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Abstract: We describe a novel approach using 2D-intensity-deconvolution to improve spatial
resolution in wide-field FLIM. The method maintains lifetime accuracy and can restore features
within experimentally reasonable intensity ranges.
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1. Introduction

Fluorescence lifetime imaging microscopy (FLIM) is a method to retrieve lifetime data from fluorescence emission
after excitation. FLIM has some advantages over intensity-based measurements since it is insensitive to artifacts
influencing fluorescence intensity, such as optical loss, photobleaching, and differences in fluorophore concentration
[1-3].

It is commonly known that the imaging properties of any optical microscope give rise to spatial distortions [4].
While theoretically insensitive to intensity, lifetime images are derived via intensity image analysis in several FLIM
techniques [5]. As a result, poor quality lifetime maps may be partially the result of distorted intensity images.

With advances in desktop computing power, numerical methods are providing an increasingly efficient way to
improve resolution without compromising signal-to-noise ratio (SNR) or the need for additional optical hardware.
Recently, we demonstrated that a commercial version of an iterative constrained 2D blind image restoration
algorithm can be applied successfully to FLIM intensity images [6].

Here, we present the resolution enhancement of FLIM lifetime maps and further investigate the lifetime changes
after image restoration when one single image contains samples with different signal intensities (or SNR).

2. Methods
2.1. Fluorescence Lifetime Imaging Microscopy (FLIM)

To implement time-gated FLIM, recently we have designed and characterized a novel time-domain, wide-field
FLIM system for picosecond time-resolved imaging for biological applications [7]. A dye laser pumped by a
nitrogen laser for UV-visible-NIR excitation provides a wide-field, less expensive, and potentially portable
alternative to multi-photon excitation for sub-nanosecond FLIM of biological specimens [7]. A sample is
illuminated by an excitation pulse and the fluorescence emission is recorded by an intensified charge-coupled device
(ICCD) camera at a gate delay controlled by the intensifier, with emission intensities integrated during a gate width.
This system has a large temporal dynamic range (750 ps — 1 us), 50 ps lifetime discrimination, and spatial resolution
of 1.4 pm, which make it very suitable for studying a variety of endogenous and exogenous fluorophores in
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biological samples [2, 8, 9]. Fluorescence lifetime maps are determined by first acquiring fluorescence intensity
images at four gate delays and then calculating the lifetime values from the intensity decay on a pixel-by-pixel basis
(further described below).
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Figure 1 The time-gated FLIM setup used for this study. Abbreviations: CCD = charge-coupled device; HRI = high rate imager; INT = intensifier;
TTL I/O = TTL input/output card; OD = optical discriminator; BS = beam splitter; DC = dichroic mirror; FM = “flippable” mirror; L1, L2, L3,
L4 = quartz lenses; M = mirror. Thick solid lines = light path; thin solid line = electronic path. [10]

Figure 1 illustrates our FLIM system instrumentation, with some main experimental specifications for imaging
living cells described below. The excitation source was composed of a pulsed nitrogen laser (GL-3300, Photon
Technology International, Lawrenceville, NJ) pumping a dye laser (GL-301, Photon Technology International,
Lawrenceville, NJ), with a wavelength range from UV through near infrared (NIR), depending on the dye in use. An
optical fiber (SFS600/660N, Fiberguide Industries, Stirling, NJ) was used to deliver the excitation light to a
research-grade, inverted microscope (Axiovert S100 2TV, Zeiss, Germany) in epi-illumination mode. The optical
fiber had the added benefit of homogenizing the spatial intensity distribution of the beam. A beam splitter split a
reference pulse from the excitation light and sent it to an optical discriminator to generate an electronic pulse, which
offered a time reference to a picosecond delay generator (DEL350, Becker & Hickl, Germany), whose output was
then used for triggering the gated intensified CCD (ICCD) camera (Picostar HR, LaVision, Germany). The ICCD
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had variable intensifier gain and gate width settings varying from 200 ps to 10 ms and can be used to implement
high-speed imaging in other applications as well [11].

2.2. Image Restoration

The image restoration procedure has been described previously [6]. The restoration of each gated intensity image
was implemented by using the Autoquant® (Media Cybernetics, Bethesda, MD) software. The underlying
Maximum Likelihood Estimation (MLE) algorithm, a mathematical optimization approach generally used to provide
estimates of quantities corrupted by some kind of random noise, serves as the basis of the 2D Blind approach and
has been explained elsewhere [12, 13]. Briely, image restoration and/or deconvolution are performed in a set of
processes for reversing the optical distortion that occurs in a microscope. It is often assumed that the original
uncorrupted image is distorted by an instrument response, which can be defined by the point spread function (PSF)
of the imaging system in use. The PSF is the image of an infinitely small point source, and can be estimated by
either a) imaging a sample (for example, a fluorescent bead) of smaller size than the resolution of the microscope, or
b) estimating theoretically the PSF by the parameters of the imaging system, in particular, the objective lens. The
latter method is what is known as the blind method. Blind image restoration method, therefore, attempts to recover
the original uncorrupted image by deconvolving the estimated PSF from the given observed image.

After image acquisition, Autoquant® was then used to blindly 2D-deconvolve the first of the four time gates
used to obtain the lifetime map with the FLIM system. From the deconvolution of the first image, a derived point
spread function was obtained, which was then used in the 2D deconvolution (i.e., non-blind) of the three remaining
gates. The number of iterations was set to 10 unless otherwise noted. The computationally-restored images were
then analyzed for lifetime.

2.3. Lifetime Determination

To creating fluorescence lifetime maps rapidly, a four-gate protocol with a linearized least squares lifetime
determination method is used on a pixel-by-pixel basis [5, 14, 15]:
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where 7, is the lifetime of pixel p, I;, is the intensity of pixel p in image i, ¢ is the gate delay of image i, and N is the
number of images. All sums are over .

Additional steps in data processing are needed for more accurate lifetime map production. Before lifetime
calculation, the step “background subtraction” takes average of the intensities of pixels within a specified
background region and subtracts that average value from all pixels. Also, the step “reject” sets intensities to zero for
all pixels with intensities below a certain value (assigned as the parameter “reject”) after background subtraction.
After lifetime calculation, the step “tau range” sets lifetime to zero for all pixels with lifetime above a certain value
(assigned as the parameter “taurange”) after lifetime calculation, to remove lifetime values in physically
meaningless regions. In this study, “reject” was set to 15 and “taurange” was set to 30.

2.4. Sample Preparation
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10 um fluorescent beads (Polysciences, Warrington, PA) were suspended in distilled water to produce solutions with
concentrations of 3x10° beads/mL. Before imaging, 200 pL of each solution was placed on a delta T dish (Bioptechs,
Butler, PA), and imaging was begun after the beads had settled to the bottom of the dish. All beads had
excitation/emission maxima of 441/486 nm, as specified by the manufacturer. A 100 x objective was used in the
FLIM microscope.

2.5. Data Analysis

On the lifetime map constructed from the restored intensity images, a selection was made of eight regions that
exhibited different intensities. In each of these regions, the average intensity and lifetime values (over all nonzero
pixels) were calculated. Then, the percentage change in mean lifetime (%rt), relative to the native image, was
calculated for each region and plotted against the intensity (I) in that region. The following notations were used: N(I):
native intensity image; N(t): native lifetime map; R(I): restored intensity image; R(t): restored lifetime map.

3. Results

3.1. FLIM Image Restoration
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Figure 2 Relationships between N(I): native intensity image, N(t): native lifetime map, R(I): restored intensity image, and R(7): restored lifetime
map. By applying image restoration to FLIM, the irresolvable features in N(t), such as the beads in the lower-left portion, became resolved in
R(1). Scale bar: 20 pm.

Figure 2 demonstrates our FLIM image restoration procedures. The lifetime determination algorithm can be applied
directly to the native intensity images, N(I), to produce the native lifetime map, N(t). In this case, some beads that
were resolved in N(I) could not be resolved in N(t), such as the beads in the lower-left portion of the image. Image
restoration was then applied to N(I), and R(I) was produced. The lifetime determination algorithm then could be
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applied to R(I) to produced R(7), and the previously irresolvable features in N(t) (the beads in the lower-left portion)
became resolved in R(1). In addition, compared to the beads in N(t), the beads in R(t) had smaller diameters (~12 —
13 pum), which were actually closer to the real diameters of the beads as shown in N(I) and R(I) (~12 pm). On the
other hand, the beads in N(t) had diameters of ~18 pm.

3.2. Restoring Features with Different SNR Values

Figure 3 shows that for very low signal intensities, the measured percentage changes in lifetime tended to decrease
with increasing SNR. The eight points were obtained from the intensity images and lifetime maps shown in Fig. 1.
At the lowest recorded intensities (50 counts) the lifetime change was just under 15%. The results also indicated that
once the intensity reached 200 counts, the percentage lifetime change fell below 5%. With this trend, we expect the
percentage changes to approach zero as the intensity further increases. A reasonable range of intensities is greater
than or equal to 150 counts (or even 200 counts) in our typical FLIM measurements, and FLIM image restoration in
this range provides a percentage change in lifetime lower than 10% (or 5%).
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Figure 3 Percentage lifetime change (relative to native lifetime map) plotted against intensity for eight separate regions of the restored lifetime
map, corresponding to eight beads with different SNR values. The percentage changes in lifetime tend to decrease with increasing SNR and fall
below 10% when intensity is greater than 150 counts, which is a typical intensity range for our experiments.

4. Discussion and Future Work

The denoising process in the image restoration algorithm may explain the trend that the percentage change in
lifetime decreases with increasing SNR. With the shot noise (or quantum noise) in our CCD camera, since the
images at later gates had weaker signals, they had, according to Poisson noise distribution, relatively higher noise
level compared to the images at earlier gates. In addition, the images at later gates tended to be corrupted to
relatively more extent by the readout noise, which had a constant magnitude due to the fixed readout rate of our
CCD camera at 12.5 MHz. In this study, the noise setting was fixed at “medium” at all four gates for consistency in
the image restoration algorithm. This, therefore, could result in insufficient denoising at later gates, thereby
producing higher intensity than at earlier gates, and hence, higher lifetime. Since this effect is more pronounced for
lower-intensity features in the image, it may explain why lower SNR correlates with a greater change in lifetime
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after image restoration. Future studies will include setting the noise level higher for later gates, where SNR values
are smaller. Additional work will investigate limitations to this image restoration approach for FLIM samples with
varying feature sizes and multiple fluorophore lifetimes.

In summary, we presented a novel approach using 2D-intensity-deconvolution to improve spatial resolution in

wide-field FLIM maps. The method maintains lifetime accuracy to better than 10% and can restore features within
experimentally reasonable intensity ranges.
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