCD camera system~4 Picos, Stanford
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Computer Optics, Munich, Germany!. The camera has gatin
speeds as fast as 200 ps and a 25-mm dual-stage inten
with an S25 enhanced photocathode. A Nikkor 50-mm f/1
lens was used to image an area of9.039.0 cm.The excitation
source was a 635-nm laser diode~NanoLED-02BN! powered
by a NanoLED controller module~both from IBH, Glasgow,
Scotland! and was positioned to illuminate the9.039.0 cm
imaging area as uniformly as possible. The laser diode p
duces a pulse width of,1 ns and a pulse energy of.100 pJ.
The laser diode and camera were both pulsed by a Thur
Thander Pulse Generator TGP110 at a repetition rate of
kHz ~1 pulse every 10ms!. All images were obtained using a
MCP gain of 1400 V with an exposure time of 1 ns and
integration of 1000 frames. Image J software~National Insti-
tutes of Health, Bethesda, Maryland! was used to analyze al
images.

2.2 System Gain
Unsigned 16-bit integers ranging from 0 to 65,535 are use
represent each pixel in an image. The count in a pixel i
direct measure of the number of electrons counted by
CCD frame. The variance method was used to determine
relationship of the count with the number of electrons a
estimate the gain of the analog to digital converter~ADC!.

The gain of the systemG in terms of analog to digital units
~ADU! per electron can be expressed by:

NADU5GxNe , ~1!

whereNADU is the average count andNe is the average num-
ber of electrons generated due to photon detection. Hence
plotting NADU on they axis and the respectiveNe on thex
axis for varying light levels, the slope of the line will giveG.

The standard deviation of the average countsADU will also
be subject to the gain of the system and therefore:

sADU5Gxse , ~2!

wherese is the standard deviation of the electron number
both sides of Eq.~2! are squared, the result is:

sADU
2 5G2xse

2. ~3!

Fig. 2 Diagram of the time-gated imaging system.30 (a) 4 Picos inten-
sified camera, (b) 635-nm laser diode (NanoLED-02BN), (c) NanoLED
controller module, and (d) Thurlby-Thander Pulse Generator TGP110.
medical Optics d November/December 2004 d Vol. 9 No. 6 1207
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Fig. 3 Dimensions of the purpose-built fluorescence knife-edge target.
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The standard deviation in a Poisson distribution is given
by:24

s5AN. ~4!

Due to the Poisson distribution of the number of detected
photons in a sampling interval, and hence the average numb
of generated electrons counted in the CCD frame, it can b
assumed that:

Ne5se
2. ~5!

Hence, dividing Eqs.~1! and ~3! results in:

G5
sADU

2

NADU
. ~6!

Therefore, it can be derived from Eqs.~1! and~6! that the
average number of electrons that are counted by the CC
frame can be given by:

Ne5
NADU

2

sADU
2 . ~7!

The average electron number was determined for a rang
of average counts. Images were collected with differing levels
of light to vary the number of photons hitting the detector.

For accurate measurements, the dark count needed to
removed from the images. To remove the dark count, back
ground images that were collected with no light being de-
1208 Journal of Biomedical Optics d November/December 2004 d Vol.
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tected were subtracted from all images used to determine
gain. A background image was obtained by averaging 10
ages that were collected with the camera covered in bl
velvet with the lens cap on.

After the background image was subtracted to remove
dark count, the average count and standard deviation of
varying images were acquired. Histograms were collec
from a consistent circular, 15 pixels in diameter region
interest~ROI! of each image to verify Poisson distribution
The average number of generated electrons was calcu
from Eq. ~7! using the data from the histograms. The avera
counts were plotted on they axis and their corresponding
calculated average electron numbers were plotted on thx
axis. The slope of the line was calculated using MS Excel a
determined as the gain. The gain was calculated to determ
the relationship between the count in a pixel and the num
of electrons counted by the CCD frame.

2.3 Determination of Modulation Transfer Function
A knife-edge target was designed specifically to test the
veloped time-gated fluorescence imaging system~see Fig. 3!.
A rectangular-shaped well(74 mm length362 mm width
310 mm depth) was drilled into a block of polymethyl meth
acrylate~PMMA!. All surfaces of the block except within th
well were painted with nonfluorescent, matte black paint.

16-bit grayscale images were collected for1024 M chlo-
roaluminum phthalocyanine tetrasulfonate~AlPcTS! and 0.2
M phosphate buffer~pH 7.2! placed within the target well.
AlPcTS was chosen to test the system because of its st
absorption at 635-nm, high fluorescence yield~0.559!,25 and
relatively long fluorescence lifetime~;7.5 ns!26 compared to
the other second generation photosensitizers~such as hyperi-
cin, methylene blue, n-aspartyl chlorin e6, and texaphyri!
that were considered.27 Images were collected at delay time
varying from 1.5 to 10.0 ns~in 0.5-ns increments! after the
peak of the excitation pulse.

To obtain the modulation transfer function~MTF! of the
imaging system, an extension of the knife-edge test w
employed.18 The target was positioned at a slight angle~18
Fig. 4 (a) Image of pixels with knife edge skewed perpendicular and emphasized for illustrative purposes, and (b) schematic diagram of pixels with
their assigned numbers representing their position in the composite edge response function. Locations A, B, and C correspond to three different
alignments of the edge relative to the sampling coordinate. Positions A and D represent the two half-pixel shifted alignments.
9 No. 6
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Fig. 5 Schematic diagram of the pixels and their assigned numbers used to obtain edge response functions with a sampling distance of 0.18 mm
for locations A, B, and C.
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deg! to the direction perpendicular to the scanning direction in
deriving the edge response function~ERF!, as shown in Fig.
4~a!. Because of the slight angulation of the edge, three ERF
at locations A, B, and C depicted in Fig. 4~a!, which corre-
spond to three different alignments of the edge relative to th
sampling coordinate, can be obtained in the range between th
two different half-pixel shifted alignments@positions A and D
in Fig. 4~a!#.

Three ERFs were produced by obtaining pixel values
across the image of the knife edge at locations A, B, and C a
specified in Fig. 4~a!. Each pixel value for the individual
ERFs at locations A, B, and C were assigned a number rep
resenting their position in the composite ERF, as shown in
Fig. 4~b!. The individual ERFs for positions A, B, and C
consist of 22 discrete data points with the same samplin
Journal of Bio
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distance of 0.18 mm as demonstrated in Fig. 5. Thus, a t
of 66 combined data points acquired from the three ER
from A, B, and C can be employed to generate the compo
ERF with a smaller sampling distance of 0.06 mm~see Fig.
6!. Since the effective sampling distance becomes smaller
effects of aliasing on the measured MTF can be eliminate28

Composite ERFs were obtained from images~with the
dark count removed! for each delay time and then smoothe
with sigmoidal fits generated by CurveExpert 1.3~Daniel G.
Hyams, Hixson, Tennessee!. The linespread function~LSF!
was then found by the numerical differentiation of ea
smoothed composite ERF. A Fourier transform of each de
mined LSF was performed by Microcal Origin 4.0~OriginLab
Corporation, Northampton, Massachusetts! to obtain the MTF
for each delay time. Images were also collected with a l
medical Optics d November/December 2004 d Vol. 9 No. 6 1209
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Fig. 6 Schematic diagram of the pixels and their assigned numbers used to obtain the composite edge response function with a sampling distance
of 0.06 mm.
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resolution test target placed on top of the well containing the
1024 M AlPcTS following the same imaging procedures to
obtain a subjective perception of the MTF.

3 Results and Discussion
Figure 7 shows the average count plotted against the avera
number of calculated electrons. The gain of the ADC for a
MCP gain of 1400 V was found to be107 ADU/e2. The
figure shows that the imaging system exhibits good system
linearity for counts ranging from 0 to 50,000.

The ERFs, LSFs, and MTFs at delay times between 4.5
and 6.0 ns are of particular interest because it is predicte
that: 1. the fluorescence from the AlPcTS within the well will
not have entirely decayed, and 2. the viewing of the AlPcTS
will not be hindered from excitation scatter or autofluores-
cence. Figures 8~a! and 8~b! reveal smoothed ERFs for delay
times of 4.5 to 6.0 ns@Fig. 8~a!#, and 6.5 to 8.0 ns@Fig. 8~b!#
in 0.5-ns increments. The figures demonstrate that as the del
1210 Journal of Biomedical Optics d November/December 2004 d Vol.
e
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time increases, the slope and intensity of the ERFs decre
This decrease is expected and corresponds to the decay o
AlPcTS fluorescence.

Figures 9~a! and 9~b! depict the LSFs for delay times o
4.5 to 6.0 ns@Fig. 9~a!# and 6.5 to 8.0 ns@Fig. 9~b!# in 0.5-ns
increments. The figures show that as the delay time increa
the intensity decreases and the LSFs widen. The LSFs
somewhat skewed, which might be suggesting crosstalk
slight misalignment of the target edge.

Fig. 8 Edge response functions for delay times of (a) 4.5 to 6.0 ns, and
(b) 6.5 to 8.0 ns, in 0.5-ns increments.
Fig. 7 Average count (ranging from 0 to 50,000) versus calculated
average electron number (ranging from 0 to 500) for a MCP gain of
1400 V.
9 No. 6
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Fig. 9 Line spread functions for delay times of (a) 4.5 to 6.0 ns, and (b)
6.5 to 8.0 ns, in 0.5-ns increments.
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Figures 10~a! and 10~b! show the MTFs for delay times of
4.5 to 6.0 ns, and 6.5 to 8.0 ns, respectively, in 0.5-ns incre
ments. Since the MTF can realistically only be found within
10%,29 error bars representing the standard deviations wer
added to the graphs, which indicate that the MTFs were in
deed found within 10%. According to Figs. 10~a! and 10~b!
the MTFs indicate that the developed imaging system shoul
be capable of resolving 1 line pair/mm~lp/mm!, or fluorescent
objects as small as 1 mm for the specified delay times. Th
calculated resolution in this study is in agreement with a
Journal of Bio
previous investigation, which demonstrates the construc
imaging system’s ability to resolve1024 M AlPcTS fluores-
cence of 1 mm in diameter at depths ranging from 1 to
mm.30

Figure 11 shows a line resolution test target placed on
of the1024 M AlPcTS at a 6.0-ns delay as an additional w
to estimate the MTF. It can be seen that at 1 lp/mm the li

Fig. 10 Modulation transfer functions for delay times of (a) 4.5 to 6.0
ns, and (b) 6.5 to 8.0 ns, in 0.5-ns increments.
Fig. 11 (a) Line resolution test target placed on top of 1024 M AlPcTS at a 6.0-ns delay, and (b) plot profiles for 0.5 and 1 lp/mm.
medical Optics d November/December 2004 d Vol. 9 No. 6 1211
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of the test target can be made out, which is in agreement wit
the quantitative results of the MTFs. Plot profiles are also
given for both 0.5 and 1 lp/mm. Peaks and troughs can b
clearly seen for the 0.5-lp/mm plot profile. The plot profile for
1 lp/mm is noisier, but peaks and troughs can still be made
out, which also concurs with the resulting MTFs. Although
the test target image does not determine a quantitative valu
for the MTF, it does show that the subjective perception of the
image is in agreement with the MTFs calculated from the
extended knife-edge technique.

4 Conclusions
In this study, a time-gated imaging system is developed to
remove background excitation scatter and autofluorescenc
from distorting the fluorescence signal from a longer-lived
photosensitizer within a tumor without the need for filters. An
initial analysis of the imaging system is executed to determine
the system’s ability to resolve fluorescent objects.

The gain of the ADC is examined to establish the relation-
ship between the count in a pixel and the number of electron
counted by the CCD frame. The system is shown to have
gain of;107 ADU/e2 using an MCP gain of 1400 V and be
linear within the operating conditions. The method used to
estimate the gain in this study is simple, yet adequate enoug
to prove the linearity of the system. A more precise evaluation
of the gain, such as varying the irradiance on the photocath
ode and measuring the output signal, is not required for thi
investigation and is the subject of further study.

The ESF, LSF, and MTF are determined for each delay
time to determine the resolvability of the system. The calcu-
lated MTFs describe the contrast produced by the imagin
system as a function of the spatial frequency of a fluorescen
object. The MTFs show that a1024 M AlPcTS fluorescent
object as small as 1 mm can be resolved by the system. I
agreement to this, an image of a resolution test target show
that 1 lp/mm could be viewed. As far as the authors are aware
there have been no spatial resolution studies performed o
other time-gated fluorescence imaging systems. Therefore,
is not possible to compare the current results to those of othe
systems.

It must be noted that the estimated resolution is for a sim
plified system using a macrolens. If the imaging system wa
connected with an endoscope, the resolution would need to b
re-examined. This investigation shows that the extende
knife-edge technique is adequate in estimating the spatia
resolution of a time-gated fluorescence imaging system, an
could easily be reapplied to evaluate the MTF of the system
connected to an endoscope.

There are three things that deter the resolution in fluores
cence imaging systems: 1. scattering of excitation light, 2
obscuring of the target due to autofluorescence, and 3. sca
tering of fluorescent light. The developed imaging system is
adequate for limiting 1 and 2, which is a major improvement
over existing systems. To remove 3, a camera with a gat
width of a few picoseconds would be required, which does
not currently exist. Therefore, degradation in resolution due to
the scattering of fluorescence light could not be eliminated
with the present system.

The findings of this study contribute to the development of
a time-gated imaging system using fluorescence lifetimes. I
1212 Journal of Biomedical Optics d November/December 2004 d Vol.
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this investigation, a fast-gated imaging system with quic
gating speeds~1 ns! and repetition rates~100 kHz! than those
used in prior investigations is designed. Because of its h
resolvability and quick image acquisition, the development
the time-gated imaging system could make early can
screening programs more feasible. Future investigati
should be performed because of the system’s proven poten
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