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Abstract

Long-lived near-infrared phosphors with high quantum yields have recently become available,
making it possible to image oxygen distributions in tissue in three dimensions. By numerical
simulations we demonstrate that, by using phosphorescent probes with appropriate oxygen quenching
constants, one can image hypoxic phantoms in scattering media with adequate spatial resolution,
employing simple time-gated measurements. The approach developed will guide experimental
imaging of phosphorescence lifetime and oxygen pressure in living tissue.

In the past several years optical tomography with exogenous contrast agents has become an
area of extensive investigations.1 Biodistribution of luminescent dyes and, in some cases, their
photophysical properties often correlate with physiologically important parameters of tissue,
e.g., areas of enhanced (or suppressed) activity of enzymes.~ Imaging with luminescent tracers
has historically been dominated by fluorescence. There are many more fluorescent probes
(nanosecond lifetimes) with high quantum gields than there are phosphorescent probes, and
some fluorophores are approved clinically.® In addition, some investigators have suggested
that using phosphorescent probes in diffuse imaging is not feasible because the probes’ long
lifetimes would prevent localization of objects hidden deep in tissues.*> Their analysis,
however, did not take into account that phosphorescence lifetimes may vary significantly in
tissues. It relied on the assumption that lifetime-based contrast in phosphorescence lifetime
imaging (PLI) has the same origin as fluorescence lifetime imaging,G’ which is erroneous.
Recent progress in the development of phosphorescent probes for intravascular use8 and the
importance of tomographic imaging of oxygen by luminescence quenchinggi10 prompted us
to clarify the role of the probe’s excited-state lifetime in contrast-enhanced optical imaging
and in PLI in particular.

Intramolecular processes that lead to the generation of triplet states occur on a subpicosecond
time scale and therefore can be considered instantaneous with respect to triplet lifetimes (tens
to hundreds of microseconds). Similarly, triplet lifetimes are orders of magnitude longer than
photon migration times (tens of nanoseconds), even if photons travel deep into tissue.
Therefore, unlike fluorescence, phosphorescence is a quasi-static process with respect to the
photon migration time scale. In fluorescence lifetime imaging, additional spatial contrast can
be gained by use of the relationship between the signal kinetics and the probability of emission
originating at a particular depth,4 but this is not relevant to PLI. In PLI, high contrast ratios
are attainable because time-gated detection allows explicit separation of short-lived signals
(e.g., owing to the background) from long-lived phosphorescence. This makes it possible to
accurately localize phosphorescent objects hidden deep in scattering media.
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A special area of application for phosphorescence imaging is detection and monitoring of tissue
hypoxia.~+ Luminescence quenching by oxygen in solution is a diffusion-controlled process,
which typically follows the linear Stern-Volmer relationship in the range of physiologically
relevant oxygen concentrations:

T()/T:[0/I=1+kq X 1o X pOa, (1)

where zand | are, respectively, the phosphorescence lifetime and the intensity that correspond
to partial oxygen pressure pO,, g and Iy are the phosphorescence lifetime and intensity,
respectively, in the absence of oxygen, and kq is the bimolecular rate constant. The probability
of collisional quenching by oxygen increases with an increase in the excited-state lifetime,
making longer decaying probes more sensitive to small changes in oxygen concentration.

Consider a phosphorescent probe with 1g=250 /15,12 homogeneously distributed in a sample
consisting of two equal volumes, i.e., normoxic tissue (pO,=50 mm Hg=50 Torr) and hypoxic
tissue (pO,=10 mm Hg). If both volumes are excited with continuous-wave (cw) light of equal
intensity, contrast C, defined as the ratio between emission intensities that corresponds to two
volumes, will asymptotically approach the inverse ratio of the oxygen concentrations with an
increase in constant kq [Fig. 1(a)].

Quenching constants can be tuned chemically over a broad range, e.g., 150-3000 mm Hg1

18 Selecting a probe with a higher quenching constant would give better contrast; however,
values of kq that are too high will cause the phosphorescence to be extremely weak even under
relatlvely hypoxw conditions (pO2=10 mm Hg). Thus, for probes with ky s <1000 mm Hg L
s’ contrast ratios would not exceed 3-4 under cw excitation.

Time-gated detection can dramatically increase the contrast in phosphorescence images. For
two volumes, characterized by lifetimes 71 and 7, and equally excited by a pulse of light, ratio
C (contrast) of the phosphorescence signals will be a function of the delay, t,, introduced
between the excitation pulse and the beginning of the data integration:
L) T T —T
Ct)=7——= 2 ZCXp(—z lf”).

L) T T1T2 @)
The penalty in this case is a decrease in signal-tonoise ratio (SNR): the longer the delay t,, the
less signal is collected. As interest is primarily in the hypoxic region, it is useful to plot contrast
C(ty) versus the z,-related decrease index n, corresponding to the moment of time t,=z, In(n)
when the phosphorescence from the hypoxic region (z,) has decreased n times [Fig. 1(b)]].. For
the values of pO, from Fig. 1(a) and a phosphor with kq=700 mm Hgt st (zg=250 ys), 24
contrast of ~20 will be attained when n=2 (t,=63 «s), and it will increase to 58 for n=3 (t,=100
us) and to 121 for n=4 (t,=126 us).

In imaging by diffuse light, areas located deep in tissue receive fewer excitation photons than
do regions close to the boundary. The distribution of excitation photons injected from a
boundary point source into a two-dimensional cylinder with a uniformly scattering and
absorbing medium is shown in Fig. 2a. The simulations were performed by use of the diffusion
approximation and the finite-element method. 13

Immediately after the excitation pulse, the transient distribution of the phosphorescence photon
density in the volume will be almost exactly proportional to the distribution of the excitation
photons. As a result, the signal in all the detectors (d1-d3, Fig. 2) will be dominated by the 77
component. However, as the beginning of the data collection is delayed, the fraction of the
long-lived phosphorescence (zy) in the signal will become increasingly large. A sequence of
transient photon density images, taken at different delays t,, (Figs. 2c-2f), reveals that the
hypoxic region behaves as a glowing luminescent bulb, continuing to emit photons after the
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signal from the normoxic medium (z;) has decayed. The fraction of the signal corresponding
to 7y in all three detectors (Fig. 2d) grows with delay t, and in the case of detector d3
(transillumination) has already become greater than the 77 signal after 83 us (n=2.5).

Delays in collection of the emission result in dramatic improvement in the contrast of
reconstructed images. In the case of long delays (e.g., n=6 and n=9), for which the hypoxic
region is best seen in the maps of the photon density, the signal level becomes insufficient for
adequate data processing. More-realistic delays are those when n=2-4, where the fraction of
the 7 decay in all the detectors is already high enough for the reconstruction algorithm to detect
the phantom (Fig. 3).

In Fig. 3 the boundary data were simulated for 240 source-detector pairs (16 sources, 15
detectors), with sources and detectors distributed equally at the periphery of the object.
Normally distributed noise (SNR, 50 for n=2; t,=63 us) was added to the data.14 The
reconstruction was performed by the self-scaling recursive maximum-entropy method with an
autoadjustable regularization parameter.15 In all the recovered images, the hypoxic phantom
is seen in the center of the object; however, for n=1 (Fig. 3b) it is surrounded by a strong halo.
The image is better resolved at n=2, and at n=4 the contrast becomes extremely high. Notably,
the SNR in the last set (n=4) is only 25, but the recovery still occurs with excellent accuracy.

For mapping tissue oxygenation it is important to reconstruct not only the phosphorescence
intensity images but the images of the phosphorescence lifetimes as they change throughout
the volume (see above). Time-resolved data collection in PL1 makes it possible to restore the
decay rate in every element of the spatial grid by using a relatively simple approach. Since the
intensity images, corresponding to delays ty, represent the total number of photons emitted by
the elements of the volume, a series of such images can be fitted by probe function f(r,t,):

S (rty) =f:10 (r)exp [—ﬁ] di=Iy (r) T (r) exp [_%] ’

3)
where r isa spatial coordinate and z(r) and lp(r) are the images of lifetimes and initial intensities,
respectively. Notably, the latter image is proportional to the spatial distribution of the probe.
This simple procedure is possible because the kernel of the convolution in the inverse problem
of the PLI is independent of r(r),10 which is not the case for fluorescene lifetime imaging.
Images z(r) and lg(r), determined from this fitting, can be further refined by solution of the
inverse problem over the combined set of data for all delays t,,, using an appropriate positively
constrained regularized nonlinear inversion method.

The approach described is illustrated in Fig. 4. A sequence of data sets (240 source-detector
pairs) with logarithmically spaced delays t,=15-251 us (SNR, 50; t,=63 us) was simulated,
and integral intensity images (some shown in the lower row) were reconstructed by the
maximum-entropy method. The lifetime maps obtained by fitting either the whole sequence
Fig. 4b or just the last images [t,=63-251 us]; (Fig. 4c), show significantly different contrasts.
Increasing the delay eliminates the background phosphorescence almost entirely, bringing into
focus the hypoxic regions. The oxygen image (Fig. 4d), derived from the lifetime image (Fig.
4b), demonstrates that localization of the hypoxic phantoms can be accomplished with adequate
accuracy even with this relatively simple procedure.

In summary, we have shown that by selecting optimal long-lived probes and using time-
resolved detection it is feasible to reconstruct images of phosphorescence lifetime and intensity
in scattering volumes. The phosphor does not have to be confined to the region of interest (i.e.,
hypoxia) and can be distributed throughout the volume. Contrast can be greatly enhanced by
use of an appropriate delay before beginning data collection.
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Fig. 1.

(Color online) a, Dependence of contrast C on kq for two equally excited volumes with
continuous-wave excitation; b, dependence of contrast C(t,) on index n for which t,=z, In(n);
tn, start of data integration values of kq for the curves are given in units of mm Hgls1(Imm
Hg=1 Torr).
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Fig. 2.

(Color online) a, Distribution of excitation density and c-f, individually normalized
distributions of phosphorescence density (log scale) after delays t, in a two-dimensional object:
1s=0.5 mm-1, 11,=0.006 mm-1 (excitation), pO,=50 mm Hg (hypoxic region, pO,=10 mm Hg).
b, Changes in fraction of the 7 signal in detectors d1-d3 and relative changes in total photons
(lighter shading).
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Fig. 3.
Images of a hypoxic phantom (,=90 xs), a,in a normoxic volume (z1=25 ws; Fig. 2) and, b-d,
reconstructed from boundary data acquired after delays t,=z, In(n).
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Fig. 4.

(Color online) a, Scattering object (@6¢cm, pO,=50 mm Hg) with two hypoxic regions:
pO2=15 mm Hg (z,=70 us) and pO,=15mm Hg (r3=133 us). Lifetime images (microseconds),
b, reconstructed from the whole sequence of intensity images (lower row) or, c, from the
intensity images acquired at higher delays (t,>50 us). d, Oxygen images (in millimeters of
mercury) obtained from lifetime image. b, Bottom row, phosphorescence intensity images
collected at difference delays t,, and normalized by the maximal intensity in the first image

(t,=15 ws). Same color scheme as for a-d.
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