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1Department of Biomedical Engineering, University of California, 451 Health Sciences Drive, Davis,
California 95616, USA
2Department of Electrical and Computer Engineering, University of California, 3101 Kemper Hall, Davis,
California 95616, USA
*lmarcu@ucdavis.edu

Abstract: We report the design, development, and characterization of a novel multi-spectral
fluorescence lifetime measurement device incorporating solid-state detectors and automated gain
control. For every excitation pulse (∼1 µJ, 600 ps), this device records complete fluorescence
decay from multiple spectral channels simultaneously within microseconds, using a dedicated
UV enhanced avalanche photodetector and analog to digital convert (2.5 GS/s) in each channel.
Fast (<2 ms) channel-wise dynamic range adjustment maximizes the signal-to-noise ratio.
Fluorophores with known lifetime ranging from 0.5–6.0 ns were used to demonstrate the device
accuracy. Current results show the clear benefits of this device compared to existing devices
employing microchannel-plate photomultiplier tubes. This is demonstrated by 5-fold reduction
of lifetime measurement variability in identical conditions, independent gain adjustment in
each spectral band, and 4-times faster imaging speed. The use of solid-state detectors will also
facilitate future improved performance and miniaturization of the instrument.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Various label-free fluorescence spectroscopy and imaging techniques have been identified as
a promising means for quantitative and sensitive investigation of changes in the biochemical
composition of tissue both in vivo and in vitro [1]. Spectrally-resolved lifetime measurements, in
particular, are of interest as the tissue autofluorescence originates from numerous endogenous
constituents (e.g. structural proteins, metabolic enzyme co-factors, porphyrins, lipids and
lipoproteins) with complex photo-physical properties and overlapping spectral emission [2]. Thus,
lifetime measurements can improve the specificity of the fluorescence acquisition by resolving the
decay dynamics of such fluorophores in multiple spectral bands [3]. Also, lifetime measurements
are more robust when compared to spectral intensities. The latter are typically hampered by
non-uniform tissue illumination, changes in fluorescence excitation-collection geometries, or
presence of endogenous absorbers (e.g., blood) resulting in light intensity attenuation. Moreover,
an instrument capable of measuring decay dynamics of tissue autofluorescence simultaneously in
multiple spectral emission can generate a wealth of orthogonal parameters for a more complete
assessment of tissue characteristics and underlying biochemical features as well as for superior
tissue classification [4,5].

The most common implementation of fluorescence lifetime measurement is time correlated
single photon counting (TCSPC), frequently used in microscopy. In TCSPC, tissue sample is
excited by a high repetition rate laser and the fluorescence emission is detected by single photon
photodetector(s) [6] including multichannel detectors such as multi-anode photomultipliers
(PMT) [7,8] or Single Photon Avalanche Diode (SPAD) arrays [9]. TCSPC is well suited for
microscopy because the low pulse energy excitation beam can be tightly focused onto tissue
sample without causing significant thermal damage. However, detection of individual photons
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necessitates that background light is kept to a minimum. This limits the TCSPC’s potential in
clinical setting, in which elimination of ambient room light is either impossible or creates a major
disruption in clinical workflow. As a result, to date few clinically compatible TCSPC-based
systems have been used in clinical applications. The more recent adoption of synchronous external
illumination could address this shortcoming and facilitate a more effective implementation of
TCSPC technique [9,10] in clinics in the future.

An alternative approach is pulse sampling of fluorescence emission transient in which a large
amount of fluorescence photons is generated by a short (sub-ns) and intense excitation pulse
(∼0.1-10 µJ) and detected by a high-bandwidth photodetector [11,12]. The resulting electrical
transient signal is captured with a fast digitizer with a resolution of tens of picosecond allowing
fast recording (∼few microseconds) of fluorescence decays. The large number of fluorescence
photons generated within nanosecond means that background illumination is unlikely to adversely
impact fluorescence signal. In addition, since analog detection technique is utilized, low frequency
signal of ambient light can be filtered. This approach was found best suited for mesoscopic
imaging (submillimeter resolution) of large areas (>10mm) due to the high energy excitation
pulses (∼0.1-10 µJ).

Successful implementation of the pulse sampling approach has employed both avalanche
photodiodes (APD) and PMT. Earlier non-spectral resolved devices using APD were successfully
used for colorectal cancer diagnosis in vivo [13] demonstrating the clinical potential of pulse
sampling scheme but the identification of specific biochemical species was limited by the
inability of the system to spectrally resolve the fluorescence emission . Later spectrally resolved
devices utilizing PMT and a monochromator [12] demonstrated the clinical application of
multispectral pulse sampling technique in studies of atherosclerotic plaques and brain tumors in
vivo. Furthermore, the pulse sampling technique has enabled the construction of an instrument
capable of simultaneous measurements of fluorescence lifetime in multiple spectral emission
bands suitable for tissue characterization [14].

Our group has reported the first implementation of a practical point-scanning system consisting
of a fiber optic probe, a single Microchannel Plate Photomultiplier Tube (MCP-PMT) detector,
fast digitizer (12.5 GS/s) and temporal multiplexing scheme using different length of fiber optic
delay lines for each spectral band of the instrument [15]. This instrument was further refined by
our laboratory enabling fast system dynamic range adjustment [16], real-time data processing
and real-time augmentation of fluorescence parameters for intraoperative tissue diagnosis and
surgical guidance [17]. It is currently being evaluated in clinical settings to assess various
tissue pathologies including oropharyngeal cancer [18] and brain tumors [19]. Also, it has been
used extensively in benchtop experiments to investigate features of atherosclerotic lesions [20]
and osteoarthritis [21], to identify positive cancer margins in breast tissue specimens [22], and
to answer fundamental biomedical questions in tissue engineering [23,24]. The same time-
multiplexing single PMT approach was adopted by others groups [25–27] and combined with
galvanometer scanners for both in vitro and in vivo tissue diagnosis with a handhold endoscope
[28] or scanning microscopy [25,29]. A limitation of this temporal multiplexing scheme stem
from the use of a single MCP-PMT detector. The short delay between the arrival time of each
channel (∼50 ns) prevents adjustment of bias voltages for each individual channel. The detector
gain must therefore be reduced to avoid saturation of the higher intensity channel, thus negatively
impacting the signal-to-noise ratio (SNR) of the remaining channels.

In this article, we report the design, development, and performance evaluation of a pulse sam-
pling Fluorescence Lifetime Imaging (FLIm) device using a multi-APDs scheme for simultaneous
measurement of fluorescence lifetimes in multiple spectral channels addressing the limitations
of existing configurations. In contrast to the earlier implementation using one MCP-PMT, the
instrument reported here relies on dedicated solid-state silicon avalanche photodiodes (APDs)
and gain modulation for each spectral channel. This configuration allows for optimization of
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detection sensitivity in each spectral channel. While here we demonstrated a 3-channel detection
scheme, this approach can be easily extended to a higher channel count, as needed. This new
multispectral FLIm system is compact and suitable for tissue characterization and diagnosis in
clinical environments.

2. Materials and methods

2.1. Overview of the device using APDs for simultaneous measurements of fluores-
cence lifetime in 3-spectral channels

The diagram of the APD-based multispectral FLIm device design is illustrated in Fig. 1. A pulsed
355 nm UV laser is used for fluorescence excitation (STV-02E-140, TEEM photonics, France).
Excitation light is delivered to the sample by a fiber optic probe connected to the fiber probe
port. The fiber probe consists of one multimode optical fiber (365 µm core diameter, 0.22 NA,
FG365UEC, Thorlabs, USA). Fluorescence signal from the sample is collected using the same
fiber probe, spectrally resolved by a set of dichroic mirrors and bandpass filters and directed to
three variable gain UV enhanced Si APD module with integrated transimpedance amplifier. The
device also includes a 440 nm laser (TECBL-50G-440-USB-TTL, Worldstartech, Canada) that
serves as aiming beam enabling real-time visualization of location from where the fluorescence
(point-measurement) is collected [30]. The entire optical system (except digitizer and computer)
fits within a dimension of 25 cm x 21 cm. Two 2 channel digitizers with 1.5 GHz bandwidth and
2.5 GS/s per channel (NI PXIe-5162 digitizer National Instruments, Austin, Texas) were used for
signal recording (not shown).

Fig. 1. Schematics and picture of the 3 channel APD-based fluorescence lifetime device.

2.2. APD module

The variable gain UV enhanced Si APD detector module was adapted from a commercially
available module (APD430A2-SP1, Thorlabs, NJ) and consists of three main parts: 1) the APD
detector 2) the post-detection amplifier circuit with fixed trans-impedance gain. 3) the analog
control circuit adjusting the bias voltage of the APD detector, and hence the overall gain of
the APD module. Table 1 lists the APD module characteristics. Figure 2(a) depicts a typical
responsivity curve. The multiplication factor was measured for each APD modules (Fig. 2(b)).

The bias voltage control circuit modulates the bias voltage at the APD detector based on a
control voltage. The accuracy, stability and response speed of the bias voltage control circuit
directly determine the performance of the imaging system. As a result, the integrated bias voltage
control circuit was designed based on the following characteristics: (1) The full gain (M=1-100)
range of the APD module, corresponding to a maximum bias voltage of approximately 150 V
at the APD detector was controlled by a 0-4.6 V control voltage. (2) The relationship between



Research Article Vol. 29, No. 13 / 21 June 2021 / Optics Express 20108

Fig. 2. a) Spectral response of UV enhanced APD and non-UV enhanced APD module.
Shaded rainbow area represents the typical emission spectrum range of biological tissue
excited by 355 nm laser. Adapted with permission from Thorlabs. b) Typical gain
(multiplication factor) curve of the 3 APD modules. Unit-to-unit variation of the gain is
observed. c) Due to APD modules’ nonlinear behavior, same error in bias voltage leads to
drastic different error of gain at different operating voltage. d) Schematics of the multi-APDs
device vs time multiplexing MCP device used in the SNR comparison experiment.

Table 1. APD Module Specifications

Detector Type UV Enhanced Silicon APD

Wavelength Range 200 - 1000 nm

Output Bandwidth (3 dB) DC-400MHz

Active Area Diameter 0.2 mm

M Factor Adjustment Range 1 - 100 (Continuous)

Transimpedance Gain 5 kV/A (50 Ω Termination)

Max Conversion Gain 5.0 × 105 V/W
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bias voltage (control voltage) and APD module gain was nonlinear (Fig. 2(b)), with unwanted
variations of bias voltage leading to higher gain changes near the breakdown voltage (Fig. 2(c)).
The bias voltage stability at 150 V should be such that a gain variation no greater than 2%
is observed. (3) The speed of gain adjustment of the APD module determines the ability to
accommodate rapid changes in fluorescence intensity. Thus, the bias voltage control circuit was
designed to have a transit time of less than 2 ms which enables gain modulation at the laser
repetition rate (< 500 Hz).

2.3. Optical throughput evaluation

To evaluate the ability to couple light from the fiber probe (365 µm core) onto APD detector
sensitive area (200 µm diameter), a lens (A397TM-A, f=11 mm, NA=0.3, Thorlabs, NJ) was used
to collimate the light emerging from a 365 µm-core fiber and then a second lens (C610TME-A,
f=4.00 mm, NA=0.60; Thorlabs) was used to focus the light through a 200 µm size pinhole. The
latter is representative of the APD aperture. The transmission efficiency was derived from optical
power measurements before and after the pinhole (PM100D, Thorlabs, S120VC, 200–1100 nm,
50 mW).

2.4. Linearity characterization

To evaluate the linearity of the detection system and its effect on the fluorescence lifetime values,
measurements were performed for different levels of excitation intensity and detector gain. These
include measurement of Coumarin 120 (Exciton Coumarin 440) by varying the excitation intensity
while keeping APD gain constant (M= 75) and obtained signals with amplitudes from 0.2 V to
1.4 V in a step of 0.1V and measurements for different levels of APD gain while keeping the
excitation intensity constant and obtained signals with the same amplitude range (0.2 V– 1.4 V in
a step of 0.1V). In addition, we tested various combinations of excitation intensity and APD gain
such that a fixed peak signal (1 V) was maintained. In all configurations, 1000 waveforms were
recorded at 2.5 GS/s. The instrument response function (IRF) was measured experimentally as
stated in Section 2.8 for each APD gain level and used for lifetime deconvolution at corresponding
APD gain level.

2.5. Performance characterization with fluorescent dyes and biomolecules

To determine the device lifetime measurement accuracy and precision, measurements were
performed in solutions of organic dyes (100 µM concentration) with well-known fluorescence
lifetimes and emission spectrum: Coumarin 120 (Exciton Coumarin 440) in ethanol, Rhodamine
6G (Sigma, R4127) in water and Rose Bengal B (Sigma Aldrich CAS 11121-48-5) in ethanol.
Their fluorescence emission was recorded in the 390/40 nm, 470/28 nm and 542/50 nm spectral
band, respectively. Three main endogenous tissue fluorophores, i.e., the structure proteins
collagen and elastin, and the enzyme cofactor NADH were used to determine the device’s
ability to analyze more complex fluorescence dynamics of these biomolecules. Waveforms were
acquired from Type 1 collagen from bovine achilles tendon (Sigma Aldrich CAS 9007-34-5, dry
powder), elastin from bovine neck ligament (Sigma Aldrich CAS 9007-58-5, dry powder), and
250 µM NADH (Sigma Aldrich CAS 606-68-8) solution prepared in 100 mM Mops buffer at pH
7. For each measurement, 1000 waveforms were acquired at 2.5 GS/s.

2.6. Comparative FLIm device performance: APD vs MCP-PMT detection schemes

The ability of the multi-APDs FLIm device reported here to perform accurate fluorescence lifetime
measurement of biological samples was assessed in comparison with the time multiplexing single
PMT FLIm system in which a high-speed MCP-PMT detector (R3809U-50, Hamamatsu, 45 ps
FWHM) together with a high-speed amplifier (AM–1607–SMA, Miteq, 40 dB, 0.01-3000 MHz)
were utilized. The single PMT FLIm system has been fully described in our earlier publications
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[24]. The dynamic range of this earlier device could be adjusted by varying the bias voltage of
the PMT detector to account for the rapid change of fluorescence intensity [16].

We performed measurements under identical experimental conditions on fluorescent dyes with
both multi-APDs and single PMT devices. Based on knowledge derived from prior benchtop
experiments [23] and clinical studies [17], we determined experimental conditions that replicate
the amount of signal typically encountered in clinical and pre-clinical setting. For clinical
applications such as imaging of the oral cavity epithelium, a 400 mV peak fluorescence signal
value was typically obtained in channel 1 (390/40 nm) with an PMT bias voltage of 1900 V.
For benchtop applications, such as monitoring of engineered construct recellularization, a 400
mV peak fluorescence signal was typically observed in channel 3 (542/50 nm) with a PMT bias
voltage of 2200 V. A single channel APD prototype was used in this experiment as shown in
Fig. 2(d). During the experiment, laser power and excitation collection geometry were set to
obtain the desired signal (400 mV peak) using the time multiplexing single PMT system at the
pre-determined high voltage bias. The delay fiber, the PMT, and the amplifier were then replaced
by the APD module. A signal with 400 mV peak voltage (the same as time multiplexing single
PMT system) was obtained by adjusting the control voltage of APD module. For comparison
between both devices, waveforms (n=1000) and IRF from both systems were acquired at 12.5
GS/s (NI PXIe-5185, National Instruments, Austin, Texas).

We also evaluated the integrated noise of both detecting schemes (detector and amplifier).
Using the same 12.5 GS/s digitizer, the dark noise was measured and the noise power spectrum
was calculated [31]. The APD detector was set to maximum gain (∼100) while the high voltage
bias of the MCP-PMT was set to 2200V. Responsivity values from both detectors at a wavelength
of 540 nm were used for calculation.

2.7. Gain control characterization

The detector gain as a function of control voltage was characterized for each of the three APD
detector modules. Specifically, constant incident light was directed to the detector and the output
was recorded while the control voltage was increased in steps from 0.05 V to 4.6 V (0.2V steps
were used to control voltage from 0.05 V -3.0 V and 0.05 V steps from 3.0 V - 4.6V.

The response time of the gain control circuitry was evaluated by monitoring the change in
signal intensity (area under the curve of the measured detector pulse) following a step change
(3.7 V to 4.4 V) of control voltage corresponding to a ∼5x gain variation.

2.8. Optical fiber fluorescence background removal

Background fluorescence from optical fiber probe is typically presented in the acquired spec-
troscopic/imaging data, an undesirable effect that can be a significant obstacle to the extraction
of fluorescence lifetime from the acquired waveforms. A computational method based on the
normalization (scaling) of the fiber probe background fluorescence signal was applied to remove
the background signal from the acquired waveform prior to lifetime computation. An illustration
of the background removal process is shown in Fig. 3.

Fluorescence background waveform is acquired by holding the fiber probe in air (pointing
away from any object) and adjusting the detector gain such that a good background fluorescence
SNR is achieved. The waveform is then normalized (scaled) based on the amount of fluorescence
signal generated by the fiber probe which is a constant during an imaging session. The amount of
fiber probe fluorescence signal is computed as the area under the curve (AUC) of the waveforms
in the region prior to tissue fluorescence signal arrive as indicated by the red dotted lines. The
background is then normalized (scaled) and subtracted from the data with the normalization
(scaling) factor calculated as the ratio of the AUC of the raw and background waveform. As this
method is based on the constant fluorescence signal generated by fiber probe fluorescence, no
knowledge of the detector gain is required making it a fast and simple but robust method.



Research Article Vol. 29, No. 13 / 21 June 2021 / Optics Express 20111

Fig. 3. Fluorescence background removal process. The background waveform is normalized
(scaled) based on the fluorescence signal generated from the optical fiber probe, which
should remain constant during image acquisition, and subtracted from the acquired raw
waveform. The normalization (scaling) factor is computed as the ratio of area under the
curve (AUC) between the red dotted lines of the raw waveform and background waveform.
As the method is based on the constant signal of the fiber probe fluorescence, no knowledge
of the detector gain is required making it a fast and simple but robust method.

2.9. Estimation of fluorescence lifetime values

Typically, three factors can lead to the broadening of the measured fluorescence emission
waveform: 1) the duration of the excitation pulse, 2) the intermodal dispersion in the multimode
optical fiber that results in broadening of the emitted light pulse, and 3) the response time of
electronic components (detector and digitizer front end). To compensate for the fluorescence
pulse distortion, the intrinsic fluorescence decay was recovered by numerical deconvolution of
the instrument response function (IRF) from the measured fluorescence pulse transients.

The IRF in response to the 600 ps UV excitation pulse was measured using fluorescence pulses
from two dye solutions. The 4-dimethylamino-4-cyanostilbene (DCS) (ChemBridge, San Diego,
California) at 100 µM concentration in Cyclohexane was used to for 390/40 nm and 470/28
nm spectral channels. The hemicyanine dye 2-(p-dimethylaminosotyryl) pyridylmethyl iodide
(2-DASPI) (Sigma-Aldrich, Cat. No. 280135) at 1 mM concentration in Ethanol was used for
spectral channel of 542/50 nm. DCS dissolved in Cyclohexane has a very short (∼66 ps) lifetime
with fluorescence emission from 300nm - 500nm [6]. When dissolved in ethanol, 2-DASPI has a
very short (∼30 ps) average lifetime and an emission spectrum with a maximum at approximately
550 nm [32]. Unless otherwise stated, system IRF was acquired at 12.5 GS/s for PMT system
and 5 GS/s for APD system.

For the APD-based device (except for data acquired for Section 2.6 Comparative FLIm
measurement of APD and MCP-PMT based devices), the acquired fluorescence waveforms
(sampled at 2.5 GS/s) were first re-sampled to 5 GS/s equivalent by interpolation prior to
deconvolution to match the sampling rate of the system IRF. Lowpass interpolation algorithm
8.1 described in [33] implemented in MATLAB (MathWorks, Natick, Massachusetts) was used.
This was necessary because the deconvolution algorithm requires the IRF and fluorescence to
have identical sampling rates. To compensate for laser jitter, after re-sampling the fluorescence
waveforms from all measurements were temporally aligned using a constant fraction discriminator
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implemented in MATLAB (MathWorks, Natick, Massachusetts). This approach compares
favorably to signal timing determination based on maximum waveform amplitude, adversely
impacted by noise and limits in sampling rate, or leading-edge discriminator, subject to time walk
when applied to waveforms of varying amplitudes [34,35]. An illustration of the data processing
pipeline is shown in Fig. 4.

Fig. 4. FLIm signal processing pipeline. The raw signal acquired at 2.5 GS/s is first
re-sampled to equivalent of 5 GS/s by interpolation to match the sampling rate of system
IRF. After re-sampling the fluorescence waveforms from all measurements were temporally
aligned using a constant fraction discriminator to compensate for laser jitter. The signal is
then deconvolved using Laguerre expansion-based method to extract fluorescence lifetime
and intensity. A fluorescence lifetime map can be generated for scanning application.

Signal deconvolution was performed using a fast algorithm (<10 µs per decay) previously
reported by our group [36]. The algorithm is based on a constrained least-squares deconvolution
with Laguerre expansion (CLSD-LE) method and has demonstrated robustness against noise.

2.10. Validation on tissue sample

To validate the performance of the multi-APD-based device and its ability to generate FLIm
images, data was recorded by freehand scanning (2341 point measurements, ∼35 cm2 sample
area, 70-second scanning duration) of a tissue sample (lamb) which presents a variety of tissue
types (e.g., bone, bone marrow, fat, muscle and connective tissue) that enable direct visualization
of fluorescence contrast. FLIm images were reconstructed from point measurements and their
corresponding locations extracted from each frame (30 Hz) of a white light video of the specimen
captured during the scanning by an external camera (CM3-U3-13Y3C-CS, Point Gray, with
Fujinon HF9HA-1B 2/3"9 mm lens) [30]. FLIm measurement localization was achieved by a
Convolutional Neural Network (CNN) based aiming beam localization algorithm [30]. Linear
interpolation was used to determine the FLIm measurement location between each available
video frames when high (480 Hz) laser repetition rate was used due to the limitation of camera
frame rate (30 Hz).

To demonstrate the improved performance of the novel simultaneous multispectral APD
FLIm system, two configurations of the 355 nm excitation laser were used: 1) 1 µJ per pulse
at output of fiber probe, low (120 Hz) laser repetition rate (excitation parameters similar to the
time-multiplexing multispectral PMT FLIm system currently used for clinical studies); 2) 0.25 µJ
per pulse at output of fiber probe, high (480 Hz) laser repetition rate. Under both configurations,
the UV exposure to tissue sample was identical and in compliance with IEC 60825 standard [37].
Four-fold averaging of acquired fluorescence waveforms was performed for both configurations.
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3. Results

3.1. Optical throughput

The measured coupling efficiency of light transmitted from 365 µm multimode fiber through the
200 µm pinhole was found at 99%. This indicates a minimum effect of the small size of APD
sensitive area on fluorescence photons collection efficiency.

3.2. System validation with fluorescent dyes and biomolecules

The computed lifetime values of the fluorescence dyes (Coumarin 120, Rhodamine 6G and Rose
Bengal) and tissue fluorophores (collagen, elastin, and NADH) are listed in Table 2. These values
were found in close agreement with those reported in the literature. Oscillation presented in the
tail of fluorescence waveforms and system IRF (Fig. 4) did not pose any issue in the recovery of
fluorescence lifetime values.

Table 2. Lifetime measurement and literature values for fluorescence dyes and tissue fluorophores
used for system validation

Measured Literature

Fluorophore Wavelength (nm) Lifetime (ns) Standard deviation (ns) Lifetime (ns)

Rosxe Bengal in ethanol 390/40 0.834 0.080 0.850 [6]

Coumarin 120 in ethanol 470/28 3.60 0.034 3.64 [38]

Rhodamine 6G in H2O 542/50 3.97 0.080 4.08 [39]

Collagen 390/40 5.621 0.093 3.49-5.30 [40]

NADH 470/28 0.472 0.039 0.30-0.50 [6]

Elastin 470/28 6.124 0.097 5.20-7.36 [41]

3.3. APD module temporal response dependency on APD gain and signal amplitude

Changes in measured fluorescence pulses waveforms (e.g., C120 dye) as a function of APD gain
and excitation intensities are shown in Figs. 5(a) and (c), respectively. The normalized waveforms
to peak intensity indicate that a decreased gain leads to a nonlinear behavior (Fig. 5(b), with most
noticeable oscillations observed at the low gain (M=3). While the tail of the fluorescence pulse
as well as the measured IRF shows noticeable oscillation, the numerical deconvolution algorithm
accounts for this behavior as seen in Fig. 4.

The impact of APD gain and signal amplitude on the APD module temporal response
(Fig. 5) may influence the ability to accurately estimate fluorescence lifetimes. This effect was
systematically evaluated by reporting the distribution of computed lifetimes after deconvolution
in each configuration (Fig. 6). Deconvolution was performed using a single IRF as well as
using an IRF for each individual gain value (matching IRF). As seen in Fig. 6(a), variations of
optical signal amplitude have minimum effect on average estimated lifetimes, in good agreement
with literature value of 3.64-3.85 ns [38], although as expected, lower signal amplitude leads to
higher lifetime value standard deviation. Measurements at low gain led to an overestimation of
estimated lifetime (Figs. 6(b) and (c)), this issue was addressed by using different IRFs for each
gain value. We observed that compensating decrease of optical signal intensity by an increase in
APD gain led to accurate lifetime estimations provided that different IRFs were used for each gain
(Fig. 6(c)). Interestingly, this did not lead to an increase in estimated lifetime standard deviation.

3.4. APD System SNR evaluation

The recovered fluorescence lifetime of the APD system (3.573± 0.061 ns) was found in good
agreement with that of the MCP-PMT system (3.66± 0.291 ns). However, higher SNR was



Research Article Vol. 29, No. 13 / 21 June 2021 / Optics Express 20114

d)

a) b)

c)

Fig. 5. Investigation of measured fluorescence waveforms as a function of signal amplitude
and APD gain, characterized using 1000 measurements of Coumarin 120 solution. a) Mean
and standard deviation of fluorescence waveforms at different APD gain. b) Display of
normalized averaged waveforms highlights some difference of temporal response that may
affect estimated lifetime. c) Mean and standard deviation of fluorescence waveforms at
different optical signal intensity (obtained by varying the laser pulse energy). d) Display of
normalized waveforms highlights some difference in temporal response.

Fig. 6. Distribution of Coumarin 120 fluorescence lifetime under (a) increasing optical
signal intensity. (b) increasing APD gain. (c) constant signal peak voltage (1 V) where each
increase of APD gain is compensated by a decrease of optical signal intensity to maintain a
constant 1 V peak voltage.
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obtained with the APD-based system (Fig. 7(a)) compared to MCP-PMT system (Fig. 7(b)),
resulting in 5-fold lower standard deviation of measured fluorescence lifetime.

Fig. 7. Back-to-back SNR comparison of muti-APDs FLIm device (a) and time multiplexing
single PMT FLIm device (b). Mean fluorescence waveform, one raw waveform and standard
deviation (shaded area) were shown. c) Variation of APD bias voltage @146 V. Adapted
with permission from Thorlabs. d) Response of the APD-based detection to a step change of
bias voltage. The response time is less than 2 ms. No overshoot was detectable at either
rising or falling edge. The time resolution of the measurement was 1 ms.

The integrated noise of the APD module (0–400 MHz) was measured as 4.06 nW, consistent
with the value listed in the device data sheet, whereas the integrated noise of MCP-PMT and
amplifier (0.01–3000 MHz) was measured as 32.3 nW.

3.5. Characterization of gain control circuit speed and stability

The accuracy of the detector gain is determined by the stability of the bias voltage. The slope of
gain – bias curve is steepest close to the breakdown voltage (Fig. 1(b)), thus variations of gain
due to fluctuation of bias voltage will be highest near the breakdown voltage. We confirmed
that the fluctuations of bias voltage were less than 0.007 V (Fig. 7(c)), which corresponds to a
maximum gain fluctuation of 0.2% at 146 V bias voltage. The overall APD FLIm response speed
to a step change of control voltage (5-fold change in APD gain) was less than 2 ms (Fig. 7(d)).
No overshoot was observed at either rising or falling edge.

3.6. Validation on tissue sample

Figure 8 displays the FLIm parametric map obtained from freehand scanning of the lamb tissue.
Areas of bone, bone marrow, fat and muscle are highlighted in the white light image of the
tissue sample (Fig. 8(a)). The FLIm point-measurement locations are shown in Figs. 8(b) and
(c) for low (120 Hz) and high (480 Hz) laser repetition rate respectively. As expected, better
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FLIm coverage of the tissue sample is achieved with high (480 Hz) laser repetition rate. The
augmented FLIm maps from spectral band 470/28 nm for both low (120 Hz) and high (480 Hz)
laser repetition rate are shown in Figs. 8(d) and (e). Current results show that distinct tissue type
(e.g. bone marrow, bone, fat, muscle) are associated with distinct fluorescence lifetimes and
clearly distinguishable from FLIm map. Lifetime values from different tissue types are consistent
across FLIm maps of low and high laser repetition rate, indicating good lifetime recovery even
with reduced pulse energy. However, a more complete and smoother FLIm map is achieved with
higher laser repetition rate despite the reduction in pulse energy.

Fig. 8. Representative FLIm images obtained via the freehand scanning of ex vivo fresh
lamb tissue. a) white light image of lamb tissue sample. b) and c) FLIm points measurement
locations for different 355 nm laser configuration. d) and e) white light images of the lamb
tissue augmented with lifetime maps from 470/28 nm spectral band under different 355 nm
laser repetition rate.

4. Discussion

This study demonstrates the performance of an APD-based FLIm device enabling measurements
of fluorophores with a broad range of fluorescence lifetimes (0.5–6.0 ns) simultaneously in
multiple emission spectral bands. The instrument is capable of rapid adjustments (< 2 ms) of
the detection gain independently for each APD detector resulting in maximization of signal
SNR in each spectral channel. Rapid gain adjustment is critical to account for the potential
rapid change of fluorescence intensity encountered in clinical setting due to change in probe to
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tissue distance during scanning, differences in quantum efficiencies of endogenous fluorescent
molecules and presence of residual blood or other fluids. Moreover, the results show a significant
improvement of the signal quality (higher SNR and lower lifetime variability) and imaging speed
of the multi-APDs when compared to the previously reported time multiplexing single PMT
device.

The ability to recover accurate lifetimes independently from signal intensity levels, detector
gain and detector output voltage is of critical importance for fluorescence lifetime measurements.
Current results demonstrate that accurate and consistent lifetime values (1% variability of mean
lifetime) can be achieved with the multi-APDs FLIm device across a wide range of signal
intensity levels (Fig. 6). We observed a broadening of the instrument’s IRF at low detector gain
and subsequently large lifetime estimation error when a single IRF is used for deconvolution
(Fig. 6(b)). Such behavior is expected given the dependance of the terminal capacitance of
the APD detector from the detector’s gain (reverse bias) [42]. We found that this effect can
be addressed by deconvolving the measured signal with an IRF acquired at similar APD gain
that resulted in a lifetime accuracy of 1% over the M=8-35 detector gain range (Fig. 6(b)). The
small (<0.1 ns) residual error observed at low APD gain (M=4) will be further investigated. For
applications where small variation of lifetime are expected, highest accuracy can be achieved by
ensuring a gain of no less than 8.

Current results also demonstrate the ability of the prototype multi-APDs FLIm device to
accurately resolve fluorescence lifetimes ranging from as short as 0.5 ns to 6.0 ns. This
demonstrates that the reduced bandwidth of APD (400 MHz) compared to MCP-PMT (3 GHz)
does not prevent the accurate measurement of a fluorophores with a broad range of lifetimes.
Comparison of accuracy and precision of lifetime measurement in identical conditions between
time multiplexing single PMT FLIm and multi-APDs FLIm demonstrates a 5-fold reduction of
lifetime measurement variability in identical conditions. This is due in part to the low integrated
noise of APD module (4.06 nW) compared to that of MCP-PMT plus amplifier (32.3 nW).
In addition, the high quantum efficiency of APD detector (50% at 400 nm; 75% at 540 nm)
compared to that of MCP-PMT (25% at 400 nm; ∼9% at 540 nm) also helps improving the
SNR of the APD FLIm system. This improvement is particularly relevant for clinical data
acquisition, where point measurement rate is currently limited by the maximum permissible
exposure of tissue [37]. For example, we demonstrated that FLIm measurements performed
in clinical setting at a rate of 30 Hz (1.0 µJ pulse, 120 Hz laser repetition rate, 4-fold average)
with the reference MCP system, could be performed as accurately with the proposed system
at 120 Hz (0.25 µJ pulse, 480 Hz laser repetition rate, 4 averaging), leading to either a much
faster or more complete coverage of the surgical field (Fig. 8). The laser working frequency is
limited to 480 Hz for clinical freehand scanning in order to be complied with laser exposure
requirements specified by IEC 60825 standard [37]. Specifically, it is determined such that
maximum permissible exposure (MPE) would be achieved with a 400 µm-core fiber probe in
contact with tissue for 5 seconds of static exposure which is unlikely to happen during freehand
scanning. When used with mechanical scanning, point measurement speed of up to 100 kHz
(without dynamic gain adjustment) can be easily achieved with the proposed multi-APDs FLIm
system. Alternatively, improvements in FLIm detection could be used to better identify small
changes in fluorescence lifetime, improving system sensitivity when small lifetime changes are
expected such as recellularization of engineered tissue [23]. For applications where measurement
speed is not critical, as for some benchtop applications, the proposed system will enable higher
resolution imaging by sampling the tissue more densely while reducing data averaging.

FLIm measurements performed with the multi-APDs device reported here will also benefit
from the ability to adjust the gain of each individual channel independently. This addresses a
limitation of the MCP-PMT based system where the same detector gain is applied across all
channels. As a result, the dynamic range of MCP-PMT system is determined by the channel with
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the most signal, thus negatively impacting the SNR of the remaining channels. The APD FLIm
system with individual channel gain adjustment capability will improve signal quality for tissue
where fluorophores with distinct quantum yield are present in different spectral channels.

Moreover, the small size, low cost and robustness of APD detectors is a clear advantage over
MCP-PMT. Independent detectors for each spectral band means that delay fibers are no longer
necessary, thus reducing the complexity and cost of the system. In addition, the advance of
Si manufacturing technology and integrated circuit design may enable, in the near future, the
integration of a microchip laser, multiple APD detectors, their bias control and amplifier circuits
as well as a compact multichannel ADC into one integrated circuit board, enabling the fabrication
of miniaturized handheld FLIm systems for clinical use.

The APD-based pulse sampling FLIm reported here is well suited for use in clinical settings
and compares favorably to most recent developments in TCSPC-based systems. First, it operates
at room light with no special accommodation in the operating room lighting conditions, thus
making the adoption of the technology straightforward. While TCSPC-based system utilizing
synchronous external illumination were recently reported [9,10], implementation in surgical
setting would require all light sources to be replaced with sources synchronized with the TCSPC
system. Second, the proposed simultaneous multispectral multi-APDs FLIm system can achieve
a point measurement rate of 480 Hz, faster than the recently reported data acquisition rate of
50 Hz for the TCSPC based system. This limited acquisition speed stems from the low photon
collection efficiency of the reported TCSPC based system due to: the low filling factor (∼3%) of
the SPAD array, the intrinsic inefficiency of time-gated strategy and the high loss of dispersing
optical components. Although these issues could be addressed with additional development,
the device reported here provides key benefits to support clinical validation studies of FLIm
technology.

The APD-based multispectral FLIm reported here will also facilitate integration of FLIm with
other imaging techniques such as Optical Coherence Tomography (OCT) and Ultrasound (US).
While multispectral FLIm itself is a powerful imaging tool providing rich tissue biochemical
information for disease diagnosis, its utility is greatly enhanced when combined with imaging
techniques that provide complementary structural information of tissue such as OCT [43] and US
[44]. Integration of FLIm and OCT is particularly advantageous as both modalities can be carried
out using a double-clad fiber for full-optical composition and structural imaging endoscopy. The
distinct spectral bands of FLIm (355 nm excitation, 400 nm to 700 nm detection) and of OCT
(typically 900 nm, 1050 nm or 1310 nm) facilitate the optical integration using dichroic mirrors
[45]. The small size of APD detector and simplicity of multi-APDs FLIm instrumentation
facilitates the mechanical integration. APD-based FLIm, in combination with a suitable UV light
source, enables point measurement rates similar to A-line rates of typical OCT systems (50-100
kHz), thus facilitating future multimodal implementations.

5. Conclusion

We have demonstrated the first APD-based multispectral FLIm system with individual channel
gain adjustment capability. Accurate and precise lifetime measurement was achieved across a
10-fold change of excitation intensity and APD gain. In comparison with previously reported
multispectral pulse-sampling FLIm systems that rely on temporal multiplexing and a single
MCP-PMT, the current design improves the system SNR and allows fast independent dynamic
gain adjustment for each optical channel making it better suited for clinical use. Compared
to early reported APD based FLIm system [11], the current system offers better responsivity
in visible wavelength, multichannel detection for different tissue fluorophores and dynamic
gain adjustment capability. The use of low-cost solid-state detectors will facilitate optical and
electrical integration and miniaturization, leading to more compact and low-cost fluorescence
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lifetime imaging instrumentation. In addition, the validation plan we developed will serve as a
reference for the design, validation, and standardization of future FLIm devices.
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