J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com
by 203.175.12.50 on 08/23/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Journal of Innovative Optical Health Sciences [ . .
World Scientific
Vol. 12, No. 5 (2019) 1930003 (27 pages) \\:3 aweworldsciantific com

© The Author(s)
DOLI: 10.1142/51793545819300039

Fast fluorescence lifetime imaging techniques: A review
on challenge and development

Xiongbo Liu*, Danying Lin*¥Il, Wolfgang Becker ¥
Bin Yu*, Liwei Liu* and Junle Qu*Y
*Key Laboratory of Optoelectronic Devices and Systems
of Ministry of Education and Guangdong Province
College of Physics and Optoelectronic Engineering
Shenzhen University
Shenzhen 518060, P. R. China

"Becker & Hickl GmbH
Nunsdorfer Ring 7-9, Berlin 12277, Germany
‘ tdylin@szu.edu.cn
Sbecker@becker-hickl.de
Yilqu@szu.edu.cn

, Jingjing Niu*,

Received 14 March 2019
Accepted 8 June 2019
Published 5 July 2019

Fluorescence lifetime imaging microscopy (FLIM) is increasingly used in biomedicine, material
science, chemistry, and other related research fields, because of its advantages of high specificity
and sensitivity in monitoring cellular microenvironments, studying interaction between proteins,
metabolic state, screening drugs and analyzing their efficacy, characterizing novel materials, and
diagnosing early cancers. Understandably, there is a large interest in obtaining FLIM data within
an acquisition time as short as possible. Consequently, there is currently a technology that
advances towards faster and faster FLIM recording. However, the maximum speed of a recording
technique is only part of the problem. The acquisition time of a FLIM image is a complex function
of many factors. These include the photon rate that can be obtained from the sample, the amount
of information a technique extracts from the decay functions, the efficiency at which it determines
fluorescence decay parameters from the recorded photons, the demands for the accuracy of these
parameters, the number of pixels, and the lateral and axial resolutions that are obtained in
biological materials. Starting from a discussion of the parameters which determine the acquisition
time, this review will describe existing and emerging FLIM techniques and data analysis algo-
rithms, and analyze their performance and recording speed in biological and biomedical
applications.
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1. Introduction

Fluorescence microscopy has found broad applica-
tions in biological imaging because it is, within
reasonable limits, noninvasive, nondestructive, ex-
tremely sensitive, and delivers both structural and
functional information of the object under investi-
gation. With the help of fluorescence labeling
and transfection techniques for biological systems,
fluorescence-intensity data can be obtained over
three spatial dimensions, the wavelength, and the
polarization of the light. However, data derived
from the fluorescence intensity are easily affected by
variation in excitation intensity, variable probe
concentration, photobleaching, and instrumental
effects like different focusing, detector gain, or
misalignment. Performing quantitative measure-
ments based on intensity alone is therefore difficult.
Moreover, it is also difficult if not impossible to
distinguish different fluorescent probes with very
similar fluorescence spectra, and different fractions
of a fluorophore in different states of interaction
with its molecular environment.

The information obtained from biological samples
is dramatically improved by adding the fluorescence
lifetime as an imaging parameter.’* Fluorescence
lifetime is the reciprocal of the sum of rate constants
of various de-excitation processes, including fluores-
cence emission and nonradiative processes. There-
fore, in contrast to the fluorescence intensity,
fluorescence lifetime is a property of the fluorescent
molecules and their interaction with the molecular
environment. Consequently, fluorescence lifetime
imaging microscopy (FLIM) is nearly independent of
the above factors.”™ It can thus be conveniently used
to achieve quantitative measurements and to dis-
tinguish different probes with similar fluorescence
spectra. Importantly, according to the relationship
between fluorescence lifetime and the environment
around fluorescent molecules, FLIM technology can
favorably be used to quantitatively measure various
biochemical parameters in the microenvironment,’
such as oxygen content,”'"!'! pH,'?'3 metabolic
state,'"14 19 viscosity,'®!” solution hydrophobicity,
ion concentrations,'®!'” quencher distribution,

temperature,”’ and fluorescence resonance energy

transfer (FRET) efficiency.?'?* Therefore, FLIM
has played an increasingly important role in the
biomedical field in the past two decades.

Understandably, there is a large interest in
obtaining FLIM data in an acquisition time as short
as possible. Often the demand for fast FLIM just
originates from the desire to finish a given experi-
ment in a shorter period of time, in other cases,
there is the need for dynamic imaging of fast moving
cells and organelles, vesicle trafficking in live cells,?”
and dynamic changes in ion concentrations,?%->"
metabolic state,?®?" or interactions between pro-
teins.?*?! As a consequence, there is currently a run
toward faster and faster FLIM techniques with a
steeply increasing number of publications. There
are FLIM techniques recording in the time domain
and in the frequency domain, scanning techniques
and wide-field techniques, and analog-recording and
photon counting techniques.**? Different combina-
tions are competing in acquisition speed. However,
other parameters such as exposure and photo-
stability of the sample, photon efficiency, signal-to-
noise ratio (SNR), pixel numbers, time resolution,
image quality, depth resolution, capability to re-
solve multi-exponential decay functions, and, most
importantly, suitability for different applications
need to be fully considered. In reality, it is often the
photostability of the sample which limits the speed.
In most cases, faster acquisition can thus only be
achieved by simultaneously increasing the photon
efficiency.

This paper is an attempt to give an overview on
currently used and emerging FLIM techniques and
discuss their acquisition speed in the context with other
performance parameters and typical applications.

2. Parameters Determining the
Acquisition Speed of FLIM

2.1. Desired SNR

The SNR of FLIM depends on the number of pho-
tons per pixel (N).** Ideally, the SNR of the
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fluorescence lifetime (7) is
SNR. = V'N. (1)

This relation is derived from photon-counting-
based FLIM. As a digital method, photon counting
is governed by Poisson statistics. When a large
number of photons are accumulated to build up a
fluorescence decay curve, the standard deviation of
the average time of the photons, which is equal to 7,
decreases with the square root of N. It is also valid
for nonphoton-counting techniques that consider
the fluorescence decay an analog signal, where the
signal is composed of detection events of photons;
therefore, its SNR cannot be better than the square
root of the number of photons contained in it. One
way to get a higher SNR is to use spatial binning,
which assigns photons from adjacent pixels to the
pixel of interest, thus increasing the effective N,
whereas decreasing image spatial resolution.

Assuming other conditions invariant, N decrea-
ses with decreasing acquisition time. Consider the
quadratic relation between the desired SNR and N,
a slight relaxation in the SNR requirements, there-
fore has a large impact on the recording speed. For
scanning techniques, the number of pixels should
also be taken into account. For example, a
1024 x 1024-pixel image needs 64 times more pho-
tons and thus 64 times longer acquisition time than
a 128 x 128-pixel image.

2.2. Photon efficiency of the technique

It does not mean that any lifetime-detection tech-
nique automatically reaches the ideal SNR given by
Eq. (1). The performance of a technique is described
by the “photon efficiency,” which is the ratio of the
number of photons ideally needed to reach a given
SNR divided by the number of photons needed by
the technique under consideration. Therefore, the
time needed to obtain a FLIM image of a given SNR,
(and a given number of pixels for scanning techni-
ques) scales reciprocally with the photon efficiency.

Different FLIM techniques vary in photon effi-
ciency. FLIM techniques based on time-correlated
single photon counting (TCSPC) reach a photon
efficiency close to one. Techniques based on sliding a
time gate over the decay function have lower pho-
ton efficiencies. The photon efficiency is also low for
techniques that construct images from differences of
photon numbers, such as structured-illumination
and compressed-imaging techniques.** ¢

Fast fluorescence lifetime imaging techniques

2.3. Collection efficiency of optics

The collection efficiency of the optics directly
influences the number of photons detected and thus
the acquisition time needed to reach a given
SNR. The collection efficiency is proportional to the
square of the numerical aperture (NA) of the ob-
jective lens. In microscopy, there is usually no
problem to use lenses of NA = 0.9 in air or NA =
1.2 to 1.3 in water or oil. For macroscopic imaging
systems and endoscopes, the NA is much smaller,
and so is the collection efficiency. Low NA also
causes a problem with rotational depolarization.
The laser is polarized, and excites preferentially
molecules which have their dipoles in parallel with
the excitation. Over the fluorescence decay, the
molecules rotate away from the initial orientation.
Unless all spatial directions of polarization are
detected at the same efficiency, the rotational de-
polarization distorts the measured fluorescence
decay. The rotation effect cancels for high-NA ob-
jective lenses because they effectively excite and
detect from the entire half-space at the objective
side.”*” It does not cancel for low-NA lenses, how-
ever, because these do not detect photons polarized
in parallel with the optical axis, i.e., one of the two
perpendicular components is missing. The problem
is normally solved by placing a polarizer in the de-
tection path under the “magic angle.” The polarizer
then corrects the ratio of parallel to perpendicular
components. The magic angle depends on the NA.*3
In any case, the polarizer suppresses photons and
thus decreases the collection efficiency. The NA of
the collection optics should therefore be kept as high
as possible.

2.4. Photon rate from the sample

Even a FLIM system with unlimited count rate
cannot yield images within a short acquisition time
if the sample does not deliver the required photon
rate. Technically, there are two ways to increase the
photon rate: Increasing the fluorophore concentra-
tion and increasing the excitation power. The first
one is normally not an option for molecular imaging
in live systems for that fluorophore concentrations
in these systems must remain at a noninvasive level.
Moreover, measurement of molecular parameters
implies that the fluorophores are attached to spe-
cific molecular targets in the cells. The effective
fluorophore concentration is thus low.
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Fig. 1. Examples for illustrating photobleaching and photo-
damage. (a) FLIM image of Convallaria, region in the center
scanned with a 405 nm laser (107 photons per second) prior to
imaging (10° photons per second). Photobleaching has changed
the fluorescence lifetime in the pre-scanned area. (b) NADH
FLIM image of live cells, two-photon excited (5 x 10° photons
per second). In the bright red spots, photodamage has occurred,
revealing itself by an ultrafast decay component. With per-
mission from Ref. 37.

The second option — increasing the excitation
power — leads to photobleaching and photo-
damage. Examples are shown in Fig. 1. In the left
panel, the central area of the field of view was
scanned with a 405-nm laser for 1min prior to
FLIM imaging, using a relatively high power
(10 times the imaging power in terms of count
rate). It clearly shows that photobleaching has
occurred, and the lifetimes in the area have mas-
sively changed. It should be noted that photo-
bleaching not only has an impact on the intensities
and lifetimes, but also produces radicals, which
cause photochemical stress to the cells. Attempts to
reduce photobleaching by increasing the fluor-
ophore concentration do not reduce the amount of
radicals produced, and consequently, the photo-
chemical stress to the cells. In the right panel of
Fig. 1, spots of increasing size and extremely short
lifetime in an NADH image of live cells show severe
photodamage, which occurred within 20s upon
exposure to two-photon excitation at 750 nm even if
the count rate is only 1/20 of the situation in the
left panel. In these cases, the only way to achieve
short acquisition time is to use a technique with
high photon efficiency and to optimize the optical
system for collection efficiency.

2.5. Desired time resolution

The lifetimes of decay components in biological
samples typically range from 5ns down to
about 100 ps. Short lifetimes should not only be

detectable, but also be quantifiable in the presence
of decay components of longer lifetime. In time-
domain recording, this requires an instrument-
response function (IRF) width on the order of 100 ps
or shorter, and at least 5 times finer time bin width
for the decay curves recorded. If a technique does
not deliver the required time resolution, short life-
times can still be detected, but the photon number
and thus the acquisition time needed increase
dramatically.

2.6. Accuracy for obtaining desired
information

In most applications, the fluorescence decay curves
are sums of several exponential components.
The desired information is in the composition of the
decay, i.e., the amplitudes and lifetimes of the
components. What is thus needed is the complete
fluorescence decay curve. A single-exponential life-
time may be enough to distinguish areas with dif-
ferent fluorophores in a sample, but it fails if several
fluorophores are present in the same pixel. Molec-
ular imaging applications aim at the identification
of different fractions of the same fluorophore in
different states of interaction with the molecular
environment. The options for molecular FLIM
without multi-exponential decay capabilities are
therefore limited.

Moreover, exciting and recording fluorescence in
the entire depth of a sample may yield high count
rates and thus short acquisition times, but the in-
formation obtained is not the desired one. What is
needed is a FLIM image of a defined cross-section
through a cell or a piece of tissue, with fluorescence
decay data from defined organelles without con-
tamination from above and below.

2.7. Owverall consideration

Technology development is currently focusing
mainly on recording speed. The recording speed a
FLIM technique can reach is a function of the
parameters described above. First of all, the sample
must be able to feed the system with a sufficiently
high photon rate. How high this rate has to be
depends on the desired acquisition time, the number
of pixels, the expectations for the lifetime resolution
and accuracy, and the photon efficiency of the
technique.
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For a sample that delivers a photon rate that
does not exceed the counting capability of a FLIM
system, a high-efficiency technique therefore records
faster than a low-efficiency technique. For samples
which deliver high count rates, the relation can re-
verse: If the high-efficiency technique is not fast
enough to record all photons, a low-efficiency tech-
nique with unlimited count rate can be faster.
However, the requirements for the stability of the
sample increase nonlinearly: The sample not only
has to deliver the photon rate to obtain higher
speed, it also has to deliver additional photon rate
to compensate for the lower photon efficiency.
Technology development should therefore aim first
at efficiency, and then at recording speed.

Certainly, the maximum acquisition speed a
FLIM technique can reach also depends on a num-
ber of instrumental details. Detectors may need
time to recover after the detection of a photon, the
recording device may need time to process the
photon, time may be needed to read out the data
from the recording device, and to create a lifetime
image from the recorded data.

Details for commonly used techniques will be
discussed in the following section.
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3. Improving Acquisition Speed in
Different FLIM Techniques
3.1. Fast FLIM based on TCSPC

TCSPC-FLIM is commonly used in biological
applications. It combines high time resolution and
high photon efficiency.?**?* As shown in Fig. 2(a),
the sample is repeatedly scanned by a high-repeti-
tion rate pulsed laser beam, and a detector detects
single photons of the fluorescence signal returning
from the sample. Each photon is characterized by
its time in the laser pulse period and the coordinates
of the laser spot in the scanning area in the moment
of its detection. The recording process builds up a
photon distribution over these parameters. The re-
sult can be interpreted as an array of pixels, each
containing a fluorescence decay curve in a large
number of time channels.

Instrumental limitations and
improvement

3.1.1.

The “pile-up” effect and counting loss
As a serious drawback of TCSPC, it is often
stated that the technique can record only one

Time Channel

- x (pixels)
Delay
I TCSPC 1
Photon
Detected ® TCSPC 2
Scan TCSPC 3
Control Switch

(c)

(a) Principle of TCSPC-FLIM. CFD: constant fraction discriminator; TAC: time-to-amplitude converter; ADC: analog-to-

digital converter; Sync.: synchronization. Photon distribution n (z, y, t) is obtained and converted into FLIM image with data
analysis. (b) Illustration of “pile-up” effect and counting loss in TCSPC-FLIM. The dash line indicates the real decay, the solid line
measured. (c) Hlustration of fast-acquisition FLIM with parallel TCSPC modules.
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photon per signal period. If the light intensity is
high, a possible second or third photon arriving in
the same excitation pulse period with the first one is
lost, as shown in Fig. 2(b). The result is a distortion
of the recorded signal waveform. A derivation of the
systematic error in the detected fluorescence life-
time caused by “pile-up” effect has been given.?"*’
At a photon detection rate of 10% of the excitation
pulse rate, the error is about 2.5%, which is quite
small and acceptable in many applications. How-
ever, the error increases with the photon detection
rate. Therefore, to avoid this “pile-up,” one should
keep the photon detection rate at a low level, which
means the recording speed is limited to some extent.

TCSPC reaches a timing accuracy for the indi-
vidual photons on the order of a few picoseconds
(ps). This accuracy comes at a price: The processing
of each photon takes time. During the time a photon
is processed, no other photon can be recorded. The
processing time is therefore also called “dead time.”
The loss of photons in the dead time is called
“counting loss,” which causes a nonlinearity in the
intensity scale of the FLIM image. Counting loss
becomes notable at a photon rate of about 10% of
the reciprocal dead time, and reaches 50% at 50% of
the reciprocal dead time.?"3’

What happens at high count rates depends on
the ratio of the fluorescence lifetime and the dead
time. If the dead time is longer than the fluorescence
lifetime, normal “pile-up” occurs. If the dead time is
shorter than the fluorescence lifetime, the effect is
counting loss. The amount of loss depends on the
count rate in the moment of the detection of pho-
tons. The peak count rate in the pulse is about twice
the average count rate multiplied by the ratio of the
signal period and the lifetime. Assuming an average
photon rate of 10 MHz, a signal period of 20 ns and a
lifetime of 4ns, the peak count rate is 100 MHz.
That means a photon rate of 10 MHz is about the
limit for distortion-free recording for a system with
1ns dead time.

TCSPC-FLIM with low-dead-time TDC principle

The heart of any TCSPC device is the electronics
for the conversion of the times of photons into a
digital data word. Standard TCSPC-FLIM devices
use either a time-to-amplitude converter-analog-to-
digital converter (TAC-ADC) principle or a time-
to-digital converter (TDC) principle. The classic
TAC-ADC principle converts the start—stop time

first into the amplitude of an analog signal and then
into a digital data word. The principle delivers ex-
tremely high resolution: The time-channel width
can be as small as 0.2ps and the electrical IRF
width as short as 3 ps. With fast hybrid detectors, a
system IRF width of less than 20 ps is reached; with
superconducting nanowire single-photon detectors
(SNSPDs), the IRF width can be as short as
2.7ps. 0

The TDC principle uses the delay in a chain of
logic gates as a timing reference. It delivers a time
channel width down to a few ps and an IRF width of
about 20 ps. This principle can be made very fast in
terms of recording speed. It is even possible to de-
termine the times of several photons for each laser
pulse,*! which can be stated as multi-stop TDC.

A FLIM system based on a low-dead-time TDC
has been introduced.*! It has a dead time of less
than 1ns and a time-channel width of 250ps. A
hybrid photomultiplier tube (PMT) is used as a
detector. Hybrid PMTs have a single-electron re-
sponse of about 800 ps. It can thus be expected that
the system has an overall dead time of about 1ns.
According to Ref. 41, an image rate of 10 frames per
second (fps) can be reached for recording FLIM
images. The system has been demonstrated by re-
cording FLIM images of moving fluorescent beads
at a resolution of 128 x 128 pixels and at a rate of 3
fps. Tyndall et al. utilized a similar multi-channel
TDC in their design of a miniaturized high-
throughput lifetime sensor.*? Up to 8 photon events
during each excitation period could be recorded.

Also, devices on multi-stop TDCs have a dead
time. Reported dead times for the electronics are in
the range of 1ns to 10ns. Short dead time of the
electronics can be exploited only if the dead time of
the detector is shorter. The dead time of a detector
is at least as long as the width of its single-electron
response.’’ It is a few ns for conventional PMTs, a
few 10ns for single photon avalanche diodes
(SPADs), and about 1 ns for hybrid detectors. Only
SNSPDs have a single-photon response of less
than 200 ps.

Disregarding the difficulties, FLIM with multi-
stop timing has been demonstrated to deliver ex-
cellent images of dynamic samples. Of course, also
multi-stop systems can achieve fast acquisition only
if the sample delivers a sufficiently high photon rate.
The realm of the systems is therefore discrimination
of fluorophores of different lifetime in samples
stained with high fluorophore concentrations. For
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applications like metabolic imaging by NADH/
FAD detection or protein interaction measurement
by FLIM-FRET, where the count rates delivered by
the sample are usually no more than 500 kHz, multi-
stop timing FLIM would not be a best choice.

Fast-acquisition FLIM with parallel TCSPC
modules

The maximum count rate of a TCSPC-FLIM
system can be further increased by splitting the
light into several detector channels and parallel
TCSPC modules. FLIM by a TCSPC system with
four parallel channels and eight spectrally separate
channels have been described.**** The acquisition
time for eight 256 x 256-pixel images in separate
spectral channels was 5s.

A fast-acquisition FLIM technique introduced
recently® uses a single detector, the photon pulses
of which are distributed into four parallel TCSPC
modules, as shown in Fig. 2(c). The pulses are dis-
tributed by a switch that is controlled by the pho-
ton pulses themselves. The data of the four modules
are combined into a single FLIM dataset. The
TCSPC modules are running the normal TCSPC
FLIM process.”3"39

Pile-up occurs only if more than four photons
are detected in one laser pulse period. Dead time
effects in the TCSPC modules are smaller than for
a system with four detectors because the switch
regularizes the photon arrivals. The effect of de-
tector and discriminator dead time is the same
as for FLIM systems with fast time-conversion
principles.

Since the system is using normal TCSPC mod-
ules, there is no need to trade time resolution or
time channel width against acquisition speed. The
IRF width with fast hybrid detectors is less than
25 ps,*>%0 and the time-channel width can be made
shorter than 1 ps.?” The number of time channels is
large enough for multi-exponential decay analy-
sis.*"*74® Images down to acquisition time of 100 ms
for 128 x 128 pixels and 250 ms for 256 x 256 pixels
were presented.C In fact, the minimum acquisition
time is rather limited by the speed of the scanner
than by the TCSPC system. Double-exponential
decay analysis of images with 512 x 512 pixels
recorded in 4s was demonstrated.*®

Liu et al. proposed a system with confocal scan-
ning, seven SPAD detectors and seven parallel
TCSPC channels.*” With the pixel dwelling times of

Fast fluorescence lifetime imaging techniques

0.2ms to 0.5ms reported,”’ the acquisition time
for the entire image is in the range of tens of
seconds.

Commercial TCSPC-FLIM system usually has
two or more fully parallel channels. These are nor-
mally used to record in separate wavelength or po-
larization channels.”!”> The channels can, however,
also be used in parallel to increase the maximum
count rate. Recording of chlorophyll transients in
two parallel channels has been demonstrated previ-
ously.’?** Time-series recording of 128 x 128-pixel
images in two parallel channels was performed at an
acquisition time of 0.5 s per image.

3.1.2.  Saving acquisition time by improving
scanning

The optical imaging technique used in combination
with a special FLIM technique has a large influence
on the performance of a FLIM system. Basically,
fluorescence lifetime imaging can be performed by
wide-field illumination and wide-field detection, or
by scanning the sample with a focused laser beam
and detecting the photons with a point detector.
FLIM based on scanning, such as typical TCSPC-
FLIM is able to deliver images from a defined focal
plane inside a sample,’* avoiding the influence of
out-of-focus signals®”°> and thus having optical
sectioning capability. Another advantage is the
applicability of multi-photon excitation,’®°” being
able to record images from focal planes deeply
within biological tissues. However, one big disad-
vantage of scanning is the limitation in imaging
speed. Even the fastest FLIM system cannot record
faster than the scanner can scan the sample. The
frame times of the commonly used galvanometer
scanners range from about 40 ms to 1s, depending
on the number of lines. Faster scan rates can be
obtained from resonance scanners, polygon scan-
ners, and acousto-optical deflectors (AODs). It
should be noted that this comes at a price: Reso-
nance scanners have a fixed scan rate, and polygon
scanners have a fixed size of the scan field.

An easy way to increase the speed of FLIM image
acquisition is to scan only the regions of interest
(ROIs) in a wide field of view. Qu’s group at
Shenzhen University has combined AOD scanning
technology with TCSPC-FLIM. With AOD tech-
nology, fast addressable scanning and FLIM imag-
ing of arbitrary ROIs in biological samples is
achieved® %0 (Fig. 3).
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Fig. 3. Comparison of (a) raster scanning with galvanometer
scanner and (b) addressable scanning with AOD. If the ROIs
(e.g., cell nuclei in the illustration) are discrete, the multiple-
ROI scanning will save much of the acquisition time.

To achieve faster recording of TCSPC-FLIM, it
has been attempted to scan the sample with several
beams and project the photons from the individual
foci to separate detectors or separate channels of a
multi-anode PMT. An instrument of this type has
been described by Kumar et al.°" Multi-photon ex-
citation with 16 beams were used, and the fluores-
cence from the luminescent spots was projected on
the 16 input stripes of the tube in the detector. The
data from the stripes were recorded simultaneously
by a routing function and these stripes were later
combined into a complete image.

A multi-beam scanning system with an SPAD
array has been described by Poland et al.%> The
excitation beam of a femtosecond Ti:Sa laser is split
into 32 x 32 beams by a spatial light modulator
(SLM). The two-photon-excited emission from the
illuminated spots is projected on the 32 x 32-pixel
SPAD array. Each of the pixels of the SPAD array
has a TDC and provides photon times with a time-
channel width of about 50 ps. The maximum count
rate of the system is 16 MHz, i.e., about four times
higher than the reasonable limit of normal TCSPC-
FLIM. This was due to limitations in the readout
circuitry of the SPAD array. An improved version
of the readout circuitry has been developed later.%?

For each position of the scan, the setup delivers
single-photon data for 32 x 32 positions. Pixels be-
tween these positions are obtained by scanning, e.g.,
an 8 x 8 scan produces an image of 256 x 256 pixels.
FLIM images of MCF-7 human breast carcinoma
cells transfected with EGFP, acquired for 0.5s
and 5s, respectively, were obtained.”’ The system
has also been applied to dynamic imaging of
FRET processes between the fluorescent proteins

EGFR-EGFP and Grb2-mCherry in live cells, with
a single-frame image acquisition time of 10 s (image
field of view of 87.5 ym x 87.5 pm).5%04.6

The SLM can also be used to manipulate the
depth in which the individual beams come to a
focus. This way, FLIM Z stacks can be acquired
without the need of shifting the microscope lens
axially. The principle and an application to FRET
imaging have been described recently.%¢

3.1.3.  Temporal mosaic recording with
triggered accumulation

A technique termed “temporal mosaic FLIM” is
another way to detect fast changes in the fluores-
cence decay behavior of a sample. The FLIM system
records a series of FLIM images into subsequent
elements of a large data array (a “mosaic” of FLIM
data) after a lifetime change is induced by some
external stimulation to a sample.?” If each image is
recorded in just one frame, the series will be as fast
as the scanner can go. The greatest strength of this
technique is that it is still effective when the sample
does not deliver enough photons within one scan.
The stimulation can be applied to the sample peri-
odically, and with every new stimulation, the re-
cording will run through all elements of the data
array to accumulate photons.”'®37 The result is a
fast time series, the SNR of which no longer depends
on the scanning speed, but depends on the total
acquisition time for a given photon rate. In this
way, the frame rate at which a dynamic process is
resolved is limited by the scanner, not by the
TCSPC process. A FLIM recording of the Ca?*
transient in live neurons is shown.?” The number of
pixels in an individual image element is 64 x 64, and
the scan time per image element was 38 ms. Exter-
nal stimulation can also be bleached in the tech-
nique of fluorescence recovery after photobleaching
(FRAP). A simultaneous combination of FRAP-
FLIM and time-resolved anisotropy has been
reported, using a similar temporal mosaic recording
method.®"-0%

A way to resolve even faster dynamic lifetime
effects is to combine the TCSPC recording with line
scanning, which is also called fluorescence lifetime-
transient scanning (FLITS).'®3%% The fastest line
times for galvanometer scanners are in the range of
1ms, consequently transient effects can be resolved
down to about 1ms. The application to Ca?* im-
aging in live neurons has been shown.%”

1930003-8



J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com
by 203.175.12.50 on 08/23/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

3.1.4. Wide-field TCSPC

To combine the advantages of scanning-based FLIM
and high frame rate of wide-field imaging mode,
wide-field TCSPC-FLIM has been proposed.‘®*™

Wide-field TCSPC with position-sensitive
detectors

Wide-field TCSPC-FLIM can be performed with
position-sensitive ~ microchannel-plate ~ (MCP)
detectors. For every photon, the detector delivers a
pulse that marks the detection time, and several
signals from which the position of the photon on the
photocathode is derived. The associated electronics
build up a photon distribution over the times and
the positions of the photons.”™

There are two ways to obtain the position in-
formation. One way is to couple the single-photon
pulses into two crossed delay lines at the detector
output. The position is then derived from the ar-
rival times of the photon pulses at the four outputs
of the delay lines.?”"" The second way is to derive
the position from the electric charge of the indi-
vidual photon pulses at several outputs of a struc-
tured anode.”* "

For these techniques, the position measurement
is a relatively complicated and time-consuming
procedure. Moreover, the photon times are mea-
sured in a single TCSPC channel. The maximum
count rate and the acquisition speed of a wide-field
TCSPC system are therefore no higher than for a
TCSPC-FLIM system with scanning. On the posi-
tive side, the photon efficiency is close to one, as it is
typical for TCSPC. In applications where the peak
excitation power has to be kept low, wide-field
TCSPC therefore reaches the shortest possible ac-
quisition times. Other applications of wide-field
TCSPC-FLIM are microscope techniques which
cannot efficiently be performed by scanning, such as
light-sheet microscopy, total internal reflection
fluorescence microscopy, or super-resolution mi-
croscopy based on switchable fluorophores.

Wide-field TCSPC-FLIM with SPAD arrays

SPADs are based on avalanche photodiodes (APDs)
which are biased above the breakdown voltage
(sometimes called “Geiger mode”). When a photon
is absorbed in the active volume, an electron—hole
pair is generated, which in turn causes an avalanche
of additional pairs and an easily detectable current

Fast fluorescence lifetime imaging techniques

pulse. The diodes are thus suitable as single-photon
detectors.”™

In the last decades, arrays of SPADs with inte-
grated TDCs have been developed.®>"> %! The
number of pixels for typical devices is 32 x 32 or
64 x 64, with the time channel width of the TDCs
in the range of 50 ps to 120 ps. A device with 252 x
144 pixels shared 1728 TDCs has recently been
developed by Lindner et al.*> Henderson et al. have
reported a 192 x 128 SPAD array with TDCs in
every pixel.®?

The devices normally produce a data word for
every photon, providing spatial and temporal in-
formation for the buildup of a photon distribution.
Since the data transfer rates are in the range of
Gigabits per second, photon rates of hundreds of
MHz can be processed, and consequently millisec-
ond acquisition times and correspondingly high
image rates can be reached. Image rates up to 100
fps have been reported. However, because of the low
pixel numbers, the effective imaging speed is still in
the range of normal TCSPC-FLIM. For example, an
image rate of 100 fps for 32 x 32 pixels is equivalent
to an image rate of 6.25 fps for 128 x 128 pixels.

The devices still have a few shortcomings. Except
for the insufficient pixel numbers for most FLIM
applications, the IRF width is often in the range of
several 100 ps, and the fill factor is low. For exam-
ple, the array developed by Lindner et al. reported a
fill factor of 28%,%? while Henderson et al. quoted a
fill factor of 13%, and increased to 42% by micro-
lenses.®* The low fill factor results from the fact that
chip space is needed for the TDCs, and that the
SPADs have to be spatially separated to avoid
cross-triggering. It can be expected, however, that
these parameters will quickly improve. It should be
noted that the recording process in SPAD arrays is
more efficient than in gated image intensifiers (see
Sec. 3.2.1), especially if the entire decay profile is to
be recorded. The TDCs of the SPAD array record
data in all time channels in parallel whereas the
image intensifier sequentially shifts a gate over the
decay functions. Temporal parallel recording may
partially compensate for the efficiency loss by the
low fill factor.

A FLIM system with a 32 x 32-pixel SPAD
sensor with internal TDCs has been described by
Krstajic et al.%® The collected fluorescence from the
sample is separated and projected both on a normal
CCD camera and the 32 x 32-pixel SPAD array. In
practical use, an image is first acquired with the
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Fig. 4. Example results from a wide-field FLIM system using a
32 x 32-pixel SPAD array with internal TDCs. Left panel: In-
tensity image of a wide field of view, acquired by a normal CCD
camera. Right panel: 32 x 32-pixel FLIM images of the three
marked ROIs by the SPAD array. Reprinted with permission
from Ref. 63, OSA Publishing.

CCD camera, then an ROI is selected in the CCD
image, and a FLIM image or a time series of FLIM
images of this region is acquired with the SPAD
array. A typical result is shown in Fig. 4. The ac-
quisition time was 3s, resulting in an average of
33,000 photons per pixel. Assuming that reasonable
lifetime accuracy can also be obtained from 300
photons per pixel, reasonable-quality images could
also be obtained within 30 ms.

3.2. Fast FLIM by gated photon
counting

The gated photon counting technique was the first
time-domain FLIM technique that became com-
monly available. It is still one of the standard FLIM
techniques in laser scanning microscopes.®* % The
technique counts the photon pulses of a high-speed
detector into several parallel gated counters.%-%°
The gates are controlled via separate gate delays. If
the measured decay curve is completely covered by
consecutive gate intervals, all detected photons are
counted. The counting efficiency thus comes close to
one.?* The counters can be made very fast. In
practice, the count rates are only limited by the
single-electron response of the detector. With the
commonly used PMTs, peak count rates around
100 MHz and average count rates of several 10 MHz
can be achieved. With these count rates — if
available from the sample — acquisition times of
less than 1s for 256 x 256-pixel images can be
reached. The fluorescence decay time is derived
from the photon numbers in the time windows.
The disadvantage of the technique is the rela-
tively long gate duration (in practice > 500 ps) and

the limited number of gate and counter channels
(2 to 8). From the standpoint of signal theory, the
signal waveform is undersampled, which cannot be
reconstructed without assumptions about the signal
shape. This is especially the case if the start point of
the decay function in the first time window is not
exactly known, and when the IRF of the detector is
not negligible.?” Counting loss has the same influ-
ence on the results as described for FLIM with fast
time-conversion principles.

Another time-gated photon counting technique is
achieved by sequentially detecting in two or more
time gates, by sliding a time gate over the time
interval of the fluorescence decay, and the fluores-
cence signal detection is usually combined with
wide-field imaging by a camera-like image sensor.
Some performance-enhancing detectors have con-
stantly emerged during the past decades, such as
the gated image intensifiers or gated and modulated
CCD image sensors. Because the data in all pixels
are obtained simultaneously, the acquisition speed
can be significantly higher than for scanning tech-
niques in principle. However, there are also dis-
advantages. The obvious one is that there is no
intrinsic depth resolution, so the out-of-focus sig-
nals, scattering in the sample, and fluorescence from
the optics are hard to remove and greatly impair the
image contrast.?”*> Combination with optical sec-
tioning techniques is an attempt to overcome or
mitigate this drawback.

3.2.1. Gated image intensifiers

Image intensifiers are vacuum tubes containing a
photocathode, a multiplication system for the pho-
toelectrons, and a two-dimensional image detection
system (Fig. 5(a)). MCPs are used for electron
multiplication, offering a multiplication factor on
the order of 10°. With a gain this high, the sensi-
tivity is on the single-photon level. Time resolution
is obtained by gating the image intensifier. This is
achieved by applying a gating pulse between the
MCP and the photocathode.”’™"* The fluorescence
decay is sampled by taking consecutive images for
different delays of the gate pulse (Fig. 5(b)).

The speed of the imaging depends on several
parameters. On the one hand, all pixels of the image
are recorded in parallel. On the other hand, the data
points on the fluorescence decay curves are normally
recorded sequentially. The recording speed thus
depends on the number of points in time and,
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Fig. 5. (a) Gated image intensifier. MCP: microchannel plate.
(b) The fluorescence decay is sampled by taking consecutive
images for different delays of the gate pulse.

consequently, on the demands for the time resolu-
tion. In principle, the lifetime of a single-exponential
fluorescence decay can be determined from only two
images taken in two wide time gates. An instrument
that simultaneously records in two time gates by
projecting two images of different optical delay to
the same image intensifier, which further saves ac-
quisition time, has been described by Agronskaia
et al.”>?% The authors demonstrated it for recording
Ca?* transients in contracting cardiomyocytes.
Image series were obtained at 50 fps?® and 100 fps?,
and the Ca?t changes during the contractions were
resolved. A segmented gated intensifier allowing
simultaneous acquisition of four time gates after one
excitation pulse was reported by Elson et al.””
However, it should be noted that the lifetime data of
all pixels of the images were combined to obtain a
sufficient SNR.

Problems can occur if precise multi-exponential
decay analysis is needed. In that case, at least 100
data points in time are required. This not only slows
down the acquisition, but also results in poor pho-
ton efficiency. For every gate position, only the
photons within the gate pulse are used, the rest is
lost. Assuming a gate of 100 ps width and a 10ns
observation time interval sampled in 100 steps, the
efficiency would be only 10~2. An increase of the
efficiency can be obtained by using wide gate pulses
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and overlapping gate scanning.”® However, the ef-
fective IRF then becomes as wide as the gate pulse.
Thus, an efficiency increase by a wide gate pulse is
obtained only for decay times longer than the gate
width. Increasing the excitation power may not
compensate for the efficiency because of photo-
bleaching and photodamage.

3.2.2. Gated and modulated CCD image
sensors

Direct gating of a normal CCD image sensor was
described by Mitchell et al.”” The device delivered
lifetime images for decay times of 50 ns and slower.
However, the repetition rate and the gate width
were not sufficient for recording fluorescence life-
times in the nanosecond and sub-nanosecond range.
A CCD chip with integrated gating circuitry has
been described by Seo et al.'’’ The device has four
parallel gates with 0.8 ns to 3ns width. The maxi-
mum readout rate is 45 fps for images of 128 x 128
pixels.

CCD image sensors can also be modulated for
frequency-domain techniques (see Sec. 3.5). Direct
modulation of a CCD image sensor was described by
Mitchell et al. in 2002.'°" The problem was that a
sufficiently high modulation frequency could not be
reached. Recently, Raspe et al.'%? used a modulated
CCD camera for FLIM of Ca?" transients at a
frame rate of 50 fps.

3.2.3.  Combination with optical sectioning
techniques

There are several techniques to overcome or miti-
gate the drawback of wide-field FLIM imaging.
Depth resolution can be obtained by structured-
illumination or compressed-imaging techniques.
Temporal focusing is another novel way to obtain
optical sectioning with wide-field excitation. Other
solutions are based on a combination with scanning,
e.g., Nipkow-Disk scanning or multi-beam multi-
photon excitation.

Structured illumination

Optical sectioning by structured-illumination was
introduced by Neil et al. in 1997.1%% The technique is
based on the insertion of a moving grid in the upper
focal plane of a microscope. By extracting the
modulated fraction of the light, images from an
image plane conjugated with the plane of the

1930003-11



J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com
by 203.175.12.50 on 08/23/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

X. Liu et al.

grating are obtained. The combination with gated
image intensifiers has been described by Cole
et al.'’* and by Hinsdale et al.'°® The problem is that
images have to be acquired for several lateral (for
three-dimensional (3D) imaging also axial) positions
of the grating. Moreover, image reconstruction from
structured-illumination data involves calculation of
differences between images for different grating
positions. This massively decreases the SNR. There-
fore, the photon efficiency becomes low, and large
photon numbers need to be acquired, with corre-
spondingly long acquisition times.

Temporal focusing

Choi et al. used temporal focusing in combination
with a modulated image intensifier.!’® The beam of
a Ti:Sa laser is split into several parallel beams of
different wavelength. All beams are sent through
different parts of the aperture of the objective. Due
to their narrow wavelength intervals, the pulse
width in the individual beams is larger than in the
original beam. Each individual beam does not cause
much excitation in the sample until it comes to
focus with the other beams. In the focal plane, the
beams combine again and yield a short pulse. Thus,
although the laser illuminates the entire field of
view, excitation occurs preferentially in the focal
plane. The technique is possibly the fastest wide-
field imaging technique with optical sectioning.
However, the required laser power is in the range
of several Watts, which would limit the use in
biological imaging.

Nipkow-disk systems

Nipkow-disk, %1% light sheet systems,''°~''* and
total internal reflection (TIR) illumination!''® can
inherently provide depth resolution. For the
Nipkow systems described by Grant et al.'” and
Gorlitz et al.'%” the acquisition times for 256 x 256
pixels range from 1 s for low-quality images recorded
in two time gates and 30s for high-quality images
sequentially recorded in eight time gates. A com-
parison of FLIM images recorded by a gated image
intensifier with and without optical sectioning by a
Nipkow disk is shown in Ref. 107 (Fig. 6). The
technique has been used to study signaling in live
cells.'’® An acquisition time of 1s per image for
acquisition into 10 time gates was used. However,
the Nipkow-disk method wuses single photon

1900 ps 1900 ps

A 1900 ps
20 pm P

Fig. 6. Conventional FLIM images of pollen grains from a
gated image intensifier (a), (c) and images obtained by the
same image intensifier with optical sectioning by a Nipkow disk
(b), (d). Eight time gates, total acquisition time 4s. Adapted
with permission from Ref. 107, OSA Publishing.

excitation, and as such also bleaches above and
below the focal plane during imaging, which is
detrimental for imaging 3D stacks.

Multi-beam multi-photon scanning

Nipkow-disk techniques are restricted to one-
photon excitation, which is not well suited to
imaging of internal layers within biological tissue.
Gated image intensifiers have therefore been com-
bined with multi-beam multi-photon imaging.''¢
Multiple beams generated by a near-infrared fem-
tosecond laser, which can easily reach deep tissue
layers, are used to scan the sample. Due to parallel
acquisition of fluorescence from many beams, the
technique achieves shorter acquisition time than
single-point multi-photon scanning. It should be
noted that the image resolution and the image
contrast are impaired by scattering on the way out
of the sample, which therefore loses much of the
ability of multi-photon scanning to obtain sharp
images of deep tissue layers.

3.3. Streak camera system

A streak camera is based on an electron tube with a
photocathode at the input, an electron-optical im-
aging and deflection system, and a fluorophore
screen at the output (Fig. 7).''" Time resolution is
obtained by applying a fast voltage ramp to the
deflection system. The output pattern is recorded

1930003-12



J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com
by 203.175.12.50 on 08/23/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

) Sweep Fluorescent
Slit Circuit Screen

Photocathode MCP CCD Chip

Fig. 7. Principle of FLIM with a streak camera. Photons with
different arrival times are deflected to different positions along
the direction perpendicular to the slit.

by a CCD camera.''® Modern streak cameras
contain an MCP for electron multiplication. The
gain is sufficient to reach a sensitivity down to the
single-photon level.

A FLIM system based on a streak camera has
been described by Krishnan et al.''” The streak
camera was combined with a two-photon laser
scanning microscope by projecting the individual
lines of the scan on the input of the camera. This
requires a special scanner that de-scans the image
only in y-direction. The time-resolved intensity
pattern of the whole line was accumulated in the
CCD camera and read out during each line flyback.
The system has a temporal resolution of 50 ps. The
fluorescence decay is recorded into a sufficiently
large number of time bins so that multi-exponential
decay functions can be resolved. For high MCP
gain, the photon efficiency can be expected to be
close to one.

In principle, a streak camera-based FLIM system
should be able to work at high intensities. The ac-
quisition time is then only limited by the speed of
the scanner. However, due to limitations of the
trigger and deflection electronics, the instrument
described works at a laser repetition rate of only
1MHz. The average laser power is thus very low,
and so is the photon rate obtained from the samples.
Compensating by higher laser peak power leads to
higher-order excitation effects and sample damage.

Thompson et al.'?’ have applied compressed ul-
trafast photography (CUP) to FLIM measurement
based on a streak camera. A high-speed CMOS
camera captured each compression-coded image
with a single exposure, and a compressed sensing
(CS) algorithm was used to record the lifetime image.
The authors present lifetime images of fluorescent
beads and a cell stained with high dye concentration,
achieving an acquisition speed of 100 fps (pixel
number not given).'?’ Compressed-imaging is fast
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but has extremely low photon efficiency. Therefore,
extremely high photon rates are required.

3.4. Time-domain analog-recording
techniques

Analog-recording techniques consider the detector
signal a continuous waveform, the temporal shape
of which reflects the fluorescence decay function.
The sample is scanned by a pulsed laser beam, the
fluorescence is detected by a fast optical detector,
and the detector signal is recorded by a fast digi-
tizing device. Sometimes, simply, a fast digital os-
cilloscope is used. The signal waveforms for
excitation pulses within one pixel are accumulated,
then the result is read from the digitizer and
assigned to the corresponding pixel.'?! The process
is repeated for all pixels in the scan area. An ac-
quisition time of 1 s for an image size of 150 x 150
pixels has been reported.!'?!

A way around the fast digitizer has been
shown.'?? The authors use a low-pass filter behind
the PMTs. The resulting signal shape can be sam-
pled by a digitizer with 1 GS/s. Of course, the shape
of the recorded signal no longer resembles the fluo-
rescence decay. However, the delay between the
centroid (or the first moment) of the signal and a
reference signal from the laser represents the ap-
parent lifetime of the fluorescence decay. Instru-
ments of this type and corresponding applications
are described by Ryu et al.'?> The recording speed
achieved was 3.7 fps, limited by the scanner (pixel
number not given). Maximum image size was 1024
x 1024 pixels.

To achieve faster scanning, Won et al. used a
resonance scanner for the same recording system.'?*
This way, the acquisition rate was increased to 7.7
fps for 158 x 127-pixel images. Under these condi-
tions, the photon rate at the detector was approx-
imately 125 MHz. By using a graphics processor
unit (GPU) for image buildup, the image rate was
increased to 13 fps for 200 x 200-pixel images.'**

Theoretically, analog recording is free of “pile-
up” and counting loss effects. Thus, there is no in-
trinsic limitation in photon rate or signal intensity.
In practice, the recordable photon rate and thus the
speed of the recording are limited by the linearity
range and the maximum output current of the de-
tector. The speed can also be limited by the fact
that the pixel rate of the scan cannot be higher than
the readout rate of the digitizer.
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The problem of analog recording is the poor time
resolution. Different from photon counting, the
instrument response cannot be shorter than the
single-photon response of the detector. For fast
PMTs, the IRF width is on the order of 1 ns to 2ns,
for hybrid PMTs, it is about 800 ps, and for MCP-
PMTs, it is about 350 ps. These IRF widths can be
reached only if the digitizer has a bandwidth of at
least 5 GHz and a sample rate of more than 10 GHz.
The large width of the IRF, and unavoidable ring-
ing and electrical reflections in the signal shape
make it difficult to resolve multi-exponential decay
profiles, especially when they contain components
faster than 300 ps.

3.5. Frequency-domain analog-
recording techniques

Frequency-domain FLIM records differences in the
phase and the modulation degree between a mod-
ulated or pulsed excitation and the fluorescence
signal. These values translate directly into the
fluorescence lifetime. The development of the tech-
nical principles dates back to the 1980s.'%7-126 FLIM
is performed by scanning the sample and detecting
the fluorescence by gain-modulated detectors. The
modulation of the excitation light and the modu-
lation of the detectors need not be sinusoidal.'??-'?7
Pulsed excitation even yields higher photon
efficiency.® State-of-the-art frequency-domain sys-
tems therefore use high-frequency pulsed lasers.

Analog frequency-domain FLIM works up to
high intensities, where single photon detection
becomes impossible. Problems may occur at
extremely low intensities, when the detector, on
average, delivers less than one photon within the
time interval of the phase calculation. What then
happens depends on the details of the electronics
used.

The photon efficiency of frequency-domain FLIM
depends on a number of instrumental details. The
best efficiency is obtained by using short laser
pulses, and by modulating the detectors by square-
wave signals. Moreover, it matters whether the
detectors are really modulated in gain or rather in
photon detection efficiency. Efficiency modulation
suppresses a part of the photons and results in a
sub-optimal SNR. Details can be found in Ref. 35.
A comparison of TCSPC-FLIM and frequency-
domain FLIM (on the development level of 2003)
can be found.'?%:!29

Frequency-domain FLIM can be achieved by
modulating the detector and detecting images for
different phase of the modulation. FLIM by a
modulated image intensifier was introduced by
Lakowicz and Berndt in 1991.'° The principle of
the detector is the same as for the gated image in-
tensifier. In fact, the same intensifier tubes are used
for gated and modulated operation. The difference
is only in the signal applied to the gate electrode.
The general modulation and phase measurement
principle is as shown for single-point-detectors. The
photon efficiency depends on the waveform of
the excitation and the waveform of the modulation.
For pulsed excitation and sinewave modulation of
the amplifier, the photon efficiency is about 0.5.%°
Readout rates for the images are in the range of
100 fps. Therefore, the acquisition times are in the
same range as for gated image intensifiers.

Elder et al. presented a frequency-domain tech-
nique that avoids aliasing of the modulation signal
with possible dynamic changes in the sample.'?!
The image rate obtained was 5.5fps (excitation
power and pixel number not known). Clayton et al.
used a modulated image intensifier for anisotropy
decay imaging.'*? The combination with light sheet
microscopy has been described by Greger et al.''!
Choi et al. used a modulated image intensifier in
combination with temporal focusing.'?

4. Improving Speed of Data Analysis
4.1. The task of FLIM data analysis

FLIM systems deliver data containing fluorescence
decay curves, photon numbers or intensities in dif-
ferent time intervals, mean photon arrival times, or
phase and amplitude values in the individual pixels.
FLIM data analysis converts these data into color-
coded images of an apparent fluorescence decay
time or other parameters related to lifetime.

Fit procedures are usually used to derive the
decay parameters from data that contain photon
numbers in a large number of time channels in the
pixels. In the simplest case, only the fluorescence
lifetime of a single-exponential approximation of the
decay may be determined. In most applications,
however, the fluorescence decay in each pixel is
described by the sum of several decay components
with different lifetimes and amplitudes. In these
cases, color-coded images of the lifetimes or ampli-
tudes of the components, averages of the lifetimes of
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the components, or ratios of lifetimes or amplitudes
are built up.

In a real FLIM system, the fluorescence is excited
by laser pulses of nonzero width, and detected by a
detector that has a temporal response of nonzero
width. The combination of both is the IRF, i.e., the
signal shape the system would record for an infi-
nitely short fluorescence lifetime. Therefore, the
detected signal waveform is the convolution integral
of the fluorescence decay with the IRF, i.e.,

t

fT?L (t) -

where f,,(t) is the measured fluorescence function,
and f(t) is the true fluorescence decay function.

The f(t) of a homogeneous population of mole-
cules in the same environment is single-exponential.
In other situations, f(t) is double-exponential or
triple-exponential, which is the sum of single-
exponential terms characterized by the lifetimes of
the exponential components (7,) with the ampli-
tudes of the components (a,). In principle, models
with any number of exponential components can be
defined. However, higher-order models become so
similar in curve shape that the amplitudes and
lifetimes cannot be obtained at any reasonable
certainty. Therefore, FLIM analysis usually does
not use model functions with more than three
components. It is also worth pointing out that even
in the case of only two exponential components,
there exists an inherent difficulty in recovering the
exact amplitudes and lifetimes because one can vary
the lifetime to compensate for the amplitude or
vice versa.'??

The convolution integral cannot be reversed, i.e.,
there is no analytical expression of f(t) for a given
fm(t) and IRF(¢). There is also another complica-
tion: The measured data contain noise from the
statistics of the photons, i.e., f,,(t) itself is not
accurately known. Any attempt to directly calcu-
late f(t) from the recorded data is therefore in
vain. The standard approach to solve the de-
convolution problem is to use a fit procedure: A
model function of the fluorescence decay function is
defined, the convolution integral of the model
function and the IRF is calculated, and the result is
compared with the measured data. Then the
parameters of the model function are varied until
the best fit with the measured data is obtained.'**
In FLIM data, the operation is repeated for all
pixels in the image.

(MIRF(t — 7)dr, (2)

7=0
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Normally when only a single FLIM image is
recorded and analyzed, the speed of data analysis is
not important. The situation is different when
changes in FLIM images are to be observed online.
Typical situations are in cell imaging, when cells
with a special signature within a larger sample must
to be found, or in clinical imaging, when suspicious
tissue lesions are to be located within a large area of
investigation. In these cases, FLIM data not only
need to be recorded but also be processed and
displayed at high rate.

There is a number of different data processing
algorithms for FLIM data. The algorithms differ in
photon efficiency, i.e., at which accuracy they de-
liver data from a given number of photons, in the
amount of information they deliver from a given
type of FLIM data, and in the computational effort
for a given number of pixels. Processing times thus
depend on the complexity of the data at the input of
the algorithm and at the output of it. For example,
for processing data that contain photon numbers in
just two time gates per pixel into single-exponential
lifetime values, the computational effort is negligi-
ble. For data containing pixel data in the form of
fluorescence decay curves in a large number of time
channels, the computational effort is much higher,
especially when not only a simple lifetime has to be
derived from the data, but also a full set of ampli-
tudes and decay times for the components of a
multi-exponential decay.

Despite the differences in the algorithms, all data
analysis methods have one feature in common: No
data analysis procedure can deliver lifetime data at
an accuracy higher than the square root of the
number of photons (V) in the pixels. A higher ac-
curacy may be obtained by binning the decay data
or by image segmentation and combining pixels
with similar decay signature. The increase in accu-
racy is the result of a higher photon number in the
binning area.

A number of commonly used data analysis
methods will be discussed in the following section.

4.2. Algorithms for FLIM data analysis

For curve fitting with minimum error, least-square
(LS) algorithm is often preferred, it is very simple
and convenient. However, the algorithm requires
enough number of photons as data point for fitting,
otherwise the fitting error is very large and it even
fails to resolve the components of multi-exponential
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decay functions. Also, due to the complex iterative
process, the algorithm sometimes may be very time-
consuming when the number of pixels for lifetime
calculating is too large. Moreover, fitting is typically
dependent on initial conditions of the parameters,
and that a true global minimum of the chi-squared
surface has to be found, not just a local one. Many
of the algorithms that have emerged so far are based
on improving its deficiencies in FLIM data analysis.

4.2.1. Algorithm with fast calculation speed

Of all FLIM data analysis procedures, fit algorithms
deliver the most complete information on the
parameters of the decay curves. However, the
computational effort is enormous: High quality
time-domain data can consist of millions of pixels,
containing hundreds of temporal data points each.
A decrease in processing time is unlikely to be
obtained from algorithm optimization. A promising
way may, however, be parallel processing of the
pixels in GPUs.

For fitting the convoluted model function to the
data points, usually the Levenberg—Marquardt
(LM) algorithm is used.' The algorithm features
fast convergence, good fitting stability, and reliably
resolves the components of multi-exponential decay
functions. For a single-exponential decay, it delivers
a relative standard deviation close to the square
root of IV, yielding a photon efficiency close to one.
However, the computation time is on the order of
several minutes for images of 512 x 512 pixels and
1024 time channels.

Laguerre polynomial analysis

The Laguerre analysis algorithm presented by Jo
et al. derives florescence lifetimes from two weighted
moments of the decay data, with the weighting
functions being two orthogonal Laguerre
polynomials.’*®"1%®  The authors optimized the
Laguerre parameters based on nonlinear LS and
automatically calculated the lifetimes of different
system models. The calculation time is much shorter
than for fit algorithms. The authors also state that
the number of temporal data points (or gated ima-
ges) required for Laguerre is less than that required
for deconvolution by the LM algorithm. Although a
reduction in the number of data point has no influ-
ence on the acquisition time of TCSPC, it can have a
large impact on the acquisition time of a gated image

intensifier. In that case, the need of less temporal
data points indirectly shortens the image acquisition
time and increases the imaging speed.

First-moment calculation

An almost ideal SNR for lifetimes from TCSPC
data can be obtained by calculating the first
moment (M1) of the decay data.'® The method
was first suggested by Bay in 1950 for the deter-
mination of excited nuclear state lifetimes.'*” The
M1 of a photon distribution is

1
M1=— > tn(t), (3)

where N is still the number of photons, ¢ is time of
individual time channels, n(t) is photon number in
individual time channels.

M1 can be considered the average arrival time of
all photons in the decay curve. The fluorescence
lifetime (of a single-exponential decay approxima-
tion) is therefore the difference of the M1 of the
fluorescence decay curve and the M1 of the
IRF. What is important for obtaining correct M1
lifetimes is that the background of the decay signal
is negligible, and that the entire decay curve is
recorded. This is normally no problem for TCSPC
systems.

The calculation of M1 lifetimes is very fast.
Different from in Laguerre polynomial analysis, only
the sum of the photon numbers weighted by the
time needs to be calculated. Becker et al. have ap-
plied the M1 algorithm to TCSPC-FLIM and
achieved FLIM imaging of a Convallaria sample
with online lifetime display at an imaging speed of
10 fps for 128 x 128-pixel images.?”>'*! Images of
256 x 256 pixels to 512 x 512 pixels with 256 time
channels per pixel were still calculated within less
than 100 ms. Zeng et al.'*?> have compared the M1
method with the traditional LM algorithm and
shown that the M1 method can achieve higher ac-
curacy for shorter lifetime and fewer photons; these
results were verified by experimental measurements
of the short lifetime of CdS nanowires. Zheng et al.
introduced “mean photon arrival time” as a fast
and straightforward parameter in their protocol,?”
which is similar in meaning to M1 without requiring
any fitting to be performed.

The moment technique can be extended to the
calculation of multi-exponential decay parameters.
In addition to M1, also higher moments are
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determined and used in the calculation. The pro-
cedure is described by Isenberg et al.'*” The analog
mean delay (AMD) method introduced by
Won'!?%143 directly delivers moments of the fluo-
rescence decay functions. The results are therefore
equivalent to the M1 calculation of TCSPC data.
The moments delivered by the AMD system, do,
however, contain a large contribution from the low-
pass filters used in the recording circuitry. This
contribution is on the order of 50 ns. It cancels out
of the results when the lifetimes are calculated.

Phasor analysis

Phasor analysis has been introduced in 2008 by
Gratton and Digman.'** It is based on the Fourier
transformation of the decay data into the frequency
domain. In the frequency domain, the decay data
are expressed as amplitude and phase values at
subsequent harmonics of the repetition frequency.
As it turns out, a good representation of the decay
signature is obtained already if only the phase and
the amplitude at the fundamental repetition fre-
quency are used. Such data describe the fluores-
cence decay in each pixel by just two numbers —
the phase and the amplitude of the first Fourier
component. It should be noted that careful cali-
bration with a suitable reference sample is usually
needed before analyzing the phasors of the experi-
mental data.

Phase and amplitude (the “Phasors”) for the
individual pixels can be displayed in a polar plot.
The phase is used as the angle of the pointer,
the modulation degree as the amplitude.'** Phasor
analysis does not primarily aim at determining
fluorescence lifetimes or decay components for the
pixels. Instead, it uses the phase and the modula-
tion degree directly to separate or identify fluor-
ophores or fluorophore fractions, and determine

5]

Caynt+a, )

Fig. 8.
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concentration ratios of different fluorophore
fractions.'*>14¢ Typically, the phasors of pixels
with single-exponential decay profiles are located
on a semicircle with a location determined by the
fluorescence lifetime. Phasors of sums of several
decay components are linear combinations of the
phasors of the components. Phasors of pixels with
multi-exponential decay profiles therefore end
inside the semicircle.

Pixels with similar amplitude-phase values form
clusters in the phasor plot. Pixels with similar decay
signature can thus be identified in the phasor plot,
combined for further analysis, or back-annotated in
the image. This automatic image segmentation
function is probably the biggest advantage of pha-
sor analysis. An example is shown in Fig. 8.

The computation time for phasor analysis is very
short compared with a fit procedure, similar to that
for Laguerre method, but probably a bit longer than
that for M1 analysis. The components of a phasor
can be considered weighted moments of the photons
in the decay curve, where the weighting functions
are sine and cosine functions. Computation times
for 512 x 512 pixels with 256 time channels are
below 1s. Due to the fast calculation, phasor anal-
ysis is basically capable of delivering images in
online-FLIM applications.

However, for phasor analysis, direct conversion
into color-coded lifetime images is, although gener-
ally possible, not normally considered. Applications
rather focus on the ability to combine pixels of
similar decay signature. Lifetime data can thus be
obtained from FLIM data with very low photon
numbers.?*** Fereidouni et al.'*” have used the
phasor method to analyze multi-spectral data
(image size of 160 x 160 pixels) of seven spectral
channels of two-color labeled fibroblasts in ap-
proximately 4s, with a time resolution of 200 ps and
an accuracy of 10% (photon count of only 108).

Tllustration of phasor analysis. (a) Pixels in a phasor plot. Phasors of pixels with single-exponential decay profiles locate on

a semicircle (e.g., 71, T5); phasor of pixels with multi-exponential decay profiles locate inside the semicircle (e.g., 73). (b) Pixels with
similar phasor form clusters in the phasor plot. (¢) Lifetime image of cells with different fluorescence lifetime. Colors correspond to

different phasor clusters.
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Rapid lifetime determination method

The rapid lifetime determination (RLD) method
dates back to Woods'*® in 1984 and Demas'*’ in
1989 who tried to reduce the computational effort of
fluorescence lifetime analysis. The method uses
photon numbers and intensities in two or more time
windows placed on the decay curves. For a single-
exponential decay, the calculation effort is reduced
to summing up the photons in two time windows
and calculating

T =At/In(l}/1,), (4)

where A t is the width of the windows (adjacent to
each other), I; and I, are intensities or photon
numbers in the time windows. For data from gated
image intensifiers or gated photon counting sys-
tems, the computational effort decreases to just
calculating 7.

Double-exponential decay profiles can be deter-
mined by using additional time windows.!?’
The method is fast and efficient for gated images
intensifiers,”?96:10%:109  oated  photon-counting
systems,** " and directly gated CCD sensors.'""
Liu et al.'®' have optimized data analysis in time-
gated FLIM technology by combining the 4th-order
partial differential equations of each pixel intensity
with RLD to correct for the existing noise of the
algorithm in the calculation process, thus enabling
time-gated FLIM to quickly acquire lifetime images
with high lifetime accuracy. This method is expec-
ted to be applied to live cells and rapid biomedical
process imaging in the future.

A problem in conjunction with RLD is under-
sampling of the signals. The fluorescence signal rises
somewhere in the first time gate, and the rising edge
is slowed down by the convolution of the fluores-
cence decay function with the system IRF. There-
fore, the intensity detected in the first time gate is
not correct. The data can certainly be corrected for
considering the effect of the IRF, but this requires
that the IRF is stable in shape and temporal
position. Another way to avoid the influence of the
IRF is to place the first time gate behind the
IRF. However, a large part of the photons is then
lost, resulting in a substantial decrease in photon
efficiency. Moreover, if several decay components
are to be resolved (by using additional time gates),
the amplitudes of the components cannot be
correctly determined.

The RLD method is very fast and reasonably
efficient for data obtained by gated detection

systems with a limited number of time gates. For
data recorded in a large number of time channels,
such as TCSPC data, it is inferior to the moment
and the phasor method. Details on the accuracy and
the photon efficiency of RLD can be found in
Refs. 34, 35 and 150.

Other fast analysis method

Li et al.'"®” have proposed a fast bi-exponential
decay center-of-mass method (BCMM), which can
obtain more accurate bi-exponential component
lifetimes and ratios than nonfitting algorithms such
as the phasor method and moment method, with
simpler and faster analysis under low hardware
requirements. They have also developed the artifi-
cial neural network (ANN) approaches for fast
FLIM data analysis, which achieved 180-fold faster
than conventional LS curve-fitting because of al-
most no requirement of iterative process and initial
condition.'??

Cuenca et al.'** have used look-up tables and
pattern recognition (LUT&PR) techniques to
identify the most suitable lifetimes and ratios from
the bi-exponential decay model curves and different
IRF models, thus enabling real-time FLIM data
processing at a speed of at least 30 kHz per pixel.
The authors have performed rapid FLIM imaging
(field of view of 40 x 40 pixels, 2mm X 2mm) in the
oral mucosa of volunteers; the detected lifetime was
consistent with those obtained by the standard LS
algorithm.

4.2.2.  Algorithm with low photon number

When LM algorithm is used for data analysis,
problems can occur when the data contain time
channels without photons. The algorithm uses an
LS fit that takes into account the (absolute) stan-
dard deviation of the photon number in the indi-
vidual time channels. This is done by applying a
weight function of 1/(N+1)Y/2 to the differences
between the photon numbers (N) in the time
channels and the corresponding values of the model
function. The weight function works well for chan-
nels with N > 5, but it overweighs channels with
lower photon numbers. The result is that the decay
times can be biased towards lower decay time if the
fit range includes channels with extremely low (or
zero) photon numbers.!

The problem of the weight function in LM algo-
rithm has been solved by maximum likelihood
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estimation (MLE) algorithm.'?%!5" Taking into ac-
count the Poisson distribution of the photon num-
bers in the time channels, the algorithm determines
a probability that a given value of the model func-
tion fits to the measured data point. Optimization is
based on the combined probabilities of the time
channels. The algorithm works well at low photon
numbers, where M1 and phasor analysis work with
less computational effort.

Le Marois et al.'” have proposed a noise-
corrected principal component analysis (NCPCA)
based on Poisson statistics to correct the noise error
in TCSPC-FLIM data acquisition, and the system is
able to detect the distribution of the microenvi-
ronment at low photon count. The number of
photons required to determine the unknown com-
ponents is even less than that required in phasor
analysis, thus increasing the execution speed. With
this method, the authors have obtained a direct

Fast fluorescence lifetime imaging techniques

distribution of the cell membrane microenviron-
ment in live HeLa cells.

In addition, the Bayes analysis (BA) proposed by
Rowley et al. can be used to analyze the single-
exponential and bi-exponential decay models of
TCSPC data at low photon numbers, and its ac-
curacy is even higher than those of the LS and MLE
algorithms.'”” CS method has also been reported to
analyze FLIM data, requiring even lower photon
number. %

The performance and the range of applications of
different algorithms are summarized in Tables 1
and 2. A comparison of decay analysis methods can
be also found in Ref. 161.

5. Summary and Outlook

The acquisition time of a FLIM technique is a
complex function of many parameters. It depends

Table 1. Summary of the performance of different algorithms with fast calculation speed.'?> 174

Laguerre
Algorithms LM (LS) polynomial M1 Phasor RLD BCMM ANN LUT&PR
Calculation + + + + + + + + ++++ +++ ++++ + + +
speed
Accuracy + + + + + + + + + + + + + + + + + + +
Ability to + + + + + + + + + + + + + To be + +
resolve multi- studied
component
Main feature Need iteration, Rapid Need to know Nonfitting, Fast and Fast and High- Parameter
long deconvolution IRF, fast and frequency  simple simple, throughput matching
calculation simple domain hardware data with different
time analysis friendly analysis decay
model curves
and IRF models
Table 2.  Summary of the performance of different algorithms with low photon number.'*61%0
Algorithms LS MLE BA Phasor M1 NCPCA CS
Approximate 1000 300 200 100-200* > 1000** < 100 200 < 50
minimum
photon
Accuracy + + + + + + + + + + + + + + + +++
Complexity + + + + + + + + + + + + + + + ++++
Main feature Simple and Noise with  Available for Nonlfitting, Sensitive to  Noise with ~ Multi-exponential
convenient Poisson complex IRF  frequency domain  background Poisson sparse lifetime
distribution  and multi- analysis, require noise distribution, distribution
exponential calibration resolve multi- analysis
models component

Notes: *single exponential decay, **bi-exponential decay.'"®
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on the photon rate which can safely be obtained
from the sample, on the efficiency at which the
technique obtains fluorescence lifetimes or decay
curves from these photons, on the number of pixels
of the image, on the demands for the lifetime ac-
curacy, for the time resolution, and for the image
quality. It also matters whether a technique records
a full fluorescence decay curve in each pixel, a
phasor, or just intensities in a few time gates after
the excitation pulse. Also, the optical way of image
recording is important. FLIM with scanning tech-
niques is parallel in time but sequential in space,
conventional wide-field FLIM is parallel in space
but sequential in time. Since there are more pixels in
space than data points in time, wide-field imaging is
usually faster than scanning. However, scanning
delivers image of a defined focal plane inside a
sample and suppresses the influence of scattering,
while wide-field imaging does not. Moreover, scan-
ning techniques are compatible with multiphoton
excitation and nondescanned detection. New tech-
niques are attempting to retain the advantages of
both. For example, wide-field TCSPC-FLIM based
on SPAD array is fast because it is parallel in both
space and time, while wide-field FLIM combined
with optical sectioning techniques can overcome or
mitigate the drawback of conventional wide-field
FLIM imaging. How well a technique performs and
how fast it records therefore depend on the perfor-
mance requirements of the particular application.
A FLIM technique which is fast and efficient for one
application may be entirely inappropriate for
another.

The speed at which FLIM images can be
displayed depends both on the speed of the re-
cording and the speed of the data analysis. Different
ways of data analysis differ considerably not only in
the computational effort but also in the type of data
they process, in the amount of information they
extract from the recorded data, and in the efficiency
at which they obtain this information from a given
number of photons. Therefore, the speed of data
analysis must be seen in conjunction with the
demands for the information delivered and thus
with the particular FLIM application.

In recent years, FLIM technology has been
developing rapidly. The acquisition speed of TCSPC
FLIM has been increased by almost two orders of
magnitude, fast TCSPC based on multi-stop TDCs
and on parallel operation of TCSPC channels has
been developed, a method for recording fast dynamic

lifetime changes by triggered accumulation of images
has been introduced, and multi-beam scanning in
combination with SPAD-TDC arrays has been
demonstrated. Analog-recording techniques in the
time-domain and in the frequency-domain have been
refined and demonstrated to deliver images at ex-
tremely high rate at high intensities.

Wide-field FLIM techniques, previously reigned
exclusively by gated and modulated image intensi-
fiers, have been supplemented by wide-field
TCSPC, by SPAD arrays with internal TDCs,
gated SPAD arrays, and gated or modulated CCD
image sensors. The depth sensitivity of wide-field
detection has been improved by combination with
structured illumination, Nipkow-disk scanning,
multi-photon multi-beam scanning, compressed
imaging, and two-photon temporal focusing.

In the range of FLIM data processing, develop-
ment has resulted in a number of fast methods, in
particular, phasor analysis, first-moment analysis,
Laguerre-polynomial analysis, and time-gated anal-
ysis. The techniques differ in the type of data they
can efficiently process, and in the information they
extract from the data. However, these algorithms are
not likely to replace classic fit algorithms. Processing
time can, and most likely will, be substantially be
decreased by advanced computing technology, es-
pecially Graphics-Processor Computing.

All these developments have directly or indi-
rectly increased the speed at which FLIM data can
be recorded and displayed. Surprisingly, technology
development has not yet resulted in a corresponding
increase in the number of publications in biomedical
applications. The reason is probably that a large
part of the technology development is targeting
only the recording speed instead of the complex
performance requirement profile of a wide range of
applications. Biomedical applications would benefit
more if more parameters (wavelength, polarization,
etc.) would be considered in future fast FLIM
technologies.
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