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ABSTRACT

This thesis presents the development, validation, and application of novel
tools for in vivo fluorescence lifetime imaging (FLIm) using miniaturised
single-photon avalanche diode (SPAD) arrays. FLIm can enhance bio-
chemical specificity by enabling discrimination between fluorophores with
overlapping emission spectra but distinct fluorescence lifetimes (FLT). It
is also sensitive to the local molecular environment, making it valuable
for label-free diagnostics. The core technology applied in the thesis is
the EndoCam, a compact 128 120 SPAD array with time-gated pho-

ton counting capability and a footprint of 2:0mm 1:4 mm, designed for
integration into chip-on-tip endoscopic systems.

The thesis demonstrates the integration of the EndoCam into three
distinct FLIm platforms: (i) a bench-top wide-field system for metabolic
imaging of ex vivo tumour tissue using planar pH sensors (Paper I); (ii) a
miniaturised imager for portable diagnostics, validated through measure-
ment of polymer beads and imaging of stained porcine tissue (Paper Il);
and (iii) a chip-on-tip FLIm micro-camera with a 4 mm outer diameter
— the first of its kind at a scale compatible with endoscopic deployment
— capable of resolving features below 30 um and benchmarked against a
time-correlated single-photon counting (TCSPC) system (Paper IlI).

To support system benchmarking and clinical translation, a set of
solid-state fluorescence lifetime standards using dyed epoxy resins was de-
veloped (Paper 1V). These standards span lifetimes from sub-nanosecond
to over 3:5ns, and were evaluated for photostability, fabrication repeata-
bility, and microstructural uniformity using a confocal microscope.

Together, these contributions establish a foundation for compact, dis-
posable chip-on-tip FLIm systems suitable for clinical applications such
as endoscopy and image-guided surgery; this helps advance the transla-
tion of FLIm from research to real-world diagnostics, paving the way for
future clinical deployment.
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Chapter 1

Introduction

1.1 Motivation

Fluorescence lifetime imaging (FLIm) is a powerful analytical tool with
a wide range of potential applications. It can increase the biochemi-
cal specicity of uorescence measurements by allowing di erentiation
between uorophores with overlapping emission spectra but with di er-
ent uorescence lifetimes [1, 2]. Because the lifetime of a uorophore
is dependent on its environment, FLIm can also discriminate between
di erent fractions of the same uorophore under varying environmental
conditions [3].

Fluorescence lifetime (FLT) measurements of endogenous uo-
rophores in tissue and cell cultures have provided insights into tissue
metabolism [4], and lifetime-based exogenous uorescent markers have
been applied to measure parameters such as temperature, viscosity, pH,
and ion concentration [3, 5]. Wider applications of FLT measurements
reported in literature include diagnostic measurements of combustive fu-
els [6], the detection of explosive vapours emitted from landmines [7],
and the monitoring of varnish removal in painting conservation [8].

In the analysis of ex vivo tissue samples, changes in FLT have been
shown to be indicative of disease, enabling di erentiation between healthy
and diseased tissue [1, 9]. In recent years, FLIfhas shown promise for
label-free intraoperative tumour margin assessment in ex vivo human
tissue samples [10 12].

However, translating these capabilities to in vivo clinical settings re-
mains challenging. Most existing in vivo FLIm systems rely on point-
scanning or bre-bundle-based architectures, which are limited by me-
chanical complexity, acquisition speed, and probe exibility. Wide- eld
FLIm systems o er improved throughput and reduced motion artefacts,
but current implementations are often bulky and not easily miniaturised
for clinical use.

Concurrently, white-light endoscopy has seen a growing trend toward
single-use, chip-on-tip devices. This shift is driven by the miniaturisation
and cost reduction of CMOS camera technology, as well as the clinical
advantages of disposability, such as avoiding sterilisation and reducing
cross-contamination risks [13, 14]. Therefore, the development of chip-
on-tip endoscopes with wide- eld FLIm capability is of interest for the
long term application of FLIm in surgery.

Recent advances in single-photon avalanche diode (SPAD) technol-
ogy have enabled the development of compact, time-resolved SPAD ar-

1Throughout this thesis, the acronym FLIm is used broadly to refer to systems
performing uorescence lifetime imaging across various spatial scales. The term FLIM
(uorescence lifetime imaging microscopy) is reserved speci cally for systems operat-
ing at the microscopic scale.
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rays [15]. These detectors o er high temporal resolution, single-photon
sensitivity, and the potential for scalable, low-cost production. Com-
mercially available SPAD cameras have already demonstrated wide- eld
FLIm capability in bench-top systems [16, 17].

The miniaturisation of SPAD arrays, fabricated with standard CMOS
processes, makes their use for a chip-on-tip FLIm endoscope feasible. An
example of this is the EndoCam, a 128 © 120 SPAD array with dimen-
sions 1.4mm O 1.4 mm presented in Erdogan et al. [18]. The EndoCam
uses time-gated photon counting to enable wide- eld, time-resolved imag-
ing in a chip small enough for endoscopic integration. By leveraging the
unigue capabilities of miniaturised SPAD arrays such as the EndoCam, it
becomes feasible to design chip-on-tip FLIm devices that combine time-
resolved imaging with the practical advantages of disposability and in-
tegration. This thesis is motivated by the potential of such systems to
bridge the gap between advanced uorescence lifetime imaging and real-
world clinical deployment.

1.2 Thesis Goals

The primary goal of this thesis is to evaluate the capability of minia-
turised SPAD arrays for wide- eld, chip-on-tip uorescence lifetime imag-
ing and to explore their potential for clinical translation. This is achieved
by:

Developing and validating bench-top and handheld wide- eld FLIm
systems using the EndoCam.

Designing and assembling a chip-on-tip FLIm micro-camera with
integrated imaging optics and excitation light delivery, at a size
scale compatible with endoscopic deployment.

Investigating the performance limits and imaging capabilities of
these systems, and demonstrating their utility for biomedical ap-
plications, including metabolic imaging and tissue di erentiation.

Exploring the suitability of dyed epoxy resins as solid-state uores-
cence lifetime standards for system benchmarking and calibration.

Together, these e orts aim to lay the groundwork for compact, dispos-
able FLIm systems that could one day complement conventional white-
light endoscopy in clinical diagnostics and image-guided surgery.

1.3 Structure of the thesis

The thesis is based on 4 papers which are appended at the end of the
thesis and will be referred to by their Roman numerals as Papers | IV,
respectively, in the text. The primary scienti ¢ contribution of the work
conducted as part of the PhD is contained within the papers. The main
text of the thesis includes key background and theory; more in-depth
details of the work carried out to produce the papers; and further work
which is not captured in the papers. As much as possible, content from
the papers has not been repeated in the main text. There are six main
chapters, the content of which is outlined below.

Chapter 2 covers the basic theory of time-resolved uorescence before
introducing the prominent measurement techniques used to perform FLT
measurements along with the typical instrumentation used. The tting
methods used for data analysis are also outlined.
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Chapter 3 reviews the current state-of-the-art in FLIm systems devel-
oped for in vivo applications and discusses their respective advantages,
limitations, and clinical relevance. The chapter also introduces the use of
single-photon avalanche diode (SPAD) arrays for wide- eld FLIm, high-
lighting their potential for miniaturisation and clinical translation. This
further establishes the technological context and motivation for the de-
velopment of compact, chip-on-tip FLIm systems.

Chapter 4 introduces EndoCam, the miniaturised 128 O 120 SPAD
array detector that was used for the vast majority of the work in this
thesis. The key characteristics and functionality of the detector are de-
scribed. The di erent pulsed laser sources used are also described before
an overview of the modular FLIm system developed is presented. The
modular system facilitates the use of di erent excitation sources and in-
terchangeable front-end imaging systems which use the EndoCam as a
detector.

Chapter 5 provides details on the bench-top wide- eld FLIm systems
using the EndoCam which were developed. Firstly, the design of custom
PCBs for the EndoCam are presented. These enabled the chip to be
operated remotely from the control board and integrated into standard
lens tube systems.

The rst imaging system presented is the FLT macro-imager which
was used in Paper I. This system was designed for imaging of ex vivo
mouse tumour samples combined with lifetime-based solid-state pH sen-
sors with a desired eld of view of 1cm O 1cm.

The second system is the miniaturised FLIm imager which was used
in Paper Il. The motivation for this system was to demonstrate wide-
eld FLIm in a hand-held form factor which, if pursued further, could
be applied for in vivo applications where portability and exibility are
bene cial but where size constraints are not extreme. Such as for lifetime
imaging of skin lesions or of the oral cavity.

Chapter 6 sees the EndoCam integrated into the micro-camera system
presented in Paper Il which includes integrated imaging optics and ex-
citation light delivery. With an external diameter of 4 mm, this is the
rst chip-on-tip FLIm micro-camera on a size scale compatible with en-
doscopic applications. The optical and mechanical designs are presented,
and the assembly process is explained in detail. Finally, the challenges
faced in the e ective delivery of excitation light, and the methods imple-
mented to overcome them, are presented.

In Chapter 7, the results of the thesis are then summarised and some
future directions are discussed.
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Chapter 2

In this chapter the necessary background and theory related to FLIm
are covered. The fundamental principles of time-resolved fluorescence
are outlined. Fluorescence lifetime measurement techniques are then de-
scribed; TCSPC and time gating have both been applied in this thesis,
therefore they are covered in some detail. Pulse sampling has not been
applied here, however this technique is outlined briefly due to its ap-
plication in many existing in vivo FLIm systems. Finally, the analysis
methods for FLIm data applied in this thesis are then covered.

2.1 Fundamental principles of FLIm

2.1.1 Fluorescence

Fluorescence is a photo-luminescent phenomenon which occurs when a
molecule, referred to as a fluorophore, undergoes optical excitation and
relaxation. This process is illustrated in a Jablonski diagram in Figure
2.1. The fluorophore absorbs a photon at an excitation light wavelength

A, causing it to transition from the ground state Sy, to an excited elec-
tronic state (S1, ..., Sp). In each of these electronic states, there are
a number of vibrational energy levels the fluorophore can be excited to.
Following excitation, the vast majority of excited molecules rapidly relax
to the lowest vibrational level of S; in a process called internal conversion
[19]. From S;, the fluorophore can return to the ground state through
non-radiative processes or through the emission of a photon with light
wavelength . Because of the energy lost through internal conversion,
the emitted light has a wavelength that is longer than that of the ex-
citation light that was absorbed. The dilerknce between A and ¢ is
known as the Stokes shift.

An important property of fluorophores is the fluorescent quantum
yield, ; the quantum yield is the proportion of photons absorbed by
a fluorophore which then result in the emission of a fluorescent photon,
thereby influencing the brightness of a given fluorophore. The quan-
tum vyield of a fluorophore is determined by its rates of radiative and
non radiative decay (k; and ky, , respectively) according to the following
expression [19]:

ke

f

2.1.2 Fluorescence decay and lifetime

The radiative and non-radiative decay rates also define the fluorescence
lifetime () of a given fluorophore; the lifetime is inversely proportional
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Figure 2.1: A Jablonski diagram illustrating the fluorescence process.
An incident photon with wavelength 5 is absorbed by the fluorophore,
causing it to transition to an excited state. From this excited state it
undergoes rapid non-radiative transition to the lowest vibrational level
of S;. From S; it returns to the ground state Sy either through non-
radiative processes or through the emission of a fluorescent photon with
a longer wavelength .

to the sum of the radiative and non-radiative decay rates, as expressed
by [19]:

I
N kr"'knr.

Fluorescence emission is a stochastic process so the fluorescence life-
time is the average time a fluorophore remains in the excited state before
returning to the ground state and emitting a photon [19, 20]. The lifetime
is an intrinsic property of a fluorophore in a specific environment and,
within reasonable limits, is independent of its concentration; this can be
a key advantage over intensity-based measurements [3, 21]. It is sensi-
tive to the environment of the fluorophore, including pH, temperature,
viscosity, and binding state, meaning the measurement of a fluorophore’s
lifetime can provide important information about its environment [1, 20].
In reality, many samples exhibit complex decay patterns characterised by
two or more lifetimes; this is due to the presence of populations of di Lert
ent fluorophores or subpopulations of the same fluorophore in di[erknt
states [22].

(2.2)

2.2 Measurement techniques

2.2.1 Time-domain fluorescence measurements

Time-domain methods for measuring fluorescence lifetime directly mea-
sure the number of fluorescent photons emitted over time following a
short excitation light pulse. If a sample is excited with an infinitely
short pulse of excitation light, this creates a population of fluorophores
in an excited state. These fluorophores then decay over time according
to the decay rates, k; and kp, . The rate of change in the number of
excited fluorophores is described by the di[erkntial equation:

dN (1)
dt

N (1)

=N @)k, +Kkn)=

(2.3)

where N (t) is the number of excited fluorophores at a time t following
the excitation pulse. For a sample containing a single fluorophore in a
homogenous environment, N (t) is then given by:
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N ()=N e * (2.4)

where N, denotes the number of excited fluorophores at t = 0. The
rate of fluorescent photon emission I(t) is then found by multiplying the
number of excited fluorophores by the radiative decay rate,

)=k N (): (2.5)
We can substitute equation 2.4 for N (t) giving

)=k ; Nge *: (2.6)

Ny and k, are both constants and multiplying them together gives

the rate of fluorescent photon emission at t = O (denoted here as | o).

The time-resolved fluorescent emission can therefore be described by a

mono-exponential decay with a decay constant equal to the fluorescence
lifetime :

=1 e " 2.7)

As has been stated already, samples often exhibit two or more life-
times due to the presence of multiple fluorophores in diLerknt states. In
the general case of a sample with n lifetime components, the fluorescent
emission can be described by a weighted sum of exponential decays,

x t
M) =1 o: e i, (2.8)
i=1
where ; is the fractional contribution of lifetime component ; such
that

X
i =1 (29)
i=1
After analysis, an average fluorescence lifetime for a sample is often
reported; this may be the intensity average lifetime h i; or the amplitude
average lifetime h i,. The intensity average lifetime can be defined as the
average time of a mixed population of fluorophores remain in an excited
state. Each lifetime component is weighted by its relative contribution to
the total fluorescence decay. h i; can be calculated using the following
expression 2.10 [23]:
P 2
hi; = L1 1L. (2.10)
=1 0
The amplitude average lifetime is instead calculated using the expres-
sion 2.11:

X
hia= i (2.11)
i=1

where each lifetime component ; is weighted by its fractional contri-
bution ;. hi; is less stable than h i, as it requires lifetime components
to be well resolved [24]. However, it can be useful for the analysis of het-
erogeneous biological systems with multi-exponential decay dynamics; it
can be used to estimate the energy transfer e [ciehcy in Forster resonance
energy transfer (FRET) or to investigate quenching behaviours [25].

In practice, it is not possible to create an infinitely short pulse of ex-
citation light, nor is it possible to take a perfectly precise measurement
of photon emission times. The precision of a given FLT measurement
system is defined by its instrument response function (IRF). The IRF



2.2.2 Time-correlated single photon counting

~
o

~

~

Photon counts
(3] w

<

0 20 30 40

Time (ns)

o

50

(b)

Photon counts

0 10 20 30 40 50
Time (ns)

2500

2000

v
=
S

1000

Photon counts

%3
S
S

0
0 10 20 30 40 50

Time (ns)

Figure 2.4: Simulated photon
arrival-time histograms after de-
tection of (a) 10, (b) 100, and
(c) 10,000 photons. As the num-
ber of detected photons increases,
the measured distribution more
closely resembles the expected de-
cay curve.
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Figure 2.2: An illustration of the e [edt of the IRF on the measured fluo-
rescence decay. The IRF is a representation of the instruments response
to an infinitely short decay. It has the e[edt of smearing out the mea-
sured decay (right) when compared to the ideal decay model (left). The
broader the IRF, the more pronounced the e [edt will be.

characterises how the system would respond to an ideal, infinitely short
fluorescence decay, e [edtively describing the system’s temporal resolu-
tion. The primary contributors to the IRF are the temporal response of
the detector, timing jitter in the system electronics, the temporal shape
of the excitation light pulse, and dispersion in the system optics. The
fluorescence decay measured by a system, M(t), is the convolution of the
ideal fluorescent decay in equation 2.8 with the system IRF:

M(t) = IRF() 1(0): (2.12)

The eledt of the IRF on the decay curve measured by a system is
illustrated in Figure 2.2.

2.2.2 Time-correlated single photon counting

Time-correlated single photon counting, or TCSPC, involves repeated
detection of single photons and recording of their arrival time relative to
a periodic reference signal [19, 26], as illustrated schematically in Fig-
ure 2.3. For FLT measurements, the reference signal comes from the
excitation source, typically a pulsed laser operating with a repetition
rate in the MHz range. A single fluorescent photon is detected using a
high-gain detector, such as a PMT or a SPAD. The arrival time of the
photon relative to the reference signal is recorded and assigned to a dis-
crete time bin. This process is repeated many times and a histogram of
photon arrival times is gradually built up which reflects the fluorescence
decay being measured as illustrated in Figure 2.4 [5, 26].

TCSPC is a widely used time-domain technique which is employed
in many commercially available FLT spectrometers and confocal FLIM
systems. It can have excellent time resolution as the system IRF width is
dictated by the timing jitter in the rising edge of the detector’s response,
not by its temporal width [26]. The technique is sensitive to individual

laser } fluorescent
pulse photon
*

Time
Figure 2.3: A schematic of the TCSPC method. The time delay between
the excitation laser pulse and single detected photons are recorded. This
is repeated many thousands or millions of times to build up a histogram
of photon arrival times.
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Figure 2.5: A schematic of the pileup e ect that can occur with tradi-
tional TCSPC systems. After a photon is detected, the detector and
electronics have a xed dead time where the system cannot detect any
photons. If a second photon arrives during this dead time then it is
lost. If two photons are regularly arriving during a single laser cycle, it
will distort the photon arrival time statistics, biasing photons that arrive
early in the detection window.

photons making it suitable for measurement of weak uorescence signals
where analog measurements are not possible [27].

A limitation of TCSPC is that the acquisition speeds are limited by
the maximum count rate achievable. Traditional TCSPC systems are
designed to detect only one photon per excitation cycle. If a second
photon arrives during one laser cycle then it will be lost; if this were
to occur very often throughout a measurement then it would lead to
a distortion of the measured signal which over represents early-arriving
photons, an e ect referred to as pile-up [26, 27]. In addition to this, both
the detector and electronics have a dead time following the detection of
a photon. At su ciently high laser repetition rates this dead time can
extend into subsequent laser cycles. Any photons arriving during this
dead time are also lost. These two e ects are illustrated in Figure 2.5.

Because of this, count rates in standard TCSPC systems are typically
limited to approximately 1% to 5% of the laser repetition rate. For
instance, with a 20 MHz laser, the detector count rate should be limited
to 0:2 MHz to 1 MHz to avoid pile-up.

More modern detection systems using low dead time time-to-digital
converters (TDC) have been reported which are capable of recording mul-
tiple photon arrival times from the same laser pulse, thereby increasing
the maximum count rate [28]. The maximum count rate can also be
increased by splitting the light collected into parallel detection channels
with parallel TCSPC modules. Such systems have not been applied in
this thesis, however.

2.2.3 Time-gating

In time-gating the detector is activated at speci c time intervals after
the excitation pulse, meaning the uorescence emission is only detected
during speci c time windows (gates) [21]. The delay time can be shifted
in steps to acquire photons at di erent delay times. This enables the
uorescence decay across the sample to be reconstructed as illustrated
in Figure 2.6. The number of time gates acquired and their width can
be tuned to trade o between temporal precision and acquisition speed.
Acquiring photons over fewer gates with a larger width will be faster
but will result in a coarser measurement of the uorescence decay. This
technique can be performed with gated image intensi ers or SPAD arrays
[20].

This approach can provide fast FLIM acquisition, especially for wide-
eld imaging, allowing much higher count rates than TCSPC [5]. How-
ever, it is quite optically ine cient as any photons which arrive outside
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Figure 2.6: A schematic of the time-gating measurement technique. The
decay curve is sampled in a short window (time gate). The position of
this gate is then shifted over several measurements to recover the full
decay curve.

the time gate are lost [28] and has a lower time resolution than TCSPC

[5].

2.2.4 Pulse sampling

Pulse sampling refers to techniques where the entire uorescence decay
waveform after a pulsed excitation is directly recorded using fast-response
detectors such as a photomultiplier tube (PMT) or an avalanche photode-
tector (APD) and digitisers with GHz bandwidth [1]. As seen in Section
3.1, this method is used in many clinical FLIm systems, often in combi-
nation with multispectral detection [1].

Data processing typically involves averaging waveforms to improve
signal-to-noise ratio and correcting for background signals. Pulse sam-
pling is less susceptible to interference from background illumination
which is bene cial for integration into clinical procedures where bright
room lights are desirable for clinicians [1, 29]. However, analog detection
means high energy laser pulses are required for good signal-to-noise ra-
tio (SNR); for in vivo applications this needs to be closely monitored to
ensure safe exposure limits are not exceeded and to prevent thermal and
photochemical tissue damage [28, 30]. The temporal resolution of pulse
sampling is limited by the bandwidth of the digitiser used and by the
temporal single-photon response of the detector; this limits the ability
to resolve multi-exponential decays, especially those containing lifetime
components faster than 300 ps [28].

2.2.5 Frequency domain uorescence measurements

Although this thesis focuses on time-domain FLIm, frequency-domain
FLIm (FD-FLIm) is brie y introduced here for completeness, as it rep-
resents an alternative approach widely used in uorescence lifetime mi-
croscopy and macroscopic imaging. Because FD-FLIm was not applied in
this work, only a high-level overview is provided, and the analysis meth-
ods described later in this chapter pertain exclusively to time-domain
techniques.

FD-FLIm estimates uorescence lifetimes by modulating the excita-
tion light at a radio frequency and analysing the response of the emitted
uorescence. Due to the nite lifetime of the excited state, the emitted
uorescence is delayed relative to the excitation and its modulation am-
plitude is reduced. These e ects can be quanti ed using either the phase
delay or the modulation depth of the uorescence signal.

The phase lifetime ( ) is derived from the phase shift () between the
modulated excitation and the delayed uorescence emission. It represents
the average temporal delay of the uorescence signal:

_ tan() .
T

(2.13)
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where ! is the angular modulation frequency of the excitation source.

The modulation lifetime ( y ) is instead derived from the reduction
in modulation depth (M) of the uorescence emission compared to the
excitation:

1 1

MOT T N2 1: (2.14)
Phase and modulation lifetimes are mathematically related to time-
domain measurements through the Fourier transform [3, 21]. For a single-
exponential decay, and \ are identical, but for multi-exponential or
complex decays they generally di er, with the phase lifetime weighting
longer components more and the modulation lifetime more sensitive to
shorter components.

One of the main advantages of FD-FLIm is its ability to achieve
high-speed acquisition. Lifetime estimation is derived from phase and
modulation, without reconstructing the full decay curve. This signif-
icantly reduces acquisition time, making the technique well-suited for
real-time imaging. FD-FLIm also simpli es the electronics compared
to time-correlated single-photon counting (TCSPC). Instead of requir-
ing picosecond timing of individual photons and complex time-to-digital
converters, FD-FLIm uses analog phase detection or on-chip demodula-
tion. This reduces hardware complexity and data throughput because
only two parameters, phase and modulation, are extracted per pixel [5].
Furthermore, FD-FLIm does not require single-photon sensitivity; de-
tectors operate in linear mode, measuring the analog modulation of the
uorescence signal rather than discrete photon arrival times. This al-
lows the use of conventional high-speed detectors rather than specialised
single-photon devices.

Despite these advantages, FD-FLIm has some limitations. Accurate
lifetime determination requires precise calibration to correct for phase er-
rors and instrument response, which can introduce complexity in system
setup. The technique is also less robust for samples exhibiting multi-
exponential decays, where phase-based estimation becomes less reliable.
Furthermore, while FD-FLIm o ers excellent speed, its temporal reso-
lution is generally lower than that achieved by TCSPC, making it less
suitable for applications requiring precise characterisation of fast decay
components.

2.3 Analysis Methods

Once uorescence data has been acquired, appropriate analysis methods
are required to extract the sample lifetimes. Since frequency-domain
FLIm was not implemented in this thesis, the discussion here focuses
exclusively on time-domain data processing. In this work, this has been
done using curve tting; the acquired data is t to a model of uorescence
decay yielding lifetime values that best describe the observed data. The
model applied can be an ideal exponential decay as in equations 2.7 and
2.8, this is herein referred to as tail tting. Alternatively, the model can
take into account the in uence of the system's IRF as in equation 2.12,
this is herein referred to as reconvolution tting. Both of these tting
methods are explained below and implemented on the same example
dataset for comparison.

The data used for tting is example data provided with the opera-
tion software for the PicoQuant PicoHarp 300 TCSPC module. At the
time of writing, the software (and the data within it) is freely available
online [31]. The data is a uorescence decay acquired from a sample of
Coumarin 6 dye in ethanol using 440 nm laser excitation at a 10 MHz
repetition rate, and 520 nm emission detection with a PMT.

11
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Figure 2.7: The example data set used here for demonstrating the tting
process. The data was acquired from a sample of Coumarin 6 uorescent
dye using 440 nm excitation and a TCSPC system with a PMT detector.
The region from which the background counts can be estimated is also
indicated on the plot.

2.3.1 Tail tting

Tail tting involves tting an exponential decay model to the later part

of the measured signal. This approach doesn't consider the in uence of
the system IRF on the measured signal, therefore it will not yield as
accurate results as methods which do take this into account, especially
for decay components of a similar size to the IRF width. However it can
be useful when knowledge of the system IRF is not available.

Before tting can be performed, there is some pre-processing on the
data required, beginning with background correction. For real-world
measurements, the photon counts observed will be o set from zero by
a background o set; this can come from ambient light in the room or
from the dark count rate of the detector. The background o set can
be included as a tting parameter if preferred, but it is often possible
to select a region in the measurement where no visible uorescence is
detected; the photon counts over this region can be averaged to esti-
mate the background and then subtracted from the signal to obtain the
background-corrected count values. Care must be taken when using this
approach for uorophores with longer lifetimes; in these cases, the tail
of the decay can be long enough that it wraps around and can be seen
at the beginning of the measurement window. Any region including the
tail for the decay should not be included for background estimation of
course. This e ect can be mitigated by using a lower laser repetition rate
but this will lead to a corresponding increase in acquisition time. The
observed background-corrected counts in time binjt is denoted ¢. The
sample data is presented in Figure 2.7 and the region for background
estimation indicated.

The next step is to select the region of the signal over which to perform
tting. For tail tting this should begin enough beyond the peak of the
curve that the in uence of the IRF has mostly subsided. In this case we
will t from 80% to 1% of the maximum observed counts on the falling
edge of the decay. Let a and b denote the time-bin indices after the peak
where ¢ rst falls below 80% and 1% of the max value respectively.
Fitting will then be performed over the time window t 5 to tp.

Next we determine the model for tting. For this example a mono-
exponential decay model is used, therefore the predicted counts is given
by the expression 2.15:
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t t o):

¢ =loexp (2.15)

Here ty is the time bin where the uorescence decay "starts". With
real data there is no exact moment the decay starts but § can be esti-
mated as the time bin with the maximum photon counts or alternatively
the steepest point on the rising edge of the measured dechy Either of
these estimation methods are preferred to a user-de nedgt as they are
repeatable and can be applied consistently across multiple measurements.

| o is sometimes included as a tting parameter but we can also con-
strain it according to equation 2.16:

¢ = . G: (2.16)

This enforces the condition that, over the tting range, the total
predicted photon events is equal to the total observed photon events. The
value of I can then be found as follows by substituting the expression
for ¢; from equation 2.15 and moving b outside of the summation:

xo . xo
lo exp G to) G; (2.17)
j=a j=a
Py
iza G
lo= p =8 7 : (2.18)
jb:a exp tj t o)

For the work in this thesis, tting is performed through minimization
of the sum of weighted squared residuals. Here this takes the form of a
Pearson's chi squared, 3, in which squared residuals are weighted by
dividing by the predicted counts and then summed over the tting region
[32], this is expressed as:

_ X (g €))?

5 (2.19)

N

J=a

A value of which minimises the above expression is then found
using an optimisation algorithm, typically the Levenberg-Marquardt al-
gorithm. The tting result is evaluated by calculating the reduced chi-
squared value 2, over the tting range, this is found by dividing 2 by

red
the degrees of freedom such that

1
fed T b g 5 . 2; (2.20)
where b a gives the number of time bins used for tting and p is the
number of tting parameters and constraints. In this case p = 2 as we
have one tting parameter and one constraint as imposed in equation
2.16. The closer the value of 2, is to 1, the better the t is considered.
The results of tting can be visualised by plotting the observed and
predicted counts as shown in Figure 2.8. The residuals (the di erence
between the observed and predicted counts) are also presented; residuals
randomly distributed around zero are desirable within the tting range.
For this data, a lifetime value of 2:60 ns was obtained with a 2, of 1.12

. ) ” red
using tail tting.

1in the case of a monoexponential decay model, the choice of t o does not a ect the
result. However, for a multiexponential model, it can in uence the relative weightings
of the lifetime components. For lifetime values within the range where tail- tting
is appropriate, this impact is likely to be small. Tail tting with multiexponential
models has not been applied in this thesis; therefore, a detailed discussion of this
e ect is not included.

13
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Figure 2.8: The results of tail tting on a uorescence decay measurement
from Coumarin 6 dye. The measured photon counts and the tted model
are plotted in the upper axes while the residuals (¢ ¢ ;) are shown in
the lower graph. The tting range (t 5 to tp) is indicated by the dashed
red lines in both plots. An optimum value of 2:60 ns was obtained after
tting. The residuals appear randomly distributed either side of zero

over the tting range and a  2,; value of 1.12 indicates a good t.

A better t with measured data can often be achieved by increasing
the number of lifetime components in a the model applied, and therefore
the number of tting parameters. The equation for ¢; then takes the
following form:

x _
¢ =1l i exp M (2.21)

i=1 !
However, the number of components should ideally be chosen based on
knowledge of the expected photophysics of the sample. Without this, the
inclusion of additional lifetime components can lack physical meaning.

2.3.2 Reconvolution tting

If a measurement of the system IRF has been taken, we can incorporate
this into out model for tting by convolving the IRF with the exponential
decay model as in equation 2.12. This allows compensation for the imper-
fection of the measurement system, thereby yielding more reliable lifetime
measurements, especially at shorter lifetimes. The IRF can be measured
by removing the Iter from the detection path and directly measuring
the laser pulse from a scattering, non- uorescent sample. This sample
is often LUDOX® silica beads or a piece of frosted glass. Alternatively,
an IRF measurement can be obtained from a quenched uorescent dye
with a very fast decay, much shorter than the width of the laser pulse.
This second option has the benet of measuring the IRF at a similar
wavelength range as the uorescence of future samples; this can become
signi cant for detectors with wavelength-dependent response times, such
as SPADs.

For the example data used in the previous section, a measurement of
the IRF has also been provided and is presented in Figure 2.9. Before
applying the IRF in the tting model, the background counts should be
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Figure 2.9: The measurement of the instrument response function (IRF)
provided with the example decay data. Background subtraction should
be performed before applying the IRF for reconvolution tting.

estimated and subtracted; this can be done in the same way as was done
previously with the data.

The predicted counts are now obtained from the discrete time convo-
lution of an ideal exponential decay and the system IRF. For a monoex-
ponential decay the predicted counts ¢ for a given time bin j is found
using equation 2.22,

R .
¢ =lo w; exp M; (2.22)

k=1

where w is the IRF value in the j " time bin. In this instance, tg
is now the temporal o set between the IRF measurement and the uo-
rescence decay and is included as a tting parameter along with . This
o set can arise from a few sources: if the IRF has been recorded at
the excitation wavelength, it can be due to di erent propagation speeds
through optical elements of the system compared to the uorescence sig-
nal; or from di erent detector response times at the excitation wave-
length; or in some systems, a di erent optical path is used for recording
the IRF causing an o set in the arrival time.

Similarly as before, in the general case of a multiexponential model
with n lifetime components, ¢; is expressed as:

)é )@ t. t
¢ =lo W i exp M: (2.23)
k=1 i=1 !
The same constraint on the total photon counts over the tting range

from equation 2.16 can be applied here; for a monoexponential decay |
is now obtained from equation 2.24:

Pb
j=a Cl

1 W exp

lo= Pp—P7
j:a k=

O 0): (2.24)

From this point, the tting process can be carried out in the same
way as with tail tting over the same tting range (t 5 to ty); optimum
values of and ty are found which minimise equation 2.19, and the tis
evaluated by calculating 2, using equation 2.20. In this case we have
two parameters ( and tg) and one constraint from equation 2.16, so
p = 3. The results of reconvolution tting using the example data and
IRF are shown in Figure 2.10 along with a plot of the residuals; a lifetime
value of 2:47 ns was obtained with a %, of 1.12.

15
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Figure 2.10: The results of reconvolution tting on a uorescence decay
measurement from Coumarin 6 dye. The measured photon counts, IRF,
and tted model are shown in the upper plot. The residuals are shown
in the lower plot. The tting range is indicated by the dashed red lines.
An optimum value of 2:47 ns was obtained after tting. The residuals
appear randomly distributed either side of zero over the tting range and

a 2, value of 1.12 indicates a good t.

Interestingly, the two tting methods produce identical rzed values

indicating an equally good t to the observed data. However, considering
that reconvolution takes into account the response of the system (i.e. ad-
ditional information about the measurement system), it is reasonable to
accept this as a more accurate measurement of the sample photophysics.
A lifetime value for Coumarin 6 of 2:5ns is often used as a standard with
460 nm excitation for system calibration [33, 34], and Szlazak et al. [35]
report a lifetime of 2:48 ns using 440 nm excitation, the same as was used
for the example data presented here. This shows good agreement with
the result obtained using reconvolution tting.

Tail tting can still be of use for detecting a lifetime contrast between
di erent samples measured with the same system (or di erent locations
on the same sample), though this contrast will be limited for lifetimes val-
ues approaching the IRF width. For an accurate absolute measurement
of sample lifetimes, reconvolution tting is preferred.

2.3.3 Fast lifetime estimation

In addition to the tting-based methods described above, a fast estima-
tion technique for uorescence lifetimes was also applied in this thesis,
herein referred to as FastLT. This method was used for the microscopic
inspection of the solid-state FLT standards described in Paper IV using
the Fast FLIM method 2 in PicoQuant's SymPhoTime tting software.

The FastLT method estimates the average lifetime as the time di er-
ence between the barycentre (or centroid) of the IRF and the barycentre
of the measured decay. This approach is computationally e cient and
particularly useful for generating initial lifetime maps or for applications
where speed is critical.

Mathematically, the barycentre of a decay curve I(t) is given by:

2https:/ivww.tcspc.com/doku.php/glossary:fast_lifetime
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Figure 2.11: Application of the FastLT method to the Coumarin 6 decay
dataset. The observed uorescence decay and the instrument response
function (IRF) are shown, along with their respective barycentres. The
estimated average lifetime, calculated as the time di erence between the
two barycentres, is 2:39ns.

P til(t)
hii= 22 17 (2.25)
i I(t j)
The estimated average lifetime gar IS then:
FasttT = Niti gecay hti e : (2.26)

If a measurement of the IRF is not available, a start time t; must
be estimated by other means, such as were proposed in section 2.3.1.
However, this can introduce a systematic o set in the estimated lifetimes.
While this method does not resolve multiple exponential components, it
is robust to low photon counts and provides a useful approximation of
the average lifetime. This makes it well suited for rapid screening or for
use in systems with limited computational resources.

By applying the FastFLT method to the same Coumarin 6 dataset
used previously, the estimated average lifetime was found to be 2:39ns
as shown in Figure 2.11. This value is slightly lower than the values
obtained using tail tting (2:60ns) and reconvolution tting (2:47 ns).
This small discrepancy is expected, given the simplicity of the estimation
approach. Nonetheless, the method is useful for rapid and reasonably
accurate lifetime estimation.

2.3.4 Error analysis in lifetime estimation

Error analysis is an important consideration in uorescence lifetime imag-
ing, as uncertainties arise from photon shot noise, background subtrac-
tion, and the non-linear tting used to extract decay parameters. At the
single-pixel level, the precision of a tted mono-exponential lifetime can
be estimated from the covariance matrix of the t or by standard error-
propagation methods. These con dence intervals re ect the variabil-
ity expected from repeated measurements of the same pixel and depend
strongly on photon statistics; higher photon counts yield lower stangsii-
cal uncertainty, with the standard error approximately scaling as 1= N,
where N is the number of detected photons [36]. Typical thresholds re-
ported in the literature for reliable mono-exponential tting lie in the
range of 1¢ 104 detected photons per pixel [36]. For multi-exponential
models, the photon requirements are generally higher due to increased pa-
rameter correlation and tting complexity; however, this is not explored
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in detail here because only mono-exponential tting was performed in
this work.

Although pixel-level con dence intervals quantify measurement noise,
they do not capture spatial or biological heterogeneity and therefore do
not directly represent the uncertainty of a larger region or sample. For
this reason, uncertainty is assessed at the image level by reporting the
mean and standard deviation across groups of pixels. This approach,
widely adopted in FLIm studies [37], provides a robust measure of vari-
ability while avoiding the instability of per-pixel error estimates in low-
photon regimes.

2.4 Phototoxicity and safe exposure considerations

Optical excitation is an essential element of uorescence lifetime imaging;
in the context of in vivo applications where tissue is directly illuminated,
this excitation must be carefully controlled to avoid photothermal or
photochemical injury. Only certain tissues have well-established expo-
sure limits; in particular, 1.S. EN 60825-1 provides maximum permissible
exposure (MPE) values for the skin and for ocular tissues (cornea, lens,
and retina) [38], forming the regulatory basis for laser safety evaluations
in biomedical systems. No speci c exposure standards exist for deeper
tissues or hollow organs, so these super cial tissue limits are the only
formal references available. It is also important to recognise that accu-
rate uorescence lifetime estimation requires detecting su cient photons
(typically on the order of 102 10* per pixel for robust tting), so the
achievable measurement precision is fundamentally constrained by how
many excitation photons can be delivered to the tissue while remaining
below these MPE-de ned safety limits.

Although all experiments were conducted on ex vivo specimens, com-
paring the delivered exposure to appropriate MPE values is important
for understanding potential clinical translatability. In this context, ocular
MPEs are substantially lower than those for the skin. This is primarily
because the ocular media and pupil can collect and focus incident light
onto a small retinal spot, greatly amplifying local irradiance and creating
a more restrictive hazard condition. These more stringent limits there-
fore re ect a speci c ocular risk rather than general tissue vulnerability.
Because the imaging systems developed in this thesis are neither con g-
ured nor intended for ocular exposure, safety is assessed against the skin
MPEs. These provide the most appropriate reference in the absence of
standards for deeper tissues. For each system, the exposure from a single
pulse and the time-averaged irradiance at the tissue plane are compared
to the relevant skin MPE de ned in I.S. EN 60825-1 [38]. All evalua-
tions are performed using the standard's 3:5mm skin-limiting aperture
as de ned in the standard [38], ensuring that irradiance or radiant ex-
posure is averaged over a biologically meaningful area. The evaluation
methodology is described in Section 5.1.4, with only the results stated for
subsequent evaluations. The purpose of these assessments to provide an
informed indication of the extent to which the operating conditions fall
below recognised limits, providing evidence of their potential for future
in vivo translation.

2.5 Summary

This chapter has outlined the fundamental principles and methodologies
for FLIm which have been applied in this thesis. The fundamental prin-
ciples of uorescence and of uorescence lifetimes were introduced, high-
lighting their sensitivity to the local molecular environment. Key time-
domain measurement techniques have been described, including some
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advantages and limitations in terms of temporal resolution, acquisition
speed, and optical e ciency. Finally, the analytical approaches applied in
this thesis to extract lifetime information have been detailed. Together,
this forms the basis for understanding and interpreting FLIm data in the
context of the experimental work that follows.
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Chapter

In vivo FLIm

As was mentioned in Chapter 1, FLIm has demonstrated signi cant po-
tential in biomedical diagnostics, particularly in ex vivo tissue analysis,
particularly in ex vivo tissue analysis, where controlled conditions allow
detailed characterisation of endogenous uorophores [2, 9 11]. These
studies showed that lifetime contrast can reveal biochemical di erences
between tissue types, motivating the development of in vivo FLIm sys-
tems to determine whether these contrasts can still be measured under
physiological conditions. However, translating this capability to clinical
settings introduces unique challenges and opportunities. Key challenges
include tissue motion during imaging, restricted access to target sites,
and the need for integration into existing clinical work ows.

A critical consideration is the variation in uorescence lifetimes mea-
sured in vivo compared to those observed ex vivo, even for nominally
similar tissues [1, 39]. This discrepancy arises from physiological changes
following excision, such as loss of perfusion and oxygenation, altered pH,
and temperature shifts, all of which in uence the redox state of uo-
rophores like NADH and FAD. Additional factors, including di erences
in hydration and scattering, further contribute to lifetime shifts. These
variations complicate the direct application of ex vivo calibration data to
in vivo diagnostics and increase the risk of misclassi cation when diag-
nostic thresholds are derived from ex vivo studies. Consequently, robust
strategies are required to account for these di erences, including adap-
tive calibration methods and algorithms capable of handling dynamic
physiological conditions. While these challenges add complexity, they
also present opportunities: lifetime sensitivity to perfusion, metabolism,
and micro-environmental changes may provide clinically valuable insights
that are inaccessible in ex vivo measurements.

This chapter reviews the current state-of-the-art FLIm systems devel-
oped for in vivo applications. The systems are categorised based on their
imaging modalities: free-hand scanning, helical scanning, laser scanning,
and wide- eld imaging; their respective advantages, limitations, and clin-
ical relevance are then discussed. The chapter also introduces the use of
single-photon avalanche diode (SPAD) arrays for wide- eld FLIm, with
a focus on their potential for miniaturisation and clinical translation.
This review establishes the technological context and motivation for the
development of compact, chip-on-tip FLIm systems.

3.1 State of the art

The e cacy of FLIm with thin ex vivo samples from patients raises the
question of the potential clinical bene ts that could be provided by such
measurements performed on bulk tissue in vivo. Because of this, there
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has been much research in the translation of these measurements into
clinical applications, and in particular, the development of systems that
can acquire lifetime information in vivo during surgical procedures. The
systems developed already have opened vast research opportunities to
explore the value of FLT measurements in a wide range of in vivo appli-
cations.

A recent review of FLIm for biomedical applications can be found
in Datta et al. [20], an overview of the clinical translation of FLIm is
found in Alfonso-Garcia et al. [1] and in an earlier article from Marcu [9].
Some illustrative examples are outlined here to inform the motivation
for this thesis. The dierent FLIm systems are divided into categories
based on how the lifetime image is acquired; free-hand scanning systems
acquire an image by scanning the probe over the sample area (or by scan-
ning a sample stage in some ex vivo examples); helical scanning systems
are rotating point probes which are rotated and retracted at the same
time to image the wall of a vessel; laser scanning probes scan a focussed
excitation laser spot over the sample area to form an image, often us-
ing mirrors mounted on a galvanometer; and wide- eld systems image
lifetime information from an entire eld of view in parallel. Examples of
each system type from literature are described and some key performance
metrics included for each.

3.1.1 Free-hand scanning

Most existing implementations of in vivo FLIm employ point scanning to
recover lifetime images. In 2014, Yankelevich et al. [40] reported a clini-
cally compatible bre-optic based multispectral FLT system, a schematic
of this system can be seen in Figure 3.1. The excitation source is a 355 nm
pulsed UV laser while the detection module of the system separates the
emission into four spectral channels; these channels are temporally de-
layed relative to one another using di erent lengths of optical bre. This
allows them to be detected with a single multichannel plate (MCP) gated
intensi ed photomultiplier (PMT). The electronic pulses from the detec-
tor are then sampled using a high-speed digitiser with 125 ps temporal
resolution. This method of directly sampling pulses for lifetime measure-
ments is referred to as pulse-sampling FLIm (PS-FLIm).

A later PS-FLIm system, developed by the same research group, re-
moved the requirement for temporal separation of the spectral channels

Figure 3.1: Reprinted from Yankelevich et al. [40], with the permis-
sion of AIP Publishing. A schematic of a bre-optic based multispec-
tral FLT system. F1 F4 are optical pass-band lters with center wave-
length/bandwidth: 390/40, 452/45, 542/50, and 629/53 nm, respectively.
BS1 BS4 are dichroic beam-splitters with >93% transmittance for wave-
lengths longer than 360, 420, 510, and 590 nm, respectively.
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[41]; this was achieved by using three (and later four [42]) avalanche pho-
todetectors, with pulse sampling performed using two 2-channel high-
speed digitisers. Tissue auto uorescence is generated by many di erent
components with often overlapping spectral emission (such as structural
proteins, porphyrins and lipids) [41]. Therefore, resolving uorescence
lifetime decays into multiple spectral bands can improve the speci city
of such measurements.

The front end of these systems, in many cases, simply uses a single
optical bre for both excitation light delivery, and for collection of the
uorescence emission. The bre tip is scanned across the sample, often by
hand, to acquire a lifetime image. Developments have been made to allow
these lifetime measurements to be superimposed on a colour image from
a surgical microscope; this is done by tracking the location of a visible
"aiming beam" for co-registration of the lifetime measurement. This
has enabled real-time visualisation of the lifetimes measured at di erent
locations during surgical procedures as is illustrated in Figure 3.2 [30, 43].

Various iterations of the systems above have facilitated the acquisition
of vast amounts of in vivo and ex vivo FLIm data. In particular, they
have been used to investigate the e cacy of in vivo FLIm for tumour
margin detection in the brain [44 46], the oral cavity [43, 47 49], and in
resected breast tissue [50, 51].

While the systems above relied on pulse sampling with high-speed
digitisers, an alternative approach was demonstrated by a dierent
research group in Lagarto et al. [52]. Their system also performed
spectrally-resolved lifetime measurements using multiple detectors, but
instead of pulse sampling, it employed a single TCSPC card in combi-
nation with a router to serialise the outputs from three PMTs. This
con guration enabled simultaneous multi-channel TCSPC. The system
was applied in vivo to assess structural and metabolic changes in cardiac
tissue in a rat model of heart failure, achieving high diagnostic accuracy.

Other free-hand FLIm probes include the system presented by La-
garto et al. [53] which uses 375 nm excitation delivered via a multimode
bre, with emission collected by seven other bres. The emission is then
Itered into a single spectral channel (470 14 nm) and recorded using
a hybrid detector and a TCSPC card. This system was demonstrated
on bovine heart and lamb kidney samples with visualisation performed
similarly to the previous example, where the lifetime measurements were
superimposed on a white light image of the sample captured with a USB
camera.

The same research group later replaced the TCSPC module in this
system with a diraction grating and a single-photon avalanche diode
(SPAD) array, e ectively con gured as a time-resolved spectrometer [54].
This system was demonstrated for lifetime imaging of porcine articular
cartilage ex vivo pre- and post-treatment with bacterial collagenase to
mimic the degradation that occurs in osteoarthritis, nding a decrease
in the uorescence lifetimes, particularly in regions which had undergone
digestion.

3.1.2 Helical scanning

Free-hand point-scanning FLIm probes, like the ones mentioned above,
have proved e ective for applications which allow adequate space for a
probe to be scanned in addition to a colour-imaging modality which can
be used for co-registration of the lifetime measurements. Other bre-
based FLIm systems have been reported for more space-restrictive appli-
cations.

In Lee et al. [55] a hybrid rotating side-viewing probe uses a com-
bination of FLIm and optical coherence tomography (OCT) to image
intravascular plaques in a rabbit artery in vivo. The FLIm detection

Figure 3.2: Adapted with permis-
sion from Marsden et al. [43] ©
2020 Optical Society of America.
(a) A white light image of a sur-
gical eld of view during a clini-
cal head and neck surgery. (b) An
overlay of the measured FLT in the
same eld of view. Sparse point-
measurements are visualised us-
ing a custom interpolation method
where P is a weighting exponent.
The FLIm bre probe is integrated
with a da Vinci Si System and de-
ployed using a bre introducer seen
in the left of the image.
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Figure 3.3: Adapted with permis-

sion from Bec et al. [59] © 2024
Optica Publishing Group. The

FLIM-OCT catheter consisting of

a double-clad bre enclosed in a
500 um diameter torque coil, a
fused silica ferrule, and a side-
viewing free-form re ective focus-

ing micro-optic.

Figure 3.5: Adapted with permis-

sion from Cheng et al. [61] ©

2014 Optical Society of America.

(a) A photograph of the handheld

rigid scanning endoscope. (b) Nor-
malised uorescence intensity map

and (c) FLT map of an ex vivo hu-

man oral biopsy imaged with the

rigid endoscope in the >500nm
emission channel. Region 1 in the
FLT map was diagnosed as super-
cial invasive squamous cell carci-

noma whereas region 2 which was
diagnosed as dysplasia.
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Figure 3.4: Adapted from Li et al. [58] under CC BY 4.0. FLIm-OCT
images from three sections of a human coronary specimen. Pixel bright-
ness corresponds to the OCT backscattered intensity whereas the hue
corresponds to the FLIm averaged lifetime for the 390 nm spectral band.
The OCT penetration depth enables the visualization of the full vessel
wall in healthy regions, including some perivascular adipose tissue. Low
FLT was found to be associated with healthy regions, whereas longer
lifetimes was associated with pathological thickening of the intima and
early plaque formation.

module for this system separates spectral channels temporally, similarly
to the system described above. Side viewing was achieved by splicing a
length of coreless bre to the tip of a double-clad bre (DCF) which is
then polished at 41, re ecting the beam to the side. A ball shape for
light focusing was then formed on the side of the coreless bre using a
fusion splicer. The catheter is then rotated at up to 100 rotations per
second for helical scanning of the vessel wall, achieving a spatial resolu-
tion of 80 um for the lifetime measurements. The single-mode core of the
DCF is used to perform OCT while the inner cladding is used for FLIm.

Bec et al. [56] have reported a free-form re ective focusing micro-
optical element for side viewing bre probes. The use of re ective optics
can reduce chromatic aberrations, which is important for in vivo FLIm
considering the broad auto uorescence emission spectrum. This micro-
optical element has since been applied for intraluminal lifetime imaging
of ex vivo murine colon samples [57]; for combined FLIm and OCT in an
ex vivo human artery specimen [58]; and later for FLIm and polarization-
sensitive OCT in vivo in a swine heart [59]. The side-viewing bre probe
assembly can be seen in Figure 3.3. A uorescence excitation spot size
of 50 um was reported by Li et al. [58] using the free-form focusing optic;
example FLIm-OCT images acquired with the system can be seen in
Figure 3.4.

3.1.3 Laser scanning

The systems already described require mechanical motion at the distal
end of the probe. For the free-hand examples the bre tip is scanned
across the sample area, and for the side-viewing catheter systems the
tip of the catheter is rotated at high speeds. Other systems have been
reported in which a focused excitation laser spot is scanned across the
sample using mirrors to acquire a lifetime image. An early PS-FLIm
system used galvanometer-mounted mirrors at the back focal plane of
a microscope objective to image a cancerous legion in a hamster cheek
pouch in vivo [60]. The same research group later reported a more com-
pact, handheld, rigid probe with a similar imaging approach which can
be seen in Figure 3.5 [61]. This consisted of a handheld box (dimensions:
7cm 13cm 5cm, mass: 450 g) attached to a rigid scope (length: 14 cm,
diameter: 1:7cm). The capability of this system was initially demon-
strated in vivo in a hamster cheek pouch and on ex vivo human oral
cancer samples. This same system was later applied for discrimination
of cancerous tissue in vivo in the oral cavity [62].
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The same research group also developed a digitally modulated fre-
guency domain FLIm (FD-FLIm) platform capable of simultaneous ul-
traviolet and visible excitation (375 nm and 445 nm), multispectral detec-
tion, and real-time FPGA-based phase and modulation processing [63].
The system supports sub-nanosecond to nanosecond lifetime estimation
and was validated through in vivo FLIm of human skin and oral mucosa.
Building on this engine, the same group implemented a rigid, handheld
endoscope that integrates the FD FLIm approach for imaging of the
oral mucosa [64]. In that endoscopic implementation, the average op-
tical power at the distal tip was on the order of 1 mW per excitation
wavelength, and a 140 O 140 pixel image was typically acquired in 1:6s
at a pixel rate of 12:5kHz. Together, these works demonstrate that
frequency-domain architectures o er promising routes toward simpli ed,
low-cost, and clinically translatable FLIm instrumentation, complement-
ing the time-domain systems reviewed in this chapter.

For applications where smaller, exible scopes are required, several
bre-bundle based scanning FLIm endomicroscopes have been reported;
these systems use coherent bre bundles for excitation light delivery and
uorescence emission collection with an imaging lens often mounted at
the distal end of the probe. The excitation laser is scanned over the
proximal end of the bre bundle, thereby scanning the location of the
focused laser spot at the distal end across the eld of view. A schematic
of a bre-bundle based scanning FLIm endomicroscope can be seen in
Figure 3.6.

Kennedy et al. [66] adapted a commercially available endomicroscope,
which was already licensed for clinical use in the gastrointestinal (Gl)
tract and for bronchoscopy. The probe used a coherent bre bundle
consisting of 30,000 single-mode bres, achieving a lateral resolution of

Figure 3.6: Reprinted from Sparks et al. [65] under CC BY 4.0. A
schematic of the confocal FLIm endomicroscope system. A Ti:Sapphire
laser operating at 80 MHz is frequency-doubled to generate excitation
light at 488 nm. Two scanning mirrors scan the focused excitation beam,
sequentially exciting the approximately 30,000 individual cores in a co-
herent bre bundle. At the distal tip of the probe, a mini-objective lens
focuses the excitation light onto a scanning spot on the sample plane.
The same lens images the uorescence signal from the sample back onto
the same core of the bre bundle. At the proximal end, the uorescence
signal is descanned and focused onto a confocal aperture in front of a
PMT, with photon arrival times recorded via a TCSPC card.

25



3.1.3 Laser scanning

Figure 3.7: Adapted with permis-
sion from Lin et al. [72] © 2022
Optica Publishing Group. Two-
photon uorescence intensity and
TP-FLIM images from the intes-
tine of an anaesthetised mouse at
45 pm depth captured with the -
bre bundle TP-FLIM microendo-
scope. The pro les plot the inten-
sity and lifetime values along the
red lines in the two images.
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1:4um and a eld of view of 240 um. Crucially, the probe had an external
diameter of 2:6 mm, meaning it could be deployed using any endoscope
with a working channel of at least 2:8 mm in diameter. 488 nm excitation
was provided by a modelocked frequency-doubled Ti:Sapphire laser with
a PMT and a TCSPC card used for detection. The system capability was
demonstrated by imaging xed COS-7 cells expressing green uorescent
protein with acquisition times down to almost 1s. This system was later
applied to quantify drug-target engagement in vivo in a mouse model of
peritoneal metastasis of ovarian cancer, with an e ective acquisition time
of 10s per lifetime image [65].

Pedretti et al. [67] developed a bre-bundle based system which per-
formed imaging in contact with the sample, thereby not requiring an
objective at the distal end of the bre-bundle. This system used a
32 O 32 SPAD array with TCSPC capability for time-resolved detec-
tion [68]. Dual-wavelength excitation at 480 and 640 nm was performed
using two synchronised pulsed laser diodes driven at a 20 MHz repetition
rate with a 25 ns delay between them. This enabled simultaneous lifetime
measurements at the two di erent wavelengths. The system capability
was demonstrated by lifetime imaging of ex vivo human lung tissue plus
E.coli labelled with a uorescent SmartProbe. Imaging was performed
a rate of up to 1 Hz, imaging a circular area with a diameter of approx-
imately 600 um with resolution determined by the bre core spacing of
around 5 pum [69].

Another scanning bre-bundle FLIm system using in-contact imaging
was recently applied for label-free cancer detection in ex vivo human lung
samples [70]. This system used a 488 nm excitation source and a 512
SPAD line array sensor capable of on-chip TCSPC and histogramming
in each SPAD. The detector has previously been used in a bench-top
full-spectral FLIM system [71]; for the endomicroscope, photon counts
were binned into two spectral channels (500 580 and 610 760 nm) to
increase signal-to-noise ratio and increase acquisition speed. The system
was used to image ex vivo human lung tissue samples from cancerous and
adjacent non-cancerous regions at a frame rate of 3Hz. They found that
the FLT in the 500 580 nm spectral channel was signi cantly reduced
in the cancerous samples, allowing label-free di erentiation between the
sample types with a sensitivity of 81.0% and speci city of 71.4%.

A bre bundle system for in vivo two-photon FLIM (TP-FLIM) has
also been reported by Lin et al. [72] with a 1:4 mm miniature objective
mounted at the distal end of the bre bundle. An 80 MHz femtosecond
laser tuned to 840 nm was used for excitation and uorescence was de-
tected with a PMT and TCSPC module. The eld of view had a diameter
of approximately 390 um and a lateral resolution of 1:55 um. The system
was used for in vivo TP-FLIM of the intestine of an anaesthetised mouse
following injection of a squaraine dye that binds serum albumin and ex-
hibits strong two-photon absorption. A Z-stack of images from Oum to
130 um was acquired by changing the distance between the tissue sur-
face and the mini objective, with each image acquired in under 4s. The
resulting lifetime maps showed strong contrast between blood vessels
and surrounding connective tissue (Figure 3.7), attributed to di erent
dye-binding states in the respective tissue types. The optical sectioning
of TP-FLIM arises from the nonlinear nature of two-photon excitation:
uorescence is generated only at the focal point where photon density
is highest, resulting in a very small excitation volume and eliminating
out-of-focus background without the need for a pinhole [72, 73]. This
provides sub-micron lateral resolution and excellent axial con nement

Another TP-FLIM endomicroscope reported in the literature employs
resonant bre scanning. In this design, the tip of a double-clad bre
(DCF) is driven in a spiral pattern by a piezoelectric actuator positioned
behind a miniature objective that focuses the excitation spot onto the
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sample [73]. Femtosecond 730 nm pulses from a Ti:sapphire laser are de-
livered through the single-mode core, while uorescence is collected by
the objective and coupled into the DCF's inner cladding. The probe tip
has a diameter of approximately 2 mm, with all mechanical scanning con-
ned within the probe head behind the objective (Figure 3.8). Emission
is Itered to isolate auto uorescence from NADH in the 417 nm to 477 nm
band and detected with a PMT TCSPC system. This endomicroscope
was demonstrated in vivo in mice to monitor NADH lifetime changes
during renal ischaemia reperfusion and to map metabolic alterations in
subcutaneous tumour cells following induced apoptosis. It achieved a
spatial resolution of 0:7um over a 100 pum to 130 pm eld of view.
Although capable of a 2Hz frame rate, ten frames were averaged for in
vivo imaging to improve signal, with motion correction applied to com-
pensate for respiration-induced movement.
Beyond bre-based probes, multiphoton FLIM has also been used
for high-resolution metabolic imaging with benchtop systems, as demon-
strated by Skala et al. [74] for in vivo imaging of hamster cheek pouch
epithelium. In the clinical domain, JenLab's CE-certi ed multiphoton to-
mographs, Dermainspec? and MPT ex ® , have enabled in vivo FLIM  Figure 3.8: Adapted from Liang
of human skin for dermatological and cosmetic research [75, 76]. Theseet al. [73] with permission.
platforms provide label-free structural and metabolic contrast using in- goci:gzz A“;iﬂg';‘r:‘aﬁcc“;[“ictﬂe
tegrated TCSPC-based FLIMt Howe_ver, their rel!ance_ on hlgh_-power resonar']t_scannmg TP-FLIM
pulsed lasers, complex scanning optics, and precise alignment increasesendomicroscope head design. The
system cost and limits portability, highlighting the trade-o between clin-  tip of a DCF is driven in a spiral

ical capability and engineering complexity. pattern by a piezoelectric actuator
P ty 9 9 P ty behind a miniature objective

which focusses the excitation

3.1.4 Wide-eld light and collects the two-photon
uorescent emission.

Wide- eld FLIm has the bene t of capturing lifetime information from
the entire eld of view (FoV) at the same time, reducing motion arte-
facts and potentially increasing system throughput and e ective pixel
rate [17]. Wide- eld in vivo FLIm has been demonstrated with probes
using a gradient index (GRIN) lens to image onto a bre bundle at the
distal end of the probe, and a gated intensi ed charge-coupled device
(ICCD) camera for detection at the proximal end. Despite these advan-
tages, wide- eld FLIm inherently lacks optical sectioning. As a result,
uorescence from out-of-focus planes contributes to the detected signal,
which can reduce spatial resolution, blur ne structural features, and
lead to lifetimes that represent depth-averaged values rather than the
local biochemical environment. This makes it di cult to isolate signals
from thin epithelial layers, weakly uorescent lesions, or small subsur-
face structures; these limitations can become signi cant for diagnostic
applications where depth speci city is important.

In 2009 Sun et al. [77] reported a wide- eld FLIm system with this
con guration, itself an improvement on a previously published prototype
[78]. The system delivered 337 nm excitation pulses via a multimode bre
positioned adjacent to a 0:5 mm diameter imaging lens cemented onto a
bre bundle with 10,000 individual bres. Emission was Itered at the
proximal end of the bre bundle using a bandpass Iter centred at 450 nm
to target NADH auto uorescence. The system had a eld of view with a
diameter of 4mm and a spatial resolution of 35um. Typical acquisition
time for tissue measurements was 120s. The system was validated by in
vivo imaging of cancerous lesions in a hamster cheek with; the cancerous
tissue was found to have a shorter lifetime than the surrounding normal
tissue. The same system was later used in human patients to explore
FLIm-based intraoperative diagnosis of glioblastoma multiforme (GBM)
[79] and head and neck squamous cell carcinoma (HNSCC) [80]. GBM
was found to have weaker orescence intensity and a longer lifetime than
normal cortex tissue while HNSCC also had a weaker orescence intensity
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Figure 3.10: Adapted from Sparks
et al. [81] under CC BY 4.0. A
white light image (top) and a life-
time image (bottom) of the same

location on a diseased human lar-

ynx sample, captured ex vivo with
the wide- eld bre-bundle FLIm
endoscope.
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Figure 3.9: Reprinted from Sun et al. [80] with permission from Oxford
University Press. (a) A schematic of the wide- eld in vivo FLIm system
for intraoperative diagnosis of oral carcinoma. (b) Picture of the semi-
exible integrated endoscope used in patient studies. (c) Picture of the
FLIm probe during in vivo imaging of the oral cavity.

but a shorter lifetime when compared to surrounding normal tissue. A
schematic of this system and a photograph of it being applied in vivo
for oral cavity imaging can be seen in Figure 3.9. The tip of the probe
used in Sun et al. [80] was packaged in a stainless steel rigid tip with a
diameter of 2:4 mm, while the outer probe diameter is not specied in
the other applications.

In Sparks et al. [81] a wide- eld FLIm endoscope with an external
diameter of 2:3mm is presented. This system used 440 nm excitation
with uorescence emission with wavelength >488 nm detected. The sys-
tem was validated on ex vivo human larynx samples imaged immediately
following resection with an acquisition time of 8s. An example of images
captured with the system is presented in Figure 3.10. Measurements
were also demonstrated with a higher power laser used on ex vivo nor-
mal and neoplastic mouse bowel samples to image at 2:5Hz. Neoplastic
bowel samples were observed to have a longer lifetime than the normal
samples.

Cheng et al. [82] have reported another wide- eld FLIm endoscope
system, this time with excitation delivered in-line with collection through
the imaging bre bundle. The emitted uorescence signal was then split
into three spectral channels and imaged onto dierent regions of the
ICCD detector, enabling the three channels to be imaged in parallel. The
system had a eld of view of 2:25 mm in diameter and an estimated spatial
resolution of 35um. An imaging speed of 2Hz was achieved by only
acquiring counts for two gates and using a rapid lifetime determination
(RLD) algorithm for lifetime estimation. In vivo system validation was
again performed on a lesion diagnosed by histopathology as dysplasia in
a hamster cheek. They found that the lesion had a longer lifetime than
the surrounding tissue in the 450 nm spectral channel, in agreement with
the example mentioned above from Sun et al. [77].
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3.2 SPAD arrays for wide- eld FLIm

Single-photon avalanche diodes (SPADSs), as their name suggests, have
excellent single-photon detection and time-stamping capability. Com-
mercially, they are most commonly available in the form of silicon photo-
multipliers (SiPMs), arrays of individual SPADs which are read in parallel

to increase dynamic range. In research, their use has been explored for a
range of biophotonics applications including FLIm, super-resolution mi-
croscopy and time-resolved Raman spectroscopy [15]. The use of SPAD
cameras for wide- eld FLIm has previously been demonstrated using a
0:5MP time-gated SPAD camera [83] and there are now commercially
available SPAD cameras with FLIm capability.

In 2014 Burri et al. [84] presented a gated 512 O 128 SPAD image
sensor termed SwissSPAD, demonstrating FLT measurements of various
uorescent dyes. Since then, the SwissSPAD2 (with 512 O 512 pixels) [85]
and SwissSPAD3 (with 500 O 500 pixels) [86] have been applied in bench-
top systems for macro-FLIm of uorescent dyes in well plates [87, 88]
and for in vivo FLIm-FRET to study target-drug engagement in tumour
xenografts in mice [88]. A successor to these cameras is now commercially
available as the SPAD512 from Pi Imaging Technology [89]; this camera
has 512 O 512 pixels each with an active area of 6 um O 6 um, though
has the option to add microlenses with a quoted e ciency of 50 % with
collimated light. The SPAD512? uses a sliding time gate to perform
lifetime measurements with a minimum gate width of 6 ns and a minimum
step size of 17ps, and has been shown capable of wide- eld FLIm of
cells stained with Alexa Fluor 546 and 555 dyes with an acquisition time
of 0:27 s using 0:4 mW of 532 nm excitation in the eld of view [16].

SPAD cameras with in-pixel TCSPC capability have also been devel-
oped. In 2019 Henderson et al. [90] reported a 192 O 128 TCSPC SPAD
image sensor with a 33 ps temporal resolution. The camera's capabilities
have been demonstrated through light-sheet FLIM of algae samples with
only 180 nW of laser power irradiating the visible part of the sample and
an acquisition time of 1s per image [91]. The camera has since been
commercialised and is available from HORIBA as FLIMera [92]. The
sensor has a ll-factor of 13% and each 18.4um O 9.2 ym pixel contains
it's own TDC which sorts photon arrival times into up to 4096 time bins
of 50ps. This commercially available SPAD camera has also been ap-
plied for light-sheet FLIM, this time in vivo in a zebra sh tail (as seen
in Figure 3.11) and to monitor changes in NAD(P)H lifetimes in PANC-1

Figure 3.11: Adapted from Samimi

cells following cyanide treatment [17]. etal. [17] under CC BY 4.0. Wide-

The vTau camera from Lambert Instruments is a SPAD-powered,

spans approximately 0:2 ns to 300 ns, enabled by an ultra-high-sensitivity

eld light-sheet mean lifetime im-

. . . . ” age of a zebra sh caudal n wound
frequency-domain FLIm camera designed for high-speed wide- eld imag- model in vivo.

! Captured using
ing. It delivers up to 100 lifetime images per second with a 512 O 512 375nm excitation at 0:4 mW aver-

pixel format (16 um pixel pitch). The speci ed lifetime operating range ~ @9€ power and the FLIMera SPAD

camera with 10s integration time.
The transection wound is indicated

SPAD detector with microlens enhancement for improved light collection  but the yellow dashed line) and the
[93]. The commercial availability of SPAD cameras for wide- eld FLIm  tip of the notochord (the midline

demonstrates their potential in this area. However, the detectors de- Structure in the zebrash tail) by

the red dashed box.

scribed above are designed for use with bench-top microscopes and are
therefore too large for endoscopic applications.

As an aside, although not SPAD-based, the pco.im X (Excelitas)
illustrates the continued potential of modulated CMOS sensors for FD-
FLIm and their possible future relevance to miniaturised wide- eld in-
strumentation. The camera employs a rapidly modulatable CMOS sen-
sor with two readout taps per pixel and provides 1008 O 1008 pixels at
up to 45 double images per second. It supports lifetime measurements
from 1ns to 100us. Thermoelectric cooling is used to reduce the read-
out noise to below 15e and extends usable exposure times to 4s [94].
These active cooling requirements would pose a substantial engineering
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challenge for chip-on-tip miniaturisation, where distal heat dissipation,
available volume, sterilisable packaging, and power budgets are all tightly
constrained.

The miniaturisation of SPAD arrays makes their application for a
chip-on-tip FLIm endoscope feasible. Such detectors can be fabricated
with standard CMOS processes, meaning they could be, in principle,
fabricated at scale at a similar cost to microcamera chips currently used
in disposable white light endoscopes. In fact, low-cost SPAD detectors for
LiDAR applications are already widely available; with su cient market
demand, SPAD imagers could follow a similar trend. A miniaturised
128 O 120 SPAD array with time-gated photon counting and dimensions
of 1.4mm O 1.4mm was presented by Erdogan et al. [18]. This SPAD
array, named EndoCam, is described in more detail in Chapter 4. The
integration and application of this detector in a bench-top system, a
hand-held system, and nally in a chip-on-tip FLIm micro-camera are
described in Chapters 5 and 6.

3.3 Discussion

The literature reviewed here demonstrates both the potential and com-
plexity of translating FLIm to in vivo use. A consistent observation
across studies is that lifetimes measured in vivo dier from those ob-
tained ex vivo for nominally similar tissues due to rapid physiological
changes such as loss of perfusion, altered oxygenation and pH, tempera-
ture shifts, and di erences in hydration. While this limits direct transfer

of ex vivo calibration data, it also highlights that uorescence lifetime is
intrinsically sensitive to metabolic and micro-environmental conditions,

0 ering contrast mechanisms that complement those of intensity-based
imaging [1, 39].

Across the existing imaging modalities, clear and consistent trade-o0 s
emerge. Free-hand point-scanning systems o er exibility and have gen-
erated substantial clinical datasets [43, 44], but their acquisition speed
is inherently slow, and they are poorly suited to con ned or restricted
spaces. Helical scanning probes address certain access constraints by
enabling circumferential imaging in tight spaces [55], yet their rotating
mechanics add complexity and limit compatibility to speci ¢ applica-
tions such as vascular imaging. Laser-scanning approaches deliver higher
spatial precision [60, 61], but require mechanical motion, careful optical
alignment, and image reconstruction, all of which increase system over-
head and reduce robustness. Wide- eld FLIm mitigates motion artefacts
by capturing an entire eld of view simultaneously [77, 81], but its lack
of optical sectioning imposes limits on resolution; additional challenges
include signi cant photon loss through bre bundles and reliance on ex-
pensive, bulky intensi ed cameras. Together, these modality-speci c lim-
itations emphasise the need for wide- eld, mechanically simple, minia-
turised architectures capable of maintaining useful biochemical contrast
in clinically constrained environments.

Recent developments in SPAD arrays suggest a practical route
to miniaturised wide- eld FLIm. Commercial bench-top SPAD cam-
eras demonstrate strong performance but are too large for endoscopic
use [16, 85, 86, 90], whereas miniaturised arrays such as the EndoCam [18]
enable chip-on-tip architectures that also avoid bre-bundle auto uores-
cence, dispersion, and signal attenuation. Fabrication in standard CMOS
makes SPAD arrays uniquely suited to mass production, aligning with
the broader clinical trend toward chip-on-tip architectures already es-
tablished in white-light endoscopy, where CMOS miniaturisation has en-
abled low-cost, single-use devices. This raises the prospect of scalable,
potentially disposable FLIm devices compatible with clinical work ows
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It is important to recognise that current miniaturised SPAD imagers
still involve engineering compromises. Fill factor, photon detection e -
ciency, and temporal precision remain below the levels achievable with
larger gated-intensi ed or TCSPC systems. These limitations highlight
areas for continued development, and it is reasonable to expect further
improvements in noise performance, timing jitter, microlens integration,
and per-pixel processing in line with broader advances in CMOS detector
technology.

Looking ahead, a natural extension of this trajectory is the possi-
bility of chip-on-tip frequency-domain FLIm using miniaturised, modu-
lated CMOS detectors. Frequency-domain lifetime estimation requires
only phase and modulation measurements, reducing data bandwidth and
simplifying on-sensor electronics. Although no endoscope-scale FD-FLIm
detectors are currently available, ongoing progress in compact, high-speed
CMOS imaging sensors indicates that chip-integrated FD-FLIm may be-
come feasible in the future [63, 64]. Such devices would complement
time-domain SPAD approaches and could enable real-time lifetime imag-
ing in constrained clinical environments.

Together, these considerations reinforce the motivation for the work
that follows: to evaluate whether miniaturised SPAD arrays can provide
a clinically compatible path toward wide- eld, chip-on-tip FLIm, and
to explore how current performance aligns with the long-term vision of
scalable, integrated lifetime imaging systems.

3.4 Summary

In this chapter, a review of the current state-of-the-art in in vivo FLIm
systems has been presented, categorizing them by imaging modality and
highlighting their respective advantages, limitations, and clinical rele-
vance. The diversity of systems explored re ects the breadth of innova-
tion in the eld, while also underscoring persistent challenges in minia-
turisation, acquisition speed, and clinical integration.

Building on this, common trade-o s across existing approaches have
been discussed and the broader technological trend toward compact,
chip-on-tip architectures. Within this context, the chapter also intro-
duced the technological development of SPAD detectors, with a focus
on their potential to overcome these limitations in wide- eld FLIm. In
particular, the emergence of miniaturised SPAD arrays, such as the En-
doCam, o ers a promising route toward compact, time-resolved imaging
systems suitable for endoscopic deployment.

The following chapters detail the instrumentation and system archi-
tectures developed to evaluate the EndoCam's capability to address the
unmet needs identi ed in current in vivo FLIm technologies.
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Chapter 4

Instrumentation

In this chapter the main instrumentation applied for the thesis is de-
scribed. First, the EndoCam, the miniaturised SPAD array for wide-
eld FLIm, is covered. The physical dimensions of the chip are described
as well as the modes of operation. The laser sources used throughout
the thesis are then listed and brie y described. Then the modular sys-
tem con guration developed for operation of the EndoCam integrated
into di erent imaging systems and with the di erent laser sources is ex-
plained. Finally, the in-house TCSPC system for bulk measurement of
sample lifetimes is described.

4.1 The EndoCam

The EndoCam is the product of the Proteus Project funded by the
Engineering and Physical Sciences Research Council (grant number
EP/R005257/1). Proteus was a cross-disciplinary project spread across
multiple universities, with the primary aim of advancing technology for
the diagnosis of pulmonary diseases [95]. As part of this project, Dr Tarek
Al Abbas (then a PhD student at the University of Edinburgh) devel-
oped a compact time-resolved SPAD image sensor capable of wide- eld
uorescence lifetime imaging, named the EndoCam [96, 97].

Aside from the work presented in this thesis, the EndoCam has been
used for FLIm of biological samples in bench-top [18] as well as handheld
systems [98], and used for FLIm based explosive detection [7]. A hand-
held system (23mm O 23 mm O 28 mm) incorporating the detector has
also been used for combined lifetime and distance measurements (FLIm-
DAR) [99].

The physical layout of the sensor, its key characteristics, and main
modes of operation are described here. A more comprehensive description
of the detector can be found in the PhD thesis of Dr Al Abbas [96], in
the conference proceeding where it was rst presented [97], and in the
journal article from Erdogan et al. [18].

41.1 Overview

The EndoCam was designed with a footprint of 1:4mm 1:4mm and
has 128 O 120 pixels. Each pixel has an individual SPAD with indepen-
dent time-resolved photon-counting circuitry. The chip is implemented in
an STMicroelectronics 3-D-stacked CMOS (complementary metal-oxide-
semiconductor) process and has an 8 um pixel pitch, giving an active
area of 1mm O 1mm. The layout of the top tier of the EndoCam is
presented in Figure 4.1.

The chip has many pads along two edges of the top surface but many
of these are for test purposes. For normal operation, only ve electronic
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4.1.2 Time-gating implementation

Figure 4.2: A microscope image of
the EndoCam chip showing the ex-
tra silicon region in the bottom.
This led to the chip having a phys-
ical footprint of 1:4mm 2:0mm.
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Figure 4.1: A schematic of the top layer of the EndoCam chip design. As
can be seen, there are many pads along two edges of the chip but only
ve are required for operation: VHV, VDD, GND, DATA, and CLK.

connections are required; 1) the SPAD bias voltage (VHV), 2) 2.8V
power supply (VDD), 3) Ground (GND), 4) a bidirectional data signal,
and 5) a clock signal. Electronic connections are made to each of these
pads with wire bonds. Unless stated otherwise, VHV was set at 17:5V.
The clock frequency for all work presented in this thesis was 20 MHz.
The EndoCam is controlled using a MATLAB graphical user interface
(GUYI) initially developed by Dr Andrew Matheson from The University

of Edinburgh and further modi ed by myself.

Although the EndoCam was designed to have a functional footprint
of 1:4mm 1:4 mm, unfortunately the physical devices after dicing are
approximately 1:4mm 2:0mm. A microscope image of the chip with
the extra dead space can be seen in Figure 4.2. This is due to layout
and dicing constraints as the chip was fabricated on a wafer shard with
multiple other projects.

The detector also has a defective pixel region in one corner. This de-
fect is caused by a race condition between the read and reset signals for
these pixels and has previously been reported in Al Abbas [96] and Er-
dogan et al. [18]. Nevertheless, the vast majority of the detector area re-
mains useable. In spite of these two drawbacks, the EndoCam represents
a signi cant step forward in the miniaturisation of time-resolved image
sensors and is still suitable for application in proof-of-concept minia-
turised wide- eld FLIm systems.

4.1.2 Time-gating implementation

Time-resolved photon counting is achieved in the EndoCam through
time-gating the on-pixel counting electronics. When a photon is ab-
sorbed in the active region of the SPAD it creates a rapid voltage pulse.
Following this, the SPAD is passively quenched; until this process is com-
plete, it is unable to detect more photons. The time taken for quenching
is the pixel dead-time, this is 3:5ns for the EndoCam [18].

When a photon is detected, the voltage pulse generated by the SPAD
is digitised and sent to a counter. Each pixel has independent counting
circuitry which is rapidly enabled and disabled using a reference clock
generated on-chip by a ring oscillator (RO). The period during which the



Instrumentation

counting circuitry is enabled therefore de nes the time gate. The width
and position of each time gate are in multiples of the RO period, and can
be controlled through the GUI by the user. For the EndoCam, the RO
period is in the range of 370ps to 390pPs The number of laser cycles
integrated for each gate is also set via the GUI to e ectively control the
exposure time. For a single time gate, photon counts are summed on-chip
with 14-bit depth.

In order to perform a gate sweep and recover a uorescence decay,
multiple cycles of programming and readout from the chip are required.
For each gate in a sweep, the time gate position and width are pro-
grammed, the measurement is performed, and then the data is read out.
This means the acquisition time scales linearly with the number of gates
acquired.

It is important to stress that the SPADs on the EndoCam operate
in free-running mode, meaning they are constantly active, even if the
counting circuitry is disabled. This is in contrast to other time-gating
technigues where the detector itself is only active during the time gate.
In order to make this distinction clearer, the term time-gated photon
counting is preferred when describing the EndoCam operation.

4.2 Modular FLIm system

A modular system con guration was implemented for operation of the
EndoCam. The system is considered modular in the sense that the laser
source and the optical imaging subsystem could be changed in a relatively
straightforward manner. This allowed operation and evaluation of mul-
tiple imaging system designs using the EndoCam with interchangeable
light sources.

The evaluation of multiple imaging systems was important as the de-
velopment of such systems for di erent applications is a primary activity
for this thesis. The laser sources used for the work in this thesis are
shared across more than one project within the research group, therefore
easy interchangeability of these laser sources was a necessity. Aside from
this, it was also bene cial for the laser source to be interchangeable to
allow the use of di erent excitation wavelengths depending on the sample
of interest.

A schematic of the modular system is presented in Figure 4.3. The
system design and functionality is described in the following sections.

4.2.1 Computer EndoCam interface

As mentioned previously, the EndoCam is controlled using a custom
MATLAB GUI; this is done via a eld programmable gate array (FPGA)
module connected to a custom motherboard provided by our collabora-
tors at the University of Edinburgh. Over the course of the project,
two FPGA modules were used, the Opal Kelly XEM6310 and later the
Opal Kelly XEM7310-A200. The rmware for EndoCam operation with
both FPGA modules was developed by Dr Ahmet T. Erdogan based at
the University of Edinburgh. In terms of the high-level operation of the
EndoCam, these two modules provide the same functionality.

The FPGA module is connected to the EndoCam via the motherboard
providing the ve electronic connections required for operation listed in
section 4.1.1, and connected to the MATLAB GUI via USB. The FPGA
module thereby provides an interface between the EndoCam and the rest
of the system. The voltage for the VHV connection is supplied to the
motherboard by an external power supply while the 2:8V for the VDD
connection is generated on the motherboard.

1See Section 4.2.3 for the time-bin calibration method applied.

35



4.2.2 Laser

EndoCam synchronisation

36

Figure 4.3: Block diagram of the modular FLIm system developed for use
with the EndoCam. The system architecture enables exible integration
of di erent laser sources and optical imaging subsystems, allowing rapid
recon guration for a variety of experimental setups. This modularity
supports the evaluation of multiple imaging platforms using the same core
components, facilitating e cient testing and development across bench-
top and miniaturised FLIm systems.

In the original system setup, the EndoCam is packaged into a ceramic
chip carrier which is then plugged directly into a socket on the mother-
board. A photograph of this arrangement can be seen in Figure 4.4. For
bench-top systems it would be possible to maintain this con guration
and construct the system optics around the motherboard. For transla-
tion to handheld systems or smaller, it is instead required to operate the
chip at the end of a cable. In addition, there were only two motherboards
available, so being able to operate even bench-top imaging systems over
a short length of cable would mean the same board could be used for
di erent systems and very easily changed over. Dierent strategies for
this have been implemented for the di erent imaging systems; details of
this as well as the challenges faced are covered in Chapters 5 and 6.

4,22 Laser EndoCam synchronisation

For time domain measurements, the detection system used must be syn-
chronised with the excitation light pulses. With the EndoCam, this is
achieved by synchronising the system clock for the FPGA module and
chip with the laser source, using the laser clock as a master. Therefore,
the laser repetition rate and the EndoCam clock frequency are the same.

Three di erent pulsed laser sources were used for the work in this the-
sis: a 375nm pulsed laser diode (LDH-D-C-375, PicoQuant), a 405nm
pulsed laser diode (BDL-405-SMN-F, Becker&Hickl), and a pulsed super-
continuum laser (SuperK FIANIUM FIR-20 PP, NKT Photonics). All
three sources have a pulse width of <100 ps. The supercontinuum laser
was used in combination with a monochromator as described in [100], de-
signed and constructed by Dr Sanathana Konugolu Venkata Sekar. These
three sources enabled pulsed excitation at di erent wavelengths and the
supercontinuum source was also applied for measurement of the system
response to a short pulse of light in the uorescence emission wavelength
range in Paper Ill.
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Figure 4.4: The motherboard and FPGA module used for EndoCam
operation. In this con guration the EndoCam is packaged into a ceramic
chip carrier and plugged directly into a socket on the motherboard. For
the imaging systems described in Chapters 5 and 6, the chip is instead
connected over a cable.

All three laser sources provide a similar NIM (nuclear instrumentation
module) sync signal which is used for synchronisation with the EndoCam.
Before connection to the motherboard, the NIM signal is converted to a
TTL (transistor-transistor logic) signal using a picosecond delayer (Micro
Photon Devices). The picosecond delayer also allows an adjustable delay
to be added, which enables tuning of the laser pulse arrival time relative
to the system clock. This feature was particularly useful, as di erent
iterations of imaging systems employed di erent lengths of electronic
cable and optical bre, as well as di erent optical paths.

For earlier versions of the system, a pulse generator (8112A, Hewlett
Packard) was used in place of the picosecond delayer, serving the same
purpose and in practice providing equivalent functionality. This was the
case for the work carried out for Paper | and Paper IlI.

4.2.3 Time-bin calibration

As mentioned in Section 4.1.2, the minimum time-bin width on the En-
doCam is in the range of 370ps to 390ps, as determined by the ring
oscillator (RO) period. It is stated as 390 ps in Erdogan et al. [18] and
Al Abbas et al. [97], 379 ps in Matheson et al. [98], and 370 ps in Al Abbas
[96]. This uctuation may be due to minute variations in the fabrication
process or may arise from some other cause. An investigation into the
factors in uencing this is beyond the scope of this thesis. However, it
is still important that the minimum bin-width is calibrated to maintain

the accuracy of the time-resolved measurements.

This calibration can be performed for a given system by measuring a
short pulse of light with the EndoCam, delaying the pulse by a known
amount of time, then measuring it again. The EndoCam time-bin width
t gc can then be calculated from equation 4.1,

t .
t ec = - Shlft ; (4.1)
1 1o
where thire  is the known time the laser pulse is shifted by, and 4 and iy
are the time-bin indices with the highest photon counts in each measure-
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