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Fluorescence resonance energy transfer (FRET) is a nonradiative energy transfer process based on dipole-
dipole interaction between donor and acceptor fluorophores that are spatially separated by a distance of a few
nanometers. FRET has proved to be of immense value in the study of cellular function and the underlying
cause of disease due to, for example, protein misfolding (of consequence in Alzheimer’s disease). The standard
parameterization in intramolecular FRET is the lifetime and yield, which can be related to the donor-acceptor
(DA) distance. FRET imaging has thus far been limited to in vitro or near-surface microscopy because of the
deleterious effects of substantial scatter. We show that it is possible to extract the microscopic FRET param-
eters in a highly scattering environment by incorporating the FRET kinetics of an ensemble of DA molecules
connected by a flexible or rigid linker into an optical diffusion tomography (ODT) framework. We demonstrate
the efficacy of our approach for extracting the microscopic DA distance through simulations and an experiment
using a phantom with scattering properties similar to tissue. Our method will allow the in vivo imaging of
FRET parameters in deep tissue, and hence provide a new vehicle for the fundamental study of disease.
© 2009 Optical Society of America
OCIS codes: 170.3880, 170.3660, 170.6960, 100.3190.
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1. INTRODUCTION

Fluorescence resonance energy transfer (FRET) results in
a decrease in the lifetime and quantum yield of the donor
in the presence of the acceptor [1,2]. Both intramolecular
and intermolecular FRET have been extensively used in
the in vitro study of molecular activity related to cellular
function and the cause of disease [3-9]. In intramolecular
FRET, the donor and acceptor are connected by a linker
and energy transfer is between a single donor and accep-
tor (fixed stoichiometry). The donor-acceptor (DA) dis-
tance is fixed for a rigid linker or is distributed over some
(nm) range for a flexible linker [2]. Intramolecular FRET
has been used to study protease activity [3], conforma-
tional changes in proteins [4], protein phosphorylation
[5], biological phenomena like protein folding and dena-
turation [2,8], and to measure intracellular calcium [6].
The study of protein folding and aggregation by FRET
could be important in relation to diseases like Alzheimer’s
and some cancers which have been linked to protein mis-
folding [10,11]. In intermolecular FRET, the donor and ac-
ceptor reside on independent unlinked hosts and, there-
fore, there can be multiple acceptors for a single donor.
Intermolecular FRET has been used to study protein-
protein interactions [7].

The deleterious effects of substantial scatter precludes
the direct imaging of molecular activity using FRET in
deep tissue. Until now, the imaging of FRET in tissue has
been limited to surgically removed thin tissue sections
[12,13] and near surface in vivo [14] multiphoton micros-
copy. While multiphoton or confocal microscopy allows the
spatial mapping of FRET parameters [13], this is limited
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to weak scatter. Optical diffusion tomography (ODT),
where the propagation of light in a scattering medium is
modeled by a diffusion equation, facilitates deep tissue
imaging [15,16]. With the appropriate data set, ODT has
been used to image fluorescence yield and lifetime [17].
Combining ODT with FRET would thus enable three-
dimensional spatial mapping of FRET parameters and al-
low in-vivo deep-tissue imaging of molecular activity indi-
cated by the microscopic DA distance or distance
distribution.

Molecular beacons (MBs) [18] are similar in construc-
tion to FRET molecules, as they have a fluorophore linked
to a quencher, and in-vivo images have been achieved for
a mouse model [19] using techniques similar to fluores-
cence optical diffusion tomography (FODT) [17]. However,
due to their particular construction, in which the
fluorophore-quencher distance in MBs is much less than
the DA distance in FRET probes, MBs behave fundamen-
tally differently [20,21] and provide no distance informa-
tion.

We describe an approach to couple the kinetics of in-
tramolecular FRET, with a rigid or flexible linker, with a
model that describes multiply scattered light, thereby al-
lowing the estimation of the microscopic FRET distance
or distance distribution inside a scattering medium. To
describe the light scatter, we use a diffusion model, which
is valid at length scales large relative to the photon ran-
domization length /,=(3D)"!, where D is the diffusion co-
efficient, which in tissue is on the millimeter scale. There-
fore, ODT length scales are not commensurate with FRET
DA distances, making it unclear whether it would be pos-
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sible to determine the DA distance from heavily scattered
light. Combining FRET and ODT requires that we have
an ensemble of DA pairs in order to ensure an adequate
detector signal to noise ratio (SNR). Through simulations
and a simple experiment, we show that it is possible to
determine the microscopic FRET parameters. Specifically,
the DA distance or distance distribution for rigid or flex-
ible linkers, respectively, is reconstructed using the mac-
roscopic ODT modality.

2. FRET-ODT PARAMETERIZATION

In the excited state and in the presence of an acceptor, the
donor molecule can decay to the ground state radiatively
by photon emission with rate %, and non-radiatively, by
heat dissipation and energy transfer to an acceptor mol-
ecule, with rates %, and kp, respectively [1,2]. If 7p is the
donor lifetime and 7p the donor quantum yield in the ab-
sence of an acceptor, then kp= TD_I(RO/I'F)G, where rp is
the distance between the donor and the acceptor and R, is
the DA distance where the energy transfer efficiency is
50%, 1, =k, +k,,, and np=Fk,./(k,+k,,) [2]. In the pres-
ence of an acceptor, energy transfer results in a decreased
donor lifetime, 7p,, given by

=]
—=— 1+ — =k, +k, +kp (1)

A D r'r
and a decreased donor quantum yield
,

kb, +kp

(2)

MDA =

For an ensemble of flexible linkers, the DA distance is
commonly modeled by a probability distribution, which
we assume to be Gaussian within the distance range
[FminsTmar] and given by p(rp)=(1/Z)expi-a(rp-b)3),
where Z=["me exp{~a(rp—b)?}dry is the partition func-
tion, b is the mean DA distance, and « is inversely pro-
portional to the variance [2,8].

For an ensemble of DA pairs connected by flexible link-
ers, in a highly scattering medium, we model the excita-
tion and donor fluorescence photon propagation by the
frequency domain coupled diffusion equations [17,22]

V- [Dx(r) \Y (Px(r,w)] - [:u'ax(r) - iw/c](px(r, w) == Sx(r;w)
(3)

V- [Dm(r) \ ‘Pm(r’ (1))] - [lu‘am(r) - iw/c]cpm(r, (1))
== @ulr, 0)S¢(r; ), (4)

with exp(-iwt) time dependence and circular modulation
frequency w (rad s™!), where subscripts x and m, respec-
tively, denote the excitation and emission wavelengths A,
and \,,, o(,w) (W ecm™2) is the photon flux density at po-
sition r inside the scattering medium, a point source
S, (r;w)=B58(r-s) is assumed, with B the modulation
depth, ¢ is the speed of light in the medium, w,(r) (cm™')
is the absorption coefficient at position r, D(r) (cm) is the
diffusion coefficient at position r, and S;(r,w) is the
source for the flexible (subscript f) linker. Using the Fou-
rier transform of the time-domain impulse response of the
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donor fluorophore, [(7pa.uep)/7pal-exp(-t/7ps), along
with (1) and (2),

"max mpspap(T)
Sy(r;w) = T iomaP (rp(r))drp(r)
. —lwTpa(r)

min

Tmax

nr){(rp(r)p(rp(r))dry(r), (5)

upon setting npa=k,7pp and np=k,7p, where the
distance-dependent 7p4 and 7p, are averaged over DA
distance rp wusing the distribution p(rp), (rg(r))
=rg(r).[(1—inD(r))rg~(r) +R(6)]‘1, rp(r) is the DA distance
at point r, u,p(r) is the absorption coefficient of the donor,
and for notational simplicity, 7(r)=7pu.p(r). Modulated
light is necessary to determine all parameters in (5). For
an ensemble of DA pairs connected by rigid linkers, p(rg)
reduces to a Dirac delta function, and the corresponding
source term is Sy(r; w)=7(r){(rp(r)), where the subscript g
indicates a rigid linker. We chose the DA distance and dis-
tance distribution to parameterize the FRET image,
rather than donor lifetime in presence of the acceptor,
Tpa, because distance is a natural measure for FRET and,
for the flexible linker, the probability distribution is
Gaussian if the FRET image is parameterized in terms of
distance, while for 7p,, the distribution would be non-
Gaussian. Having a Gaussian distribution makes it easier
to calculate the integral in (5). Let g,(ry,,r; @) be the dif-
fusion equation Green’s function for (3) at wavelength \,
and gm(r,rdm;w) be the Green’s function for (4) at \,,.
Then, the donor fluorescence photon flux density (for flex-
ible or rigid linker) at a detector positioned at r; , due to
a point source modulated at frequency o and positioned at

T's,> 18

qp(rsk’rdm;w) = fgm(r’rdm;w)s(r;w)gx(rskar;w)dgra (6)

where S(-) represents either Sy or S,.

Assuming that u, , Dy, pq , D, and 7p are known or
have been reconstructed using a procedure we have pre-
viously described [17], then, for the flexible linker, the un-
known parameters can be represented as xp
=[5(r),a(r),b(r)]%, or for the rigid linker as xp
=[5(r),rr(¥)]’, where T is transpose. We use K optical
sources modulated at @ frequencies for excitation and M
detectors to measure the emitted donor fluorescence. To
reconstruct xr and thus locate the ensemble inside the
scattering medium, the measurements are incorporated
in a Bayesian framework [17,23], which facilitates a sta-
tistical approach for the reconstruction of x.

3. RECONSTRUCTION

To reconstruct xp, the simulation domain is discretized
into N nodes on a uniform 3-D grid, which transformed xp
into the 3N X 1 vector

xp=[n(r) - pry)a(r) - alry),bry) - bry]"  (7)

for the flexible linker, and the 2NV X 1 vector
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xp=[n(ry) - 9ry),re(ry) - reiry) 1" (8)

for the rigid linker, where the superscript 7' denotes the
transpose operation.

Source and detector calibration coefficients [24] are ex-
plicitly introduced into the inversion. The inversion prob-
lem is couched in a Bayesian framework [17,23], which al-
lows us to incorporate a priori information as well as
information about the physics of the FRET model into the
maximum a posteriori (MAP) estimate

Q
ephup=arg max | [1p0 ers,dplep) [, (9)

xp=0,5,d q=1
where p(ypq|xp,sq,dq) is the data likelihood for the fluo-
rescence signal measured from an ensemble of DA pairs
connected by either flexible or rigid linker located inside a
scattering medium, p(xy) is the prior model, yz is a KM
X 1 vector representing the measurement at M ‘detectors
due to K sources modulated at frequency w,, @ denotes
the total number of modulation frequencies, and s,
=[slq,...qu] and dqz[dlq, .. .dMq] are the source and de-
tector coupling coefficient vectors respectively, at fre-
quency w,, for the K sources and M detectors, which are
estimated jointly with the image xr. For the simulations
presented in the paper, s,=1+i0 and d,,=1+i0 are used.
Assuming a Gaussian shot-noise model, the data term is

xp,S,,d,) = ————
PUEr S dy) (map)|Ap |

2

|b’Fq_qu(xF’Sq7dq)”/\Fq

Xexp| - - ,
F

(10)

where P=KM is the number of measurements, qu(xF) is a
KM X 1 vector of the form

qu(xF9sq’dq) = [slqdlqw(rsl’rdl;waxF) oo slquq
><<p(rsl,rdM;w,xF),s2qd1q<p(r32,rd1;w,xp)
. T
"'SquMq()D(rsKrrdM>wny)] s (11)

agp is a scalar parameter that scales the noise variance,
and, for an arbitrary vector w, |lw|? =w"Aw (where H de-
notes Hermitian transpose), with ap/(2Ap 1) the covari-
ance matrix. We assume a shot noise model with Ap 7
=diag[lyg 1|,...lyr p|] [23]. For the flexible linker, the
prior dengity, p(xp), assuming independence of the image
vectors representing 7, a or b, is p(xp)=p(x,).p(x,) . p(xs).
We use the generalized Gaussian Markov random field
(GGMRF) prior [23]

1 1
plxy) = eXP(— > b'—'|xk.—xk.pk>,
oy 2(pr) PO ihen,

(12)

where k represents 7, a or b, x;, denotes the ith node of x,
the set AV, consists of all pairs of neighboring nodes (in a
26 neighbor system), and b;_; is the weighting coefficient
corresponding to the ith and jth nodes assigned to be in-
versely proportional to the node separation, under the
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condition that 3;b;_;=1. Parameters p (we use p,=2) and
o control the shape and scale of the distribution and z(p)
normalizes the density. The prior model for the rigid
linker can be described in a similar way.

Numerically, qo(rsk,rdm;w,xp) is calculated by discretiz-
ing (6), with S(-) being either Sy or S, as

N
Plryora, ;0,58 = 2, VIgu(rira ;0)S(r; 0,8p)8,(ry, i 0)],
j=1

(13)

where V is the (cubic) element volume associated with
each node and the dependence of the FRET source term,
S, on the image xp, is explicitly included by representing
it as S(rj; w,xp). Using (13), we rewrite (11) as

qu(‘xF’Sq’dq) =quswq(xF)5 (14)

which is the product of a KM X N matrix and a N X 1 vec-
tor, with GZ =s, d,, x(rsk,rj;wq).gm(rj,rdm;wq), m=i
modulo M and ﬂ:[i7M +1], where [.] is the integer part of
i/M+1, and S,, (xp)=[S(ry;wy,xp) -S(ry; wy,xp)]". Previ-
ously, we found that incorporating ap into the inverse
problem as an unknown for each image tends to improve
the robustness and speed of convergence [25]. As a result,
we obtain the MAP estimate, {£z}jap, by performing a
joint iterative minimization of In[p(yr|xz)p(xr)] over ap,
84, dg and xp, leading to

({JeF}MAP’ &Fv‘é’&)

1 9
—arg min min{ — 2, vz, - quswq(xF)H?\F
xp=0,5,d ap an:l a

+ Plog ap - log[p(xp)] (. (15)

As in our previous work, we use the iterative coordinate
descent (ICD) algorithm, a Gauss-Seidel approach, along
with a Golden Section Search, to estimate {£z}yap from
(15) [22]. In ICD, the cost function in (15) is optimized
with respect to individual nodes in the image, where the
image points are scanned in random order. For example,
for the flexible linker, one update scan for xy consisted of
updating all N nodes first with respect to a, then b and
subsequently 7. For the flexible linker, with all other im-
age elements fixed, the ICD update for the ith node in the
image of @, b or 7 is

1 9
&, —argming —> lyr, - [G,, LoSr; 020X,
xklzo an=1 q

2 bi, — | ¢ (16)

PrO, " jeNy,

where — implies update, % represents either a, b or 7, N k;
is the set of nodes neighboring node i, and [qu]*(i) de-

notes the ith column of qu.
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4. SIMULATION

The model problem we consider is the cubical tissue phan-
tom of Fig. 1(a) with side 2.5 cm, discretized on a 33
X 33%x33 uniform grid. A planar arrangement of 14
sources, with ten equally spaced modulation frequencies
between 40 and 220 MHz (20 MHz between measure-
ments), is on the top face and 14 detectors are used on the
bottom face. The molecules EYFP and HcRED1 are as-
sumed as donor and acceptor, respectively, with
=3.8 ns [26], and we use Ry=4.7 nm [27]. We assume D,
~D,,=0.027 cm and gy, = pgm=0.047 cm™!. For both rigid
and flexible linker, we choose 7=0.025 cm™!, calculated
from the quantum yield and absorption coefficient for
EYFP, assuming a concentration of 250 nM for the FRET
pair. The FRET pairs are contained within a centrally lo-
cated sphere of radius 2.5 mm. We assume a FRET mo-
lecular concentration that is based on related work with a
mouse tumor model [19], and tissue parameters for the
light [16]. The detectors are assumed to be shot noise lim-
ited with an average SNR of 30 dB. We used MUDPACK
to generate the synthetic data [28,29].

A. Computation of Equation (5)

Determining {z}yap involved multiple computations of
the integral in (5). For given R, w and 7, piecewise fit-
ting cubic polynomials and exponential functions to the
real and imaginary parts of {(rp) leads to analytical ex-
pressions for the integral in (5). This provided an efficient

y (cm)

y(cm)
y(cm)

x (cm) x (cm)
(c) Reconstructed 1 ) Reconstructed 7)
B x107 _ x 107
€ 5
§ o 4 .g, 0 3
> >
1 2 1
-1 0 1

X (cm)
(f) Reconstructed b

(e) Reconstructed a

Fig. 1. (Color online) (a) The ry=4.2 nm isosurface plot of the
true image for a fixed linker. Also shown are the locations of the
sources (top circles) and detectors (bottom circles) used to pro-
duce the simulated data. (b) Discretized spherical geometry with
radius 2.5 mm (with 33 X33 X33 image resolution). For a rigid
linker with rz=4.2 nm and 7=0.025: (c) reconstructed rz, (d) re-
constructed 7. For a flexible linker with a=5.42x 10 m~2 and
b=5.45 nm, with the geometry in (b): (e) reconstructed a, (f) re-
constructed b. The average detector SNR was 30 dB.
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way to parameterize the FRET source. The limits of inte-
gration in (5) were chosen to be r,;,=5 A and r,,,,
=3.5R,. The accuracy of this approach is illustrated in
Fig. 2.

B. Simulation Results

Figure 1(b) shows the central slice of the discretized
sphere (the isosurface plot in Fig. 1(a) gives a perspective
view). Figures 1(c) and 1(d) show the reconstructed rz and
n for the case of a rigid linker, indicating excellent accu-
racy. In Figs. 1(e) and 1(f), we show the results for ¢ and b
with a flexible linker. Notice how well the true values are
estimated. The key point is that we are able to determine
the microscopic FRET parameters from the macroscopic
ODT model with a realistic noise model, suggesting that
the modality can be applied in vivo.

To emphasize the efficacy of our approach, consider the
case in Fig. 3 of two spherical regions, each of radius
2 mm, containing FRET DA pairs connected by flexible
linkers having differing parameters (a and b), simulating
different micro-environments. Figures 3(a) and 3(c) show
the true images of a and b, respectively, while Figures
3(b) and 3(d) show the reconstructed results. The 7 image
in Fig. 3(e) is determined quite well in the reconstructed
image of Fig. 3(f). We are thus able to accurately recon-
struct the FRET distribution parameters, even if the
FRET pairs are localized in two different regions with dif-
ferent distributions.

— A —True
= < Cubic
) o Exponential
= 0.5
[O)
o
0 5 10 15
fe (Nm)

“Imag [£(r,)]

Fig. 2. Piecewise polynomial and exponential fitting of the real
and imaginary parts of {(ry) when Ry=4.7 nm and 7p=3.8 ns: (a)
real part, and (b) imaginary part, for a modulation frequency of
80 MHz.
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Fig. 3. (Color online) A phantom having two spheres, each of ra-
dius 2 mm, containing DA molecules connected by a flexible
linker. (a) True image of a. For the top right sphere, a=3.5
%X 10" m~2, and for bottom left sphere, a=7.45x 10’ m~2. (b) Re-
constructed a. (¢) True image of b. For top right sphere, b
=5.95 nm, and for bottom left sphere, 6=3.65 nm. (d) Recon-
structed b. (e) True image of 7. For top right and bottom left
spheres, 7=0.025. (f) Reconstructed 7. The average detector
SNR=30 dB.

5. EXPERIMENT

To verify the model and simulations, a simple experiment
was performed. The goal was to reconstruct the DA dis-
tance for an ensemble of FRET DA molecules located
inside a scattering medium. The FRET chemical
was  comprised of the donor, 4,4-difluoro-5,
7-dimethyl-4-bora-3a,4a -diaza- s-indacene-3-propionic
acid (BODIPY-FL: excitation 488 nm, emission 520 nm),
the acceptor, tetraethyl rhodamine, and a structurally
rigid peptide linker whose chemical structure is described
elsewhere [30]. Figure 4 shows a schematic of the ODT
measurement system, with a 3 mW 488 nm argon-ion la-
ser (Uniphase), an x—y scanning mirror system, a Plexi-
glas box of size 8.8 cm (L) X 8.8 cm (H) X 3.4 cm (W), a cy-
lindrical plastic vial (length 3 cm, inner-diameter
0.65 cm, outer-diameter 0.75 cm) to hold the FRET
chemical, suspended from the lid of the Plexiglas box us-
ing an acrylic rod 1 mm in diameter and 1.5 cm in length,
a 520 nm bandpass filter (Edmund Optics, 50.8 mm
square) with FWHM 10 nm and peak transmission 45%
[31], and a 105 mm, /2.8 lens (AF micro Nikkor, Nikon) to
focus the 4.8 cm X 4.8 cm image of the scattering medium
on a 512 X 512 pixel Peltier cooled CCD Camera (PI-MAX,
Roper Scientific). The Plexiglas box was filled with a sus-
pension of 0.4% (w/v) Intralipid (Sigma-Aldrich). The
0.4% Intralipid solution was prepared by dissolving 10 ml
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of 20% Intralipid in 500 ml of deionized water. The plastic
vial contained 1 ml of 3 uM solution of the FRET chemi-
cal in Intralipid, prepared by mixing 100 ul of a 0.18 mM
stock solution of the FRET chemical with 5.9 ml of 0.4%
(w/v) Intralipid. The chemical was dissolved in Intralipid
to maintain tissue-like scattering properties.

Using the x—y scanning mirror system, the laser beam
was scanned along the Plexiglas box surface to 19 pre-
chosen source positions. For each source position, 100
frames with an exposure time of 150 msec each were
taken with the camera and added together. For recon-
struction, the 512512 image was down-sampled to 16
X 16, giving 256 detectors in total. Each detector is one
pixel, and the detector pixels were uniformly spaced. The
laser was not modulated. We determined 7 experimen-
tally, as described below, and use 7=15.6 X 10~3 cm~!. For
the 0.4% Intralipid solution, we assume that all the ab-
sorption at A\, 488 nm is due to water, thereby giving

a,~2.5X 10 4 em-1 and e ~3.2X107* cm™! [32]. Prior
experlments with Intrahpld lead to D,~0.051 cm and
D,,~0.056 cm [33].

Using the procedure outlined in Sections 3 and 5.C, the
acquired data was calibrated and the images were recon-
structed. For reconstruction, the scattering medium was
discretized into a 33 X33 X 17 uniform grid. In the calcu-
lation for rp, we ignored the small contribution of

488 nm Argon Laser

@ @ Object in
Camera Intralipid
AN
Filter X X-Y Scan Mirror
520 nm <7
z
y

(a)

(b)

Fig. 4. (Color online) (a) and (b) Experimental setup: a 3 mW
488 nm argon-ion laser (Uniphase), an x—y scanning mirror sys-
tem, a Plexiglas box of size 8.8 cm (L) X 8.8 cm (H) X 3.4 cm (W),
a cylindrical plastic vial (length 3 cm, inner-diameter 0.65 cm,
outer-diameter 0.75 cm), to hold the FRET chemical, suspended
from the lid of the Plexiglas box using an acrylic rod 1 mm in di-
ameter and 1.5 cm in length, a 520 nm narrow bandpass filter
(Edmund Optics) with FWHM 10 nm [31], and a 105 mm, /2.8
lens (AF micro Nikkor, Nikon) to focus the 4.8 cm X 4.8 cm image
of the scattering medium on a 512 X 512 pixel Peltier cooled CCD
Camera (PI-MAX, Roper Scientific).
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rhodamine emission at 520 nm, when excited at 488 nm,
as we found that compared to the emission of Bodipy-FL
at 520 nm, rhodamine’s signal was negligible. Also, due to
the scattering medium, less than one uW was incident on
the cuvette, which resulted in no observable photobleach-
ing.

A. Determination of #

A solution of the donor BODIPY-FL and Intralipid was
prepared by mixing 100 ul of a 10 uM stock solution of
the donor BODIPY-FL with 3.9 ml of 0.4% (w/v) In-
tralipid, resulting in a concentration of Cp=250 nM. One
ml of the donor-Intralipid solution was pipetted into a
plastic vial (identical in size to the one described in the
paper) and suspended inside the Plexiglas box containing
0.4% Intralipid. Using the same experimental setup as
described above, the laser beam was scanned along the
Plexiglas box surface to 26 pre-chosen source positions.
For each source position, 100 frames with an exposure
time of 150 msec each were acquired with the camera and
added together. For reconstruction, the 512X 512 image
was down-sampled to a 16 X 16, thus making 256 detec-
tors in total. Each detector is one pixel, and the detector
pixels were uniformly spaced. For reconstruction, the
scattering medium was discretized into a 33 X33 X 17 uni-
form grid. For the background optical properties, we as-
sumed that for a 0.4% Intralipid solution, all the absorp-
tion was due to water, thereby giving Ma, =25
X10™* em™, p, =3.2X107* em™! [32], D,~0.051 cm and
D,,~0.056 cm {331. Using fluorescence optical diffusion
tomography (FODT) [17], n was reconstructed. We note
that related fluorescence imaging work has been termed
fluorescence molecular tomography (FMT) [19]. Figure 5
shows three slices along the x—y plane for the recon-
structed 7. The estimated % in the reconstructed image
for the 250 nM solution was 13Xx10% em™!, giving 7
=15.6x1073 cm™! for the 3 uM solution used in the FRET
imaging experiment.

z=-0.2125 cm

z=0.000 cm X 10-4
-4 -4 12
5o § o 8
> > 4
4 4
-4 0 4
X (cm
(a) 2=0.2125 cm (b)
x 107
12
5o 8
& 4
cm)
(c)

Fig. 5. (Color online) Slices along the x—y plane of the recon-
structed image of 7 for the plastic vial containing the donor
mixed with Intralipid. (a) Slice at z=-0.2125 cm. (b) Slice at z
=0.0cm. (c¢) Slice at 2z=0.2125cm. Reconstructed 7z
~0.0013 cm™L.
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B. Computation of R,
The Forster distance R for the donor BODIPY-FL and ac-
ceptor rhodamine was calculated from [2]

9000 In(10) k%7 (Pmax

Rf=———F——
7 1287°Nnt )|

fo(NeaMN*N,  (17)

min

where «? is the relative orientation of the donor and ac-
ceptor transition dipole moments, assumed to be x2>=2/3,
N is Avogadro’s number, n is the solvent refractive index,
which was assumed to be n=1.33 (the refractive index of
water, because it is the main solvent), 7p is the donor
quantum yield in the absence of the acceptor, which for
BODIPY-FL is 7p=0.9 [34], fp(\) is the normalized fluo-
rescence spectrum of the donor, and g4(\) is the molar ab-
sorption coefficient of the acceptor at wavelength \. The
integral in (17) was calculated between \,,;,=475 nm and
Mnax=649 nm, giving R(y=5.8 nm.

C. Calibration for Experimental Data

Measurement calibration is necessary to account for
source and detector coupling to the scattering medium.
For accurate image reconstruction, a two step calibration
procedure was followed. In the first step, a baseline mea-
surement, yz‘,’,fe, for the kth source and mth detector, was
made at the excitation wavelength (488 nm) with only In-
tralipid in the plastic vial and no filter in front of the CCD
camera lens. Using the optical properties, i.e., D and u,
for 0.4% Intralipid at 488 nm, described above, synthetic
data y7 was computed using a numerical solution to (3).
Uncalibrated fluorescence data, y”"c"l obtained from the
experiment described above, was calibrated using

syn

ykm
Yim=im . e (18)
km

where ycal is the calibrated data for the kth source and
mth detector. Thus, for our experiment, @=1, yF1=yC“l
and w;=0, because unmodulated light is used. As Eq. (18)
does not fully characterize the source and wavelength-
dependent detector arrangement, we found it necessary to
explicitly introduce source and detector coupling coeffi-
cients into the inversion procedure [24].

D. Experiment Results

Figure 6 shows three slices along the x—y plane of the
true discretized location and shape of the plastic vial in-
side the scattering medium. Also shown is an isosurface
image of the plastic vial plotted at a DA distance of rp
=3.6 nm, which was obtained from an another experi-
ment (see Subsection 5.E, performed to verify that we ac-
curately estimated the DA distance in the presence of
scatter), in which we imaged the plastic vials in the ab-
sence of the scattering medium. Figure 7 shows the recon-
structed image for the DA distance. As can be seen from
the images, the reconstructed object is very close to Fig. 6
in terms of both object shape, object location and the re-
constructed DA distance. Also shown in Fig. 7 is an isos-
urface plot for the reconstructed DA distance at rp
=3.4 nm.



Gaind et al.

z=0.000000 cmy 10°
4

z=-0.212500cm y 10~°

0-‘4

(a)

y (Cm)
y (cm)

- N w
-

2=0.212500 cm 5 10

]

X (cm

y (cm)

- N W

Fig. 6. (Color onhne) Slices along the x—y plane of the true rg,
true location and shape of the plastic vial suspended inside the
Intralipid scattering medium (see Fig. 3 for xyz axes orientation).
(a) Slice at z=-0.2125 cm. (b) Slice at z=0.0 cm. (c¢) Slice at z
=0.2125 cm. (d) Isosurface plot of the DA distance at rp=3.6 nm,
which is the distance estimated without the scattering medium
(see Section 5.E).

E. Experiment to Verify Reconstruction of rp

To verify whether the DA distance had been estimated ac-
curately, we performed another experiment in which the
plastic vials containing the 250 nM solution of donor and
Intralipid and the 3 uM solution of the FRET chemical
and Intralipid were imaged without the scattering me-
dium with the same experimental setup shown in Fig. 4.
Figure 8 shows the images for each vial. The detected
power is proportional to the intensity in counts and is

Pxfl.dS, (19)

where I is the intensity in counts and dS represents an
area element. Using (19), the DA distance can be esti-
mated from

z_—O 212500 cm L 4Z=0.000000 cm . 107
. 4 4
> 2 > 2
4 1 h
X (cm

z=0.212500 cmy 107°
-4 4 -4
>
4
-4 0 4
x (cm)

Fig. 7. (Color online) Slices along the x—y plane of the recon-
structed image of the DA distance. Expected r=3.6 nm. (a) Slice
at z=-0.2125cm. (b) Slice at z=0.0cm. (c) Slice at z
=0.2125 cm. (d) Isosurface plot of the reconstructed DA distance
at rp=3.4 nm.
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Fig. 8. (Color online) Acquired image of plastic vials without the
scattering medium. (a) Image of vial containing donor Bodipy-FL
mixed with Intralipid at concentration Cp=250 nM. The total de-
tected power is assumed to be the integral of the intensity in the
dotted rectangle, which gives Pp=v7.3xX10® W. (b) Image of the
vial containing the FRET chemical mixed with Intralipid at con-
centration Cpy=3 uM. The detected power, using the intensity in
the dotted rectangle, is Pps=7v4.2Xx10% W. Using (20) and R,
=5.8 nm gives rp~3.6 nm

Py : 7pCp
Ppa  (mpCpa)/[1+ (Ro/rp)®]’

(20)

where Pp and Pp, are the detected powers for the donor-
only and FRET samples, respectively, Cp is the concentra-
tion of the donor, and Cp, is the concentration of the
FRET chemical. This gives

P et o 21)
rp= - ,
o0\ PpaCp

which was calculated using the area highlighted in Fig.
8(a) and 8(b). For the images, Pp=~7y-7.3x 108 Watt and
Pps~v-4.2%x 108 W, where yis a proportionality constant
(Watts/counts) which cancels out when Pp and Pp, are
substituted in (20), and Ry=5.8 nm, yielding rz=3.6 nm.
This is very close to the reconstructed DA distance in the
presence of scatter. In the calculation for rz, we ignored
the small contribution of rhodamine emission at 520 nm,
when excited at 488 nm.

6. CONCLUSION

We have shown that it is possible to image the micro-
scopic DA distance or distance distribution of a FRET
chemical inside a scattering medium by incorporating
FRET kinetics in an ODT framework. Through simula-
tions, we showed the efficacy of our approach to distin-
guish macroscopic regions having differing ensemble pa-
rameters. This emulates a situation where multiple
tumors or organs are imaged.

The macroscopic FRET regions used in the simulations
and experiment are also representative of Alzheimer’s,
where the onset of senility occurs with a total senile
plaque density of approximately 80 mm=2 [35]
(716 mm™3). Assuming a plaque dimension of 50 um, this
gives a minimum plaque volume of 3.5X 1073 cm?® in a
1 cm? tissue volume, commensurate with the FRET vol-
ume length scale we considered. The simple tissue model
experiment performed demonstrates that the microscopic
DA distance can be determined in a heavily scattering
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environment, leading to the conclusion that it should be
possible to apply our approach in vivo. The resulting
three-dimensional spatial maps of the DA distance could
be used for quantitative deep tissue in vivo FRET imag-
ing, thus expanding the study of disease through FRET.
For example, using fluorescence lifetime imaging micros-
copy (FLIM) together with FRET, Bacskai et al. [36]
showed a distribution of lifetimes within individual senile
plaques (characteristic features of Alzheimer’s formed by
large deposits of amyloid—pB peptides), which implied
that amyloid—g has different conformations within the
plaque. Although the size of an individual plaque (order of
10 pwm) is smaller than the resolution of ODT, because se-
nile plaques exist as an aggregate, with appropriate DA
labeling, an in vivo image of a distance distribution rep-
resentative of amyloid—g could be extracted, as we have
described. Deep tissue FRET imaging should also facili-
tate the study of cancers related to protein misfolding
[8,10,11,37]. Our results suggest that, with similar SNRs
(integration times), we should be able to detect smaller
FRET regions or lower concentrations. A more sophisti-
cated experiment involving small animals like mice would
further establish the efficacy of our approach.
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