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Abstract: We present a new model for analysis of fluorescence-lifetime ophtalmoscopy (FLIO)
data. The model uses three exponential components, two of which describe the fundus
fluorescence, whereas the third one models the fluorescence of the crystalline lens. The third
component is shifted toward short times, accounting for the difference in signal transit time.
Compared with the standard triple-exponential model, the fit stability and the lifetime
reproducibility are massively improved. Most importantly, the new model allows us to separate the
decay components from the fundus from the decay component of the lens. We demonstrate the
performance of the new model on FLIO data of a cataract patient who obtained a cataract surgery.
Pre-surgery data were dominated by lens fluorescence. Analysed with the conventional threecomponent model, the data did not deliver useful information about the fundus. With the new
model we were able to extract fundus lifetimes which matched the lifetimes from post-surgery
images.

Fluorescence-Lifetime Imaging Ophthalmoscopy
TCSPC FLIM is so sensitive that it can be used to record fluorescence-lifetime images of the
human retina in vivo. Fluorescence-Lifetime Imaging Ophthalmoscopy, or FLIO, is sensitive to the
metabolic state of the tissue. It thus bears the potential to detect early changes in the metabolism of
the retina before these have caused irreversible damage. The technique is in use since 1996, and has
resulted in an impressive number of research papers [1-35]. FLIO obtained a new push with the
introduction of the Heidelberg Engineering FLIO eye scanner, containing bh TCSPC FLIM
modules, bh ps diode lasers, and bh HPM hybrid detectors [33, 37]. Fluorescence decay times of the
fundus structures range from 200 to 600 ps, with component lifetimes down to less than 80 ps.
FLIO data analysis has therefore always been tricky, requiring user interaction and experience to set
the fit parameters appropriately. Nevertheless, absolute fluorescence lifetimes obtained by different
instruments and different users differed noticeably. This application note analyses the sources of the
problem, and presents a new approach which considerably improves the reproducibility of the
results.

The Challenges of FLIO Data Analysis
1. The Instrument Response Function (IRF) is not exactly known
The Heidelberg Engineering FLIO (fluorecence-lifetime ophthalmoscope) system records lifetime
images of the fundus of the human eye [37]. The decay data contain fluorescence decay components
down to less than 100 ps [25]. Under these circumstances, the recorded decay functions are a
convolution of the true fluorescence decay functions with the temporal instrument response
function (IRF). This is the waveform the system would record for an infinitely short fluorescence
decay time [37].
The convolution operation cannot be analytically reversed, i.e. a straightforward de-convolution
procedure does not exist. The task is solved by an iterative fit procedure:
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t /  1
 a2e t /  2  a3e t /  3 with the IRF
- Convolute the model function, f (t )  a1e
,

- Compare result with measured fluorescence data
- Change the model parameters until best fit is obtained
- Repeat the procedure for all pixels of the FLIO data set
Obviously, the IRF has to be known to run this procedure. It is, however difficult, if not impossible,
to measure the IRF accurately in a FLIO instrument. A fluorophore with a sufficiently short lifetime
(<5ps) and sufficient fluorescence quantum efficiency does not exist. Using a simple scattering
target instead faces the problem that the detection system optically blocks the excitation
wavelength. To detect the scattered signal modifications have to be made to the optical system,
which, in turn, have an influence on the IRF. Moreover, multiple scattering in the target broadens
the signal. As a result, the IRF is, if detected at all, recorded broader than it actually is.

2. The optical path length between the scanner and the fundus varies
In FLIO measurements the optical path length from the scanner to the fundus and back is not
constant. It depends on the patient's head profile and on the optical length of the eye. Differences of
1 cm in the distance (or 2 cm in the path length) are not unusual. This translates in a transit-time
difference of 67 ps. The uncertainty in the transit time results in an uncertainty of the same size in
the recorded lifetime [37]. That means lifetimes on the order of 100 ps cannot be determined
without shifting the IRF into the correct temporal position.
Data analysis has to shift IRF
into correct temporal position
Real
Decay
Function

IRF

Measured
Decay
Function

Fig. 1: The path length between the scanner and the eye varies (left). The data analysis has to correct for the associated
transit time variation (right).

3. The commonly used model function does not describe the decay profile correctly
The commonly-used model function is a triple-exponential decay of the form

f (t )  a1e t /  1  a2e t /  2  a3e t /  3

(1)

This model ignores the fact that the fluorescence from the fundus is overlaid by fluorescence from
the crystalline lens. The lens fluorescence arrives 120 to 150 ps before the fundus fluorescence. It
not only adds an unwanted decay component to the net decay function in every pixel, it also causes
a distortion in the rising edge of the fluorescence pulse (Fig. 2, left). The triple-exponential model
(1) is not able to describe the rising edge correctly (Fig. 2, right).
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Fit with traditional 3-exp model:
Where ever you shift the IRF, the model does not fit the rising edge
IRF positioning does not work
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Fig. 2: Left: measured decay function in the presence of lens fluorescence. Right: The model function is not able to
describe the rising edge correctly.

The inadequate modelling of the decay funtions in combination with the inaccurately known IRF
has consequences:
- The poor fit of the rising edge results in a broad χ2 minimum, ambiguity of the fit, and fit
instability.
- There is no clear χ2 minimum for different IRF positions. The fit routine is thus unable to find the
correct IRF position. Unstable IRF position leads to unstable lifetime results. Moreover, the
optimisation procedure tries to compensate for the distortion in the rising edge by modifying the
IRF position. Thus, even if an IRF position with minimum χ2 is found it is not the correct one.
- The shape of the rising edge depends on the relative amount of lens fluorescence detected. The
shape has an influence on the IRF position obtained, and thus on the lifetime determination. As a
result, the fundus lifetimes obtained from the fit depend on the focusing, and on the quality of the
patient's eye lens, in particular on the amount of astigmatism, and, importantly, on the
fluorescence properties of the lens. In particular, there is a problem for cataract patients. These
have extraordinarily high lens fluorescence.
It has been attempted to solve these problems by excluding the rising edge from the fit, i.e. by
fitting only the part of the decay functions after the maximum. This way, a good χ2 is obtained for
the falling part of the decay functions. However, the results depend on the selection of the fit range
and still contain an uncertainty from the uncertainty of the IRF position. Moreover, fast decay
components are not obtained with the best possible accuracy. Information on these components is
contained mainly in the early part of the decay functions, i.e. in the part which is excluded from the
fit.

The Solution to Accurate FLIO Analysis
1. The Shifted-Component Model
The model function is extended with a parameter, td3, which describes a shift of one of the
fluorescence components. The new model function is:
f(t) = a1 e-t/1 + a2 e-t/2 + a3 e(-t+td3)/3
a1, a2, a3, 1, 2, 3 are fit parameters. td3 is the transit time from the lens of the eye to the fundus
and back. A model like this has already been suggested by D. Schweitzer [33]. Implementing the
model in FLIO data analysis was not successful, however, possibly because the delay was used as a
fit parameter. This caused instability of the fit. We therefore assume that td3 is constant. In reality, it
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may vary slightly with the length of the eye. Our tests have shown, however, that the value of td3 is
not critical. A td3 of 120ps to 150ps works well for all adults.
IRF
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a lens
= a3
td3 = 120ps

TAUlens = Tau3

Fig. 3: Modelling the eye fluorescence with the shifted-component model.

The fit delivers two decay components, t1 and t2, from the fundus, and a third component, t3, from
the lens. Thus, the shifted component model not only delivers an accurate fit of FLIO data with a
correctly positioned IRF, it also allows us to remove the contamination of the fundus data by the
lens decay component. This is achieved by calculating an average (amplitude weighted) lifetime,
tm12, only from the first two decay components, t1 and t2 and their amplitude factors a1 and a2:

t m12 

t1a1  t 2 a 2
a1  a 2

(2)

The calculation of tm12 has been added to SPCImage, see sub-menu 'Colour', 'Encoding of'.

2. Synthetic IRF
We have to accept the fact that it is virtually impossible to measure an accurate IRF for a FLIO
system. We therefore defined a mathematical model for the IRF. The model is composed of a term
f(t) = t/t0·e-t/t0 describing the temporal response of the detector,
convoluted with
f(t) = e-(t2/tl)2 describing the shape of laser pulse.
t0 characterises to detector, tl the width of the laser pulse. t0 and tl are characteristic to each FLIO
instrument. They are one-time determined and stored in the instrument software. (An IRF
optimisation function is provided in SPCImage but should be used by experts only)

Test of the Shifted-Component Model with a Fast Detector
To test our approach we recorded FLIO data with an HPM-100-06 ultra-fast hybrid detector. The
detector itself has an IRF of less than 20 ps full width at half maximum [38], compared to about
120 ps for the HPM-100-40 standard detector [37]. Together with the laser pulse the IRF width is
on the order of 40 to 50 ps. With the fast IRF the fit quality can be assessed more accurately than
with the standard detector (IRF width about 120 ps). The fact that the fast detector is less sensitive
[37] is insignificant for the test. The result is shown in Fig. 4.
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The step in the rising edge of the fluorescence (caused by lens fluorescence, compare Fig. 2 and
Fig. 3) can easily be seen. It stands out much more prominently than with the standard detectors,
where it forms only a kink in the edge. As can be seen in Fig. 4, the model fits the step accurately.
The χ2 distribution (shown below the decay curve) is virtually free of bumps in place of the rising
edge of the fluorescence pulse.
It should be noted that fitting the data did not require any tweaking of fit conditions or fit-interval
boarders. The fit interval was just set to the beginning and the end of the recorded decay data. Small
changes in the cursor positions had no visible influence on the results as long as the left cursor
remained left of the rising edge and the right cursor in the region where the fluorescence has
decayed to reasonably low intensities.

Fig. 4: Test data recorded with ultra-fast hybrid detector. Analysis with shifted component model and syntethic IRF.

Application to FLIO Data of a Cataract Patient
We applied the new analysis approach to data from a cataract patient. The patient obtained a
cataract surgery, i.e. got an artificial lens implanted. The natural lens of a cataract eye is highly
fluorescent, whereas the artifical one is not. FLIO data were therefore recorded before and after the
surgery. The results are shown in Fig. 5 through Fig. 14. All images are shown in normal FLIM
style, i.e. with the fluorescence intensity as brightness and the fluorescence lifetime as colour.
Opthlamology style is different in that only the lifetime information is shown. We used the normal
FLIM style to give an impression of the contrast improvement obtained by the new model.
Instructions for SPCImage parameter setup are available in [39].
Fig. 5 is a pre-surgery image from the short-wavelength channel with the normal tm, the amplitudeweighted lifetime of a triple-exponential model. As can be seen from the figure, the lifetime is
entirely out of the normal interval of FLO data. The reason is the strong contribution from longlifetime lens fluorescence.
Fig. 6 is a tm12 image from the same data set. tm12 contains only t1 and t2, i.e. decay components from
the fundus. tm12 is in the range of normal FLIM data. More interestingly, tm12 is very close to the tm
of the post-surgery image, Fig. 11. The post-surgery data contain less or no fluorescence from the
lens. The similarity of the lifetimes indicates that tm12 of the pre-surgery image is really associated
with the fundus.
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Of course, the large contribution of lens fluorescence has also an effect on the pixel intensities. The
lens fluorescence is spatially unspecific, and thus causes a decrease in image contrast. The contrast
can be improved by using time-gated pixel intensities from the early part of the decay. This part is
dominated by the fundus fluorescence and thus delivers higher contrast. The result is shown in Fig.
7.
A similar, yet less pronounced tendency is found in the pre-surgery images of channel 2 (long
wavelength channel). In this wavelength channel the lens fluorescence is weaker than in Channel 1.
Nevertheless, the tm12 image (Fig. 9) shows generally shorter lifetimes than the tm image (Fig. 8).
The tm12 lifetimes are close to the post-surgery tm lifetimes, see Fig. 13. The gated-intensity image,
Fig. 10, has increased contrast, although the improvement is smaller than in channel 1.
Fig. 11 through Fig. 14 are the post-surgery images. Importantly, the tm lifetimes in the post-surgery
images closely match the fundus lifetimes, tm12, in the corresponding pre-surgery images. The tm12
image in channel 1 of the post-surgery data shows a decay component, t3, that is clearly associated
to the front part of the eye. This is indicated by the kink in rising edge and the perfect it of it. The
lifetime is 1.47 ns, compared to 3.64 ns in the pre-surgery data. We do not know where exactly this
component comes from but it must be from an anatomic structure in the front part of the eye. There
is virtually no such component in channel 2 (long wavelength channel).
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Pre-Surgery Images, Channel 1

Fig. 5, pre-surgery, tm image: Totally out of normal range, due to lens fluorescence

Fig. 6, pre-surgery tm12 image: The lifetime is in the normal range, and close to the post-surgery value. This is an
indication that t1 and t2 are indeed fundus-fluorescence components. Note the low contrast due to the strong lens
fluorescence.

Fig. 7, pre-surgery tm12 image, time-gated intensity: Increased contrast by rejecting most of the lens fluorescence
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Pre-Surgery Images, Channel 2

Fig. 8, pre-surgery tm: Lifetime shifted due to lens fluorescence

Fig. 9, pre-surgery tm12: The lifetime is close to the post-surgery value (see Fig. 13). This is an indication that t1 and t2
come from the fundus.

Fig. 10, pre-surgery tm12, gated: Increased contrast by time-gated intensity
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Post-Surgery, Channel 1

Fig. 11, post surgery tm image. A shifted slow component, t3, is still detected. However, the lifetime (1471 ps) is
different than that of the lens (3600ps, see Fig. 6). It probably comes from other anatomic structures of the front part of
the eye.

Fig. 12, post surgery tm12 image. In tm12, the slow component, t3, is not included. Therefore tm12 is shorter that tm. It
is also shorter than tm12 of the pre-surgery image. It is possible that the component is not present in the pre-surgery
image, or that it is too week to show up in the pre-surgery data.
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Post-Surgery, Channel 2

Fig. 13, post surgery tm image. The slow component, t3, is extremely weak. A trace of a slow component, t3, turned up
only by fixing its lifetime, in this case to 4000ps.

Fig. 14: post surgery tm12 image. Virtually no difference to Fig. 13 because the t3 component is extremely weak.

Summary
A new model function with a shifted third component in combination with a fully syntethic IRF
yields a substantial improvement in the fit stability of FLIO data. We attribute the improvement to
the ability of the model to accurately fit the decay component from the front part of the eye. This
component is shifted in time and causes a step or a kink in the rising edge of the fluorescence
profiles. The accurate fit of the leading part of the decay results in an accurate determination of the
temporal position of the IRF. This contributes significantly to the reproducibility of the fit.
Moreover, the ability to fit the early part of the decay profiles has a direct influence on the accuracy
at which fast fluorescence components are determined. Importantly, the new model allows us the
separate the fluorescence decay components of the fundus from the decay component from the lens.
This works even for eyes with cataract where the lens is highly fluorescenct. As an additional
benefit, FLIO analysis with the new model runs virtually without user interaction. Notably, it does
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not require tweaking the fit intervals or fit parameters and thus avoids that the results are biased by
the operator.
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