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ABSTRACT
Dynamic Optical Contrast Imaging (DOCI) is an imaging technique that generates image contrast through ratiometric measurements of the autofluorescence decay rates of aggregate fluorophores in tissue. This method
enables better tissue characterization by utilizing wide-field signal integration, eliminating constraints of uniform illumination, and reducing time-intensive computations that are bottlenecks in the clinical translation of
traditional fluorescence lifetime imaging. Previous works have demonstrated remarkable tissue contrast between
tissue types in clinical human pilot studies. However, there are still challenges in the development of several
subsystems, which results in existing works to use relative models. A comprehensive mathematical framework
is presented to describe the contrast mechanism of the DOCI system to allow intraoperative quantitative imaging, which merits consideration for evaluation in measuring tissue characteristics in several important clinical
settings.
Keywords: SPIE Proceedings, Dynamic Optical Contrast Imaging, Fluorescence Lifetime, System Theory,
Real-time Imaging

1. INTRODUCTION
Dynamic optical contrast imaging (DOCI) is an imaging technique that seeks to generate contrast from relative
differences in fluorophore lifetime ratios without the need to compute absolute lifetime values. Conventional
fluorescence lifetime imaging microscopy (FLIM) is a powerful tool for tissue differentiation in the ex vivo lab
setting, but complex, computationally intensive data fitting routines are impractical towards real-time visualization and intraoperative guidance for the surgeon. Data are often fit to an exponential decay model, a set of
Laguerre polynomials, or frequency analysis from the phasor approach to extract coefficients related to decay
times.1–5 In addition, uniquely resolving the macroscopic lifetimes of heterogeneous tissues remains challenging
when considering unknown mixing ratios, diverse multi-exponentials, and variations in individual fluorophore
lifetimes due to underlying physiological and biochemical properties of tissue.6
The DOCI method is a ratiometric version of time-resolved autofluorescence imaging in which the weighted
ratios of endogenous tissue fluorophore lifetimes provides image contrast.7 These fluorophores mainly consist
of collagen, elastin, reduced nicotinamide adenine dinucleotide (NADH), oxidised flavins, lipofuscin, keratin,
and porphyrins.8 Fluorescence lifetime is an intrinsic property of tissue that DOCI exploits in order to provide
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quantitative measurements via an image. Furthermore, the absence of dye or injected contrast simplifies use
of the technique in an intraoperative environment. Prior work have provided a conceptual approach for the
DOCI algorithm;9–11 and remarkable contrast have been demonstrated between different tissue types in ex
vivo pilot studies with human tissue.12, 13 The aim of this work is to mathematically model the DOCI system
through rigorous proofs to describe the contrast mechanism of the system and differentiate DOCI from existing
fluorescence lifetime imaging methodologies.

2. FLUORESCENCE LIFETIME OVERVIEW
A fluorophore excited by a photon may spontaneously emit another photon through the phenomenon of fluorescence. This process has been modeled as a first order differential equation and is shown in Eq. (1), where a
is the rate of decay and f(t) is the fluorescence intensity response with respect to time. Notably, this formula
assumes the fluorophore does not possess multiple conformational states of different lifetimes.
df (t)
= −af (t)
dt

(1)

When solving for the first order differential equation, the resultant time-domain response is an exponential decay
as shown in Eq. (2) where i0 is the initial fluorescence yield and τ is the inverse of the decay rate (a), termed
the time it takes for the decay to reach 37% of the initial response.8
f (t) = i0 e−at = i0 e

−t
τ

(2)

Conventionally, the methods for acquiring fluorescence lifetime data operate in the time-domain or the frequencydomain. The optical setup and utilized detectors will differ in regards to the chosen technique. The measured
response of the acquired fluorescence lifetime signal, however, g(t) can be commonly described as the convolution
of the fluorescence decay response f(t) and the excitation response h(t), as shown in Eq. (3).
g(t) = f (t) ∗ h(t)

(3)

Figure 1 illustrates the excitation of a fluorophore with the subsequent fluorescence optical response in both the
conventional time-domain and also the frequency-domain lifetime techniques.

Figure 1. (left) Example of conventional time-domain method and (right) frequency domain method.

Following data acquisition, the fluorescence lifetime constant τ for both approaches is mathematically calculated. In the time-domain method, an ultra-short subnanosecond full-width half-maximum laser pulse is generally
used as the source of excitation, which can be modeled as a dirac δ(t) function as i(t).14 Experimentally, the
input source will typically exhibit a subnanosecond full-width half-maximum Gaussian pulse. This requires deconvolving the measured decay profile with the excitation pulse before performing the decay fit to accurately
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extract mono-exponential fluorescence lifetime. Otherwise, if the deconvolution is not performed, the computed
fluorescence decay would seem slightly longer than the actual lifetime property.8
The homodyne frequency-domain fluorescence lifetime method uses an excitation source that is modulated
in a sinusoidal pattern. The fluorescence lifetime response can then be extracted using the amplitude (M), phase
(φ), and frequency (ω) of the modulated excitation and resultant fluorescence response as shown in Eq. (4) and
Eq. (5). Eq. (6) shows the magnitude ratio for amplitude based lifetime.
τφ =

tan(∆φ)
ω
q

τAmp =

1
M 2 −1

ω
F1 E0
M=
F0 E1

(4)

(5)
(6)

Practical concerns when using these methods include: conventional time-domain methods are the long computation times (>1min/image) needed when trying to reconstruct high pixel count images;15 and frequency-domain
excitation also typically exhibit higher average power illumination that is not practical for biological samples.16
Also, the different initial conditions and assumptions can result in decay constant profiles that are non-unique
for multi-exponential decays. The DOCI method does not suffer from these disadvantages. Instead, the DOCI
method was developed because it is impractical to uniquely identify all relevant fluorophores, know their mixing
ratios, and pinpoint the dynamically changing lifetimes due to physiological effects. The trade-off of the DOCI
method is to sacrifice identification of fluorophore for speed and practicality while offering enough contrast for
tissue separation.

3. DOCI SYSTEM THEORY & MODEL
DOCI is a technique that seeks to generate contrast from relative differences in fluorophore lifetimes without the
need to compute absolute lifetime values. This eliminates the complex, computationally intensive data fitting
routines that has prevented successful translation of using fluorescence lifetime properties to differentiate tissue
types. The mathematics behind the ideal system is to utilize relatively long pulse widths (>20 ns) with short
fall times (∼1 ns) to produce contrast between fluorophores of different decay rates. Figure 2 shows how the
DOCI method differs from conventional FLIM methods.

Figure 2. (left) Comparison between conventional time-domain method, (center) frequency domain method (center), and
(right) DOCI method.

The DOCI system uses a rectangular illumination source and is modeled as a rectangular function. Unlike
conventional FLIM methods where multiple data points at different time points are acquired, the DOCI method
acquires two data points by integrating fluorescence signals at two specific time intervals - the steady state and
the decay state. The steady state is used as a reference peak intensity for normalization and the decay state
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represents fluorophores. Previous work have demonstrated the initial concept and promising human ex vivo pilot
study image results have been demonstrated from the DOCI system.17, 18 Several mathematical expressions have
been formulated to describe the behavior of the DOCI system and how the contrast mechanism is interpreted.
Non-ideal models and assumptions are also provided when the illumination source contains a first-order decay
because the illumination source cannot be experimentally turned off instantaneously.

3.1 Idealized Model
In the idealized model, the fluorophore is treated as first order differential equations while the illumination
source is set to be an ideal rectangular function. Eq. (7) reiterates the time-domain response for the first order
differential equation as an exponential decay in which f(t) is the decay response as a function of time. Variables
a and A0 will be used as intermediary variables to replace τ1 and i0 respectively to simplify calculations.
f (t) = i0 e

−t
τ

= A0 e−at

(7)

The DOCI rectangular excitation is modeled as the subtraction between a step function and a shifted step
function as shown in Eq. (8), in which h(t) is the rectangular excitation pulse as a function of time and C is the
rectangular pulse width.
h(t) = u(t) − u(t − C)
(8)
Eq. (9) and Eq. (10) is the Laplace transform for the exponential decay and the rectangular pulse function
respectively.


1
(9)
L[f (t)] = F (s) = i0
s+a
1 e−Cs
−
(10)
s
s
These two equations will be the primary models to explain the DOCI system theory and how its contrast
mechanism differentiates from the other methodologies.
L[h(t)] = H(s) =

3.1.1 Single Exponential Model
The general model of the DOCI system can be described as a finite integration of the convolution between the
rectangular response and the hypothetical exponential sample decay as shown in Eq. (11).
t

Z

(f ∗ h)(t)dt

q(t) =

(11)

0

In order to expand upon Eq. (11) and to not get confused with the convolution integral from the DOCI integral,
the time-domain DOCI algorithm can be expanded into a double integral as shown in Eq. (12).
Z tZ

∞

f (τ )h(t − τ )dτ dt

q(t) =
0

(12)

−∞

Due to the complex nature of the equation in the time-domain, a closed form solution can be derived by defining
the DOCI Laplace form Q(s) in Eq. (13) and calculating the Laplace form of the DOCI method as shown in Eq.
(14).
Z

L{q(t)} = L

(f ∗ h)(t)dt

= Q(s)

(13)



1 − e−Cs
F (s) · H(s)
= A0 2
Q(s) =
s
s (s + a)

(14)

Similarly, the time-domain DOCI (q(t)) can be redefined as the inverse Laplace transform as shown in Eq. (15).


−1
−1 F (s) · H(s)
L {Q(s)} = L
= q(t)
(15)
s
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This allows the determination of the closed form time-domain DOCI that removes the previous double integral
as in Eq. (16).




A0
(16)
q(t) = 2 e−at − 1 + at − e−a(t−C) − 1 + a(t − C) u(t − C)
a
Figure 3 shows an example output of the computed model q(t) with a 5ns decay with a 50ns pulse width(C )
excitation. The derived closed form solution is compared with a discrete convolution of between a rectangular
function with an exponential decay with temporal increment of 0.25ns.

Figure 3. Comparison of the closed form solution and simulated convolution model for q(t). The model is partitioned into
four fluorescence states R1, R2, R3, and R4.

The two methods show identical results, which verifies the closed-form derivation. The model can be broken
up into four distinct fluorescence states - R1, R2, R3, and R4, which corresponds to the fluorescence risetime, steady state, decay state, and off-state respectively. The fluorescence steady-state and off-state can be
approximated to be 3τ or 95% of the signal during the transient R1 and R3 regions respectively. However, this
is not the complete DOCI method because the DOCI method integrates subregions of q(t) as previously shown
in figure 2 and a division between the integral of the decay state by the integral of the steady state. Eq. (17)
shows the complete form of the ideal DOCI method in which C is the pulse-width of the rectangular illumination
source and B is the integration time.
DOCI =

Decay State
q(C + B) − q(C)
=
Steady State
q(C) − q(C − B)

(17)

The region q(C+B) is the integral of the regions from t=0 to t=C+B of g(t) as previously shown in figure 2.
Likewise, the region q(C) is the integral of regions from t=0 to t=C. The integral of the decay region remains
when q(C) is subtracted from q(C+B). The steady-state follows synonymous analogy, but happens before the
decay state. Eq. (18) shows the expanded form of the DOCI method for a sample following a single exponential.
A0 a12 [1 + e−a(C+B) − e−aB − e−aC ]
q(C + B) − q(C)
=
q(C) − q(C − B)
A0 a12 [e−aC − e−a(C−B) + aB]

(18)

Two assumptions are made to simplify this expanded form of the DOCI equation. Eq. (19) and Eq. (20) shows
that the pulse-width must be much longer than integration time and the integration time must be much longer
than the longest lifetime to be obtained respectively.
CB

(19)

Bτ

(20)
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In the approximation, the pulse-width (C) should be at least 3x longer than the integration time (B) and the
integration time (B) should be at least 3x longer than the longest fluorophore lifetime (τ ) of interest. A reasonable
upper bound lifetime is assumed to be 10ns. The exponential terms from the expanded DOCI equation can be
approximated to be 0 with these assumptions as shown in Eq. (21), Eq. (22), and Eq. (23).
C

3B
τ

B

3τ

e− τ → e−

9τ

= e− τ ≈ 0

(21)

e− τ → e− τ = 0.050 ≈ 0

(22)

− C+B
τ

(23)

e

→e

− 4B
τ

=e

12τ
τ

≈0

The exponential from Eq. (22) seems to be much greater than the rest of the other exponentials. However, due
to possible system noise and fluctuations, 0.05 or 5% error margin seems to be a reasonable estimation. Eq. (24)
provides the result simplified DOCI equation after all the exponential terms are approximated to be 0.
: 0 −aB

*0

: 0 −aC

 − 
e  −
e ]
A0 a12 [1 + 
A0 a12
e−a(C+B)
DOCI =
≈
:0

A0 a12 aB
: 0 −a(C−B)

A0 a12 [
e−aC
−
e  + aB]
Finally, a is converted back to
shown in Eq. (25).

1
τ

(24)

to show the relationship of the DOCI equation with the fluorophore lifetime as

1

A0
1
τ
a2
DOCI ≈ 
=
=
(25)
1

aB
B
A0 a2 aB

The extracted DOCI value is proportional to the lifetime with a scaling factor of inverse integration time. This
mathematical derivation provides a generalized concept for the DOCI model applied to a single-exponential
sample and validates previous related-works.7, 10, 11 However, previous work did not provide the analysis of the
derived assumptions, which is essential for accurate and reproducible results, especially from system-to-system
variations and long lifetime fluorophores.

3.1.2 Multi-exponential Model
Next, the DOCI model is presented in the case of multiple fluorophores of unknown concentration with varying
fluorescence lifetime τ0 , τ1 , ...τn , which is relevant for heterogeneous samples such as biological tissues. To aggregate multi-exponentials into the DOCI model, the previous a0 and A0 is redefined to ai and Ai respectively. Eq.
(26) shows a summation of multiple exponentials with different decay and fluorescence intensity.
f (t) = A0 e−a0 t + A1 e−a1 t + ... + An e−an t

(26)

The fluorescence intensity A0 is dependent on several factors, including non-uniform illumination, quantity of
present fluorophore, and respective fluorescence yield. A benefit of the DOCI method is that the division process
enables normalization of these above mentioned non-uniformities. The illumination fluence is constant across all
fluorophore constituents and can be divided out, as detailed below. The convolution theorem still applies, but
the distributive property of convolution is applied to separate variables as shown in Eq. (27).
Z

t

Z
(f0 ∗ h)(t)dt +

q(t) =
0

t

Z
(f1 ∗ h)(t)dt + ... +

0

t

(fn ∗ h)(t)dt

(27)

0

Similar to the single exponential model, Laplace transform is used to calculate the closed form solutions for each
element i individually as shown in Eq. (28).




Z t
Ai −ai t
−ai (t−C)
(fi ∗ h)(t)dt = 2 e
− 1 + ai t − e
− 1 + ai (t − C) u(t − C)
(28)
ai
0
Likewise, the DOCI method from Eq. (17) and the assumptions made in Eq. (21), Eq. (22), and Eq. (23) is
applied to the summation of multiple convolution integrals. However, the terms have to be aggregated in the
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numerator and denominator independently. Only after the aggregation can terms between the numerator and
denominator be canceled out. To reiterate, this is due to the system acquisition of the data in which only 2
frames are acquired independently with the DOCI system - the steady state and the decay state. Eq. (29) shows
the resultant closed form solutions of the DOCI method for multiple lifetime decays.
q(C + B) − q(C)
A0 τ02 + A1 τ12 + · · · + An τn2
Decay State
=
≈
Steady State
q(C) − q(C − B)
B(A0 τ0 + A1 τ1 + · · · + An τn )
Eq. (30) shows a condensed summation version of the multi-exponential DOCI method.
Pn
2
A0 τ02 + A1 τ12 + · · · + An τn2
i=0 Ai τi
= P
n
B(A0 τ0 + A1 τ1 + · · · + An τn )
B i=0 Ai τi

(29)

(30)

This equation details the contrast mechanism of the DOCI system. The contrast visible from the pixels of the
produced image is derived from different fluorophore yields, lifetimes, and augmented ratios. Furthermore, to
decouple the non-uniform illumination from the rest of the detected fluorescence intensity, as shown in Eq. (31),
where γ(x, y) is the illumination profile as a function of space.
Ai = γ(x, y)A0i

(31)

Unlike the single exponential where Ai is completely divided out, there are ratios that consists of the fluorescence
yield and the fluorophore counts. The illumination profile from Eq. (32) is divided out and thus the DOCI
system is resilient to non-uniform illumination in the ideal model (without considering signal to noise (SNR) of
the system).
Pn
Pn
Pn
0 2
0 2

γ(x,
y) i=0 A0i τi2

i=0 Ai τi
i=0 γ(x, y)Ai τi
P
P
=
=
(32)
DOCI = P
n
n
n

0
0
 y)B i=0 Ai τi
B i=0 γ(x, y)Ai τi
γ(x,
B i=0 A0i τi

Although lifetime data can be decoupled from the illumination non-uniformity of the system, regions of dimmer
illumination will produce result with worse SNR than regions that are well illuminated.

3.2 Model with Illumination Decay
Experimentally, it is difficult to generate an ideal rectangular excitation function as illumination sources can
never turn on and off instantaneously. Furthermore, the DOCI method to allow for rapid wide-field imaging
utilizes light-emitting diodes (LED), which has a longer decay time relative to conventional pulsed laser sources.
A DOCI model that factors in the illumination sources decay is proposed, where the source is also approximated
to follow a first order differential equation decay similar to that of a simple mono-exponential fluorophore.
The illumination source decay is modeled as shown in Eq. (33). Also similar to defining the constants in the
1
is redefined
fluorophore exponential, the variables in the decay from the excitation source such that the τexc
to be d and that the γ(x, y) from the multi-exponential non-uniform source is used to describe the maximum
illumination intensity at a specific location in space. The intent is to demonstrate that the DOCI method is also
insensitive to illumination profile heterogeneity so long as it is above a certain signal-to-noise threshold.
−t

g(t) = γ(x, y)e τexc = γ(x, y)e−dt

(33)

Eq. (34) shows the Laplace transform of the LED decay, which is synonymous to a single lifetime decay.
L[g(t)] = G(s) =

γ(x, y)
s+d

(34)

Eq. (35) shows the LED illumination profile modeled as the convolution of the rectangular pulse. A model that
better represent the empirical illumination pulse shape h’(t) is the ideal pulse shape h(t) convolved by the LED
decay g(t).
h0 (t) = h(t) ∗ g(t)
(35)
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The fluorescence response over time is more precisely the convolution of the single exponential empirical illumination pulse shape h’(t) with the fluorophore sample f(t). Eq. (36) describes the DOCI system with the LED
decay factored with sample fluorescence response through the associative property of convolution.
Z t
Z t
Z tZ ∞
f (τ )h0 (t − τ )dτ dt
q(t) =
(f ∗ h ∗ g)(t)dt =
(f ∗ h0 )(t)dt = q(t) =
(36)
0

0

0

−∞

This resultant equation is similar to that of Eq. (11), described previously in the ideal DOCI model. The
closed form solution of this equation will be derived in the following sections also for both single and multiple
exponential responses. In the current iteration of the DOCI system, the illumination uses 375nm ultraviolet-A
(UV-A) LEDs, so the illumination decay times (∼ 4ns) are comparable to biologic fluorescence decays so this
factor cannot be neglected.
3.2.1 Single Exponential Model
Similar to the ideal DOCI derivation, the Laplace form of the DOCI method can be redefined in Eq. (37),
which is the multiplication of the sample fluorescence decay F(s), the rectangular pulse function H(s), and the
illumination decay function G(s). Both a and d are the inverse lifetime decays of the sample and illumination
respectively.


1
e−Cs
F (s) · H(s) · G(s)
= γ(x, y)A00 2
− 2
(37)
L[q(t)] =
s
s (s + d)(s + a) s (s + d)(s + a)
The inverse Laplace transform from Eq. (37) is used to obtain the final time domain form of the 3-part convolution
function shown in Eq. (38).

 −at

e
− 1 + at − e−a(t−C) − 1 + a(t − C) u(t − C)
γ(x, y)A00
q(t) =
(d − a)
a2
(38)


 −dt
−d(t−C)
e
− 1 + dt − e
− 1 + d(t − C) u(t − C)
−
d2
γ(x,y)A0

The constant (d−a) 0 is a function of the fluorescence yield, the illumination profile, and difference between
the lifetime of the sample and the illumination decay. If the sample fluoresces longer than the time for the
illumination to decay, the constant would be negative. At the same time, the subtraction between the two
inverse squared terms will cancel out this negative constant. This is to demonstrate that the optical response
q(t) should never be negative, regardless of the combinations of illumination decay or sample fluorescence. If the
decay for both the sample and illumination is the same (a=d), an equivalent alternative form is shown in Eq.
(39) can be used.

q(t) =

γ(x,y)A00
d3







e−dt (dt + 2) − 2 + dt − e−d(t−C) d(t − C) + 2 sho − 2 + d(t − C) u(t − C)

Figure 4 shows the comparison of q(t) between the models with and without illumination decay.
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(39)

Figure 4. Comparison of q(t) between with and without excitation decay. The model is also partitioned into four fluorescence states R1, R2, R3, and R4.

The primary difference when illumination decay is factored in is that it takes slightly longer for the fluorescence
profile to reach steady state and off state compared to a ideal rectangular excitation pulse. Eq. (40) shows the
resultant expanded form when the DOCI method is applied.

Decay State
Steady State

γ(x,y)A00
(d−a)


1
a2

=
γ(x,y)A00
(d−a)

1+e

−a(C+B)

−e

−aC

−e

−aB


1
a2

e−aC −e−a(C−B) +aB



− d12



− d12

1+e

−d(C+B)

−e

−dC

−e

e−dC −e−d(C−B) +dB

−dB








(40)

γ(x,y)A0

The common constant (d−a) 0 can still be divided out, which reaffirms that the ideal DOCI method is insensitive
to non-uniform illumination when signal-to-noise is not considered. However, a new fractional ratio terms of a12 ,
1
d2 is introduced that was nonexistent in the previous models. This requires using the assumptions previously
defined in Eq. (21), Eq. (22), and Eq. (23) to be qualified so that all the exponential terms can be approximated
to be ∼0. Variable β is defined in Eq. (41) to be the summation of the dominant exponential terms and requires
the DOCI system parameter selection so that the summation of these terms are less than or equal to 0.05 in
order to approximate these terms to be 0.
e−dB
e−aB
+
≤ 0.050 ≈ 0
(41)
a2
d2
These two terms are the dominant exponential terms that remains when selecting the DOCI system parameters
as previously shown in Eq. (21), Eq. (22), and Eq. (23). The solution is to increase the integration time to be
longer than the original 3τ . The length of the increase would depend on the decay of the illumination source
and longest fluorophore lifetime of interest. This allows all of the exponential terms to be approximated as 0
1
and simplifies the DOCI model to be Eq. (42) after change of variables from a and d to τ1 and τexc
respectively.
β=

0
γ(x,y)A
2
0
1
(τ 2 − τexc
)
1

( τexc
−τ )
Decay State
τ + τexc

DOCI value =
≈
=
(42)
0

γ(x,y)A
Steady State
B
10 [B(τ − τexc )]
1

( τexc
−τ )

When all terms are simplified, the DOCI value for the single exponential decay model is a function of the
illumination decay time and the sample lifetimes divided by the integration time. The final equation simplifies
down to a relatively intuitive model even with the double convolution that was introduced with the original
mode. Figure 5 shows a simulated lifetime vs DOCI value of the derived linear model and the effects if β does
not remain less than 0.05.
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Figure 5. Simulated lifetime vs DOCI value of the derived linear model with elongated integration time.

Parameters that were used in the following example includes a 4.1ns illumination decay time, 80ns pulse-width
and a 24ns integration time. Under these conditions, the residual error differences between the linear model and
the derived model for lifetimes less than 5ns have ∼1% error. The β starts increasing exponentially after 5ns,
which results in the deviation from the linear model to also start increasing exponentially. For a hypothetical 8ns
fluorophore sample, which acts as upper bound for biological fluorophores, have errors approximate to be about
∼5% of the linear DOCI model. Although this error deviation on the order of ∼5% is relatively small, this error
may be amplified when introducing other system-related noise. A solution to reduce this deviation would be to
increase the integration time (B), which will allow the error to be reduced to less than 1% as shown in figure 6.
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Figure 6. Simulated lifetime vs DOCI value of the derived linear model and the effects of β less than 0.05 on the derived
model.

When the integration time is changed from 24ns to 40ns, the non-simplified model matches much more
closely to the simplified linear model than the previous simulation. The residual is also 2 orders of magnitude
less for short lifetime decays. At 8ns decay, deviation from the linear model occurs at <1%. In addition to
better correlation with the intuitive linear model, increasing the integration time also maximizes the contrast
between short and long lifetimes as well as potentially increasing signal-to-noise ratio. This single exponential
model with illumination decay has similarity with its previous counterpart where γ(x, y) can be divided out.
This reaffirms that the DOCI value is independent of the illumination profile so long as SNR is high enough
that noise is negligible. The terms A00 , A01 , ...A0n remain since they cannot be canceled out due to their ratio-like
characteristics.
3.2.2 Multi-exponential Model
This section continues the derivation of the DOCI method with the illumination decay for multi-exponential fluorescence decays. From the previous section, Eq. (42) is derived to be the simplified form for single exponentials.
For multi-exponentials, this equation can be generalized for each unique fluorophore as an index (i) as shown in
Eq. (43).
γ(x,y)A0i
2
(τ 2 − τexc
)
1
( τexc
− τ1 ) i
Decay Statei
γ(x, y)A0i τi τexc (τi + τexc )
i
=
≈ γ(x,y)A0
(43)
i
Steady Statei
Bγ(x, y)A0i τi τexc
1
1 [B(τi − τexc )]
( τexc − τ )
i
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This generalized form of the equation prior to division between the numerator and the denominator can then be
expressed into a summation form for multi-exponential decays as shown in Eq. (44).
Pn
Pn
0
(τi + τexc )

τ (τ + τ )
τexc
γ(x,
y)A0i τi
Decay State

i=0 A
Pi ni i 0 exc
=
(44)
≈ i=0 Pn

0

 y)Ai τi
Steady State
γ(x,
τexc
B i=0 
B i=0 Ai τi
The illumination profile γ(x, y) and τexc are common terms across all of the summed exponentials, which allows
it to be simplified from the entire summation term. This final term is very similar to Eq. (30) that was previously
derived for the ideal multi-exponential model, but with one of the τi term being replaced by τi + τexc .
Empirically, the illumination source used exhibits a 4-5ns decay, which is substantial considering that biological fluorophores under investigation have lifetimes between 1-10ns. Under conditions where the sample
lifetime is much greater than the illumination decay time (e.g τi  τexc ), then the τexc can be assumed 0 and
would reduce the equation back down to the ideal multi-exponential case. This final ratio equation permits a
quantitative interpretation of the contrast mechanism given that certain assumptions hold. Initial pilot study’s
goal was to be able to identify different tissue types through relative DOCI value. However, as multiple systems
systems were developed where each system were slightly different, a more robust and quantitative approach is
needed to enable cross-platform data amalgamation and system standardization.

3.3 System Noise
Brief explanation of the system noise can be incorporated into the ideal model as this is still a work in progress.
The decay state and the steady state signal that are acquired from the DOCI system are termed SignalDS and
SignalSS , respectively. The two signals that are acquired from the DOCI system are a composition of the true
fluorescence signal and the background signal as shown in Eq. (45). To extract the true fluorescence signal, the
background signal must be subtracted out before applying the division, as shown in Eq. (46).
Decay State + BG
SignalDS
=
SignalSS
Steady State + BG

(45)

SignalDS − BG
Decay State
=
(46)
Steady State
SignalSS − BG
Sources of noise in the DOCI system that can be empirically measured includes the detector background noise and
the illumination flux. The noises sources are assumed to be Poisson distributed. Additionally, the DOCI method
allows for >5KHz data acquisition rate, so as the sample size approach large values, the Poisson distribution can
be approximate to follow a normal distribution. In a well-controlled in-vitro lab environment, the illumination flux
per unit area can be accurately measured. However, this becomes difficult to reproduce in a clinical environment
where there is high variations in imaging focal distances and object contours. There are also sources of noise from
the sample because of its biochemical heterogeneity, dynamic chemical states (e.g. temperature, pH, oxygenation,
hydration, etc..), and intermolecular interactions (quenching, bleaching, etc...). These are more difficult, if not
impossible to measure or identify in fresh tissue because the physiologic dynamics prohibit repeatability. These
measurements are also not clinically relevant as the goal is to identify the average signal distribution of tissue A
from tissue B. Eq. (47) shows a model for the noise distribution.
SignalDS − BG
N (µSignalDS , σSignalDS ) − N (µBG , σBG )
µ ± σDS
∼
= DS
SignalSS − BG
N (µSignalSS , σSignalSS ) − N (µBG , σBG )
µSS ± σSS

(47)

By propagation of uncertainty, the signal distribution of the decay state and steady state can be approximated
separately as shown in shown in Eq. (48) and Eq. (49) respectively.
2
2
2
µDS ± σDS
= µSignalDS − µBG ± σSignal
+ σBG
+ 2cov(DS, BG)
DS

(48)

2
2
2
µSS ± σSS
= µSignalSS − µBG ± σSignal
+ σBG
+ 2cov(SS, BG)
SS

(49)

When the two distributions are divided together, the DOCI signal distribution can be approximate as shown in
Eq. (50).
2
µ ± σDS
µ
σ 2 σ 2
cov(DS, SS)
DOCI = DS
= DS ± DS + SS − 2
(50)
2
µSS ± σSS
µSS
µDS
µSS
µDS µSS
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The final form of the DOCI signal-to-noise distribution contains multiples ratio occurrences of the standard
deviation from the steady state signal, decay state signal, and background. This equation can also be applied
pixel to each pixel independently due to the method’s insensitivity to illumination non-uniformity. Maximizing
the signal or minimizing system noise has direct impact to the resolvable lifetime resolution.

3.4 Experimental Validation
Preliminary measurements with fluorescein dye samples were performed to validate the mathematical derivation
for single exponential lifetime decay medium. In literature, fluorescein is cited to have ∼4ns fluorescence decay.19, 20 Conventional time-domain lifetime technique was first performed through curve fitting to extract the
lifetime of the dye samples. This is done by acquiring 5 laser pulse measurements and 5 dye measurements. By
using all 25 permutations of pulse-dye combinations, the results for fluorescein is 4.164±0.165ns, which agrees
with literature values. After acquiring data using the conventional time-domain method, measurements using
the DOCI method was acquired using the fluorescein sample. Figure 7 shows the empirical DOCI illumination
decay profile and the respective fitted decay to identify the excitation illumination decay time (τexc ).

Figure 7. Extraction of illumination decay.

The fitted decay curve shows the illumination exhibiting a ∼4.48ns illumination decay. One concern is the
oscillations that is seen in the steady state, which is due to impedance mismatch in the diode driver circuit and
is currently a work in progress. However, these oscillations are relatively periodic and the peaks and troughs can
potentially cancel each other out, with some offset in the steady state signal. Eq. (51) shows the derived single
exponential model with illumination decay equation with the DOCI integration time (B) set to 40ns for this
particular fluorescein (∼4.1ns) experiment. Based off these measurements the DOCI values can be hypothesized
be ∼0.216±0.0041.
DOCI =

τf luorescein + τexc
4.16 ± 0.165ns + 4.48ns
=
≈ [0.2119, 0.2201]
B
40ns

(51)

The DOCI method results in a unitless value after unit arithmetic. Figure 8 shows a histogram of the fluorescein
DOCI value distribution obtained using the DOCI method.
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Figure 8. Histogram of fluorescein distribution using DOCI method.

Preliminary dye measurements was obtained by taking 5 sets of background images and 5 sets of fluorescein
DOCI images using a 1Mpx scientific CCD to allow 25 unique permutations of the background-DOCI dataset.
After performing image arithmetic from Eq. (46), a central subregion of interest from the final DOCI images
were selected from each of the 25 datasets and aggregated to allow a >6million sample size. The minor deviation
offset of 0.03 or ∼15% of the mean is attributable to the impedance mismatch oscillations in the illumination
source circuit driver, slight inaccuracy in the timing of the integration states ± 2ns, or other sources of noise.
Results from this preliminary dye measurement reinforce the validity of DOCI theory with empirical evidence, with relatively minor imprecisions. A larger spread of dye samples will be further explored with detailed
experimental setup and analysis procedure.

4. DISCUSSION
A single system was prototyped to demonstrate algorithm feasibility and clinical translatability in previous
works. However, there are several challenges that exist in the development of the DOCI system such as creating
a stable illumination source and system noise characterization. The primary limitation that results from these
challenges is that the work reported to date use a relative system-specific models for device performances and
data interpretation. This makes it difficult for massive data accumulation across heterogeneous tissues with
many physiological confounding variables using multiple systems.
The derivation of the closed-loop model under different system and operating conditions allows for greater
understanding of the effects of different subsystem variables on the DOCI data such as the illumination decay
and system noise. This rigorous mathematical derivation is allows for quantitative imaging as oppose to relative
system-specific imaging. More focused simulations and models can be independently developed for system
characterization and improvement in data accuracy.
Although there are challenges in the device technology, specifically the illumination; the developed model
will allow for better understanding on how these variations will affect the final data, and potentially allow for
data aggregation across multiple systems. The preliminary results with fluorescein dye supports the utility
of this system towards ratio-metric quantitative imaging in which a physical property can be correlated to a
specific DOCI value. Although the errors are still relatively high, this still demonstrates that the results can be
hypothesized and predicted based on quantitative measurements.

5. CONCLUSION
DOCI generates image contrast through relative measurements of the autofluorescence decay rates (lifetime) of
aggregate fluorophores in tissue. The mechanism of this tool is non-invasive and does not require special dye or
injection of exogenous contrast agents. This technique quantifies measurements of intrinsic fluorescence lifetime
ratios unique to tissue types and permits display of additional information that is not available to the unaided
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eye. It is superior to other fluorescence measuring approaches because the computation of absolute lifetime
values is not required in this approach.
The simplicity of the data processing permits high-speed visualization of regions of interest suitable for
translation into the clinic or the operating room. The presented derivation and results support ongoing efforts of
adapting the algorithm to provide a useful tool for real-time intraoperative guidance. This novel tool warrants
further investigation through large-scale clinical trial and engineering development in order to successfully expand
the armamentarium of medical devices available to the physician.
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