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Digital optical phase conjugation (DOPC) is a new technique employed in wavefront shaping and phase conjugation 
for focusing light through or within scattering media such as biological tissues. DOPC is particularly attractive as it 
intrinsically achieves a high fluence reflectivity in comparison to nonlinear optical approaches. However, the slow 
refresh rate of liquid crystal spatial light modulators and limitations imposed by computer data transfer speeds have 
thus far made it difficult for DOPC to achieve a playback latency of shorter than ~200 ms and, therefore, prevented 
DOPC from being practically applied to thick living samples. In this paper, we report a novel DOPC system that is 
capable of 5.3 ms playback latency. This speed improvement of almost 2 orders of magnitude is achieved by using a 
digital micro mirror device, fleld programmable gate array (FPGA) processing, and a single-shot binary phase retrieval 
technique. With this system, we are able to focus through 2.3 mm living mouse skin with blood flowing through it 
(decorrelation time ~30 ms) and demonstrate that the focus can be maintained indeflnitely-an important techno­
logical milestone that has not been previously reported, to the best of our knowledge. © 2015 Optical Society of America 

OC/S codes: (11 0.0113) Imaging through turbid media; (070.5040) Phase conjugation; (11 0.0180) Microscopy. 

http://dx.doi.org/1 0. 1364/0 PTICA.2.000728 

1. INTRODUCTION 

Focusing light through tissues has long been a challenge for bio­
medical optics. The turbid nature of tissues strongly scatters light 
and hinders the formation of a sharp focus . Recently, research in 
the field of wavefront shaping has shown that by correcting the 
wavefront incident on scattering media, focus can be constructed 
at an arbitrary location behind the sample [ 1 ,2]. Different 
strategies have been developed to realize this process including 
iterative wavefront optimization [l ,3- 5], transmission matrix 
measurement [6- 8], and optical phase conjugation (OPC) 
[9- ll ]. Among these, OPC implements the corrected wavefront 
by recording the scattered light field globally and then playing 
back the conjugate light field by a phase conjugate mirror 
(PCM) without time-consuming iterations. Since the process 
of elastic light scattering is time symmetric, by playing a conjugate 
version of the scattered wavefront back through the scattering 
medium, the conjugate input wavefront can be recovered. 

By employing OPC, a number of novel techniques for focus­
ing light through or within a scattering medium have recently 
been developed. These include time-reversed ultrasonically en­
coded light (TRUE) [12, 1 :1], time reversal of variance-encoded 
light (TROVE) [ 14], time reversal by analysis of changing wave­
fronts from kinetic targets (TRACK) [15], and time-reversed 
adapted-perturbation (TRAP) focusing [ 1 6 ]. These methods have 

2334-2536/15/080728-08$15/0$15.00 © 2015 Optical Society of America 

the potential to improve or enable biomedical applications such as 
deep tissue imaging, photodynamic therapy, and noninvasive 
cytometry. 

There are two major advantages of OPC compared to other 
wavefront shaping techniques. First, it is able to arrive at the cor­
rect wavefront solution without iteration . Second, the number of 
controllable optical modes in the playback wavefront can be very 
high, ~5 x 105 modes or more. Optical phase conjugation meth­
ods can be categorized into two primary groups. Nonlinear OPC 
methods [12, 17,1 H] employ nonlinear crystals to store the scat­
tered field and propagate the phase conjugate field. In contrast, 
the digital optical phase conjugation (DOPC) method [13- 16] 
uses an electronic camera in an interferometric setup to capture 
the optical wavefront information and subkquently produce a 
suitable OPC field by using that information to pattern a·spatial 
light modulator (SLM). 

The DOPC method has several intrinsic advantages over non­
linear OPC methods. First, whereas nonlinear crystals are strongly 
dependent on wavelength, DOPC can freely work with a broad 
range of wavelengths. Second, DOPC provides the flexibility to 

render wavefront playback beyond a single OPC field. In fact, 
TROVE, TRACK, and TRAP all exploit this unique capability 
ofDOPC to render complex and nuanced wavefronts. In the case 
of TRACK and TRAP, for example, the rendered wavefront is 
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actually a differential DOPC wavefront. Third, and perhaps most 
important, the DOPC method has the intrinsic ability ro achieve 
a fluence reflectivity greater than unity. Here, we deBne fluence 
reflectivity as the ratio between the rota! amount of light that one 
can play back on the conjugate wavefronr ro the total amount of 
scattered light required ro determine the conjugate wavefront in 
the Brsr place. While nonlinear OPC methods can in principle 
provide gain enhancement by temporally squeezing the playback 
photon packet [ 1 9], a practical and useful approach to deliver 
large amounts of energy over an extended period of time has 
not been demo nstrated. 

Currently, the DOPC method does have a signiBcanr disad­
vantage versus nonlinear OPC methods' response speeds. 
Recently, nonlinear methods with sys tem response latencies of 
the order of milliseconds have been reponed [20,21 ]. In contrast, 
DOPC systems reponed rhus far have response times of the order 
of hundreds of milliseconds or more [ .~2 ]. This slow response is 

due to the use of slow liquid crystal SLMs and conventional 
personal computer (PC)-based data transfer. Fast response speed 
is a key criterion if we are ro apply OPC methods usefully for in 
vivo applications in thick samples. This is mainly due ro the dy­
namic nature of biological tissue caused by the constant motion of 
the scatterers within. This rate of change is dependent both on 

sample thickness and the degree of immobilization. As a reference 
point, the scattered Beld of 532 nm light through an undamped 
living mouse skin flap has a speckle decorrelation rime of~ 30 ms. 

When the same tissue is clamped, this decorrelation time increases 
to ~300 ms [22]. 

The primary goal of this paper is to show that the use of a high­
speed digital mirror device (DMD) and Belct programmable gate 

array (FPGA) data processing allows DOPC ro achieve high 
response speeds, as well. While using the binary modulation 
of the DMD to accomplish wavefront shaping may seem 
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counterintultlve, and the oblique reflection angle signiBcantly 
complicates DOPC system alignment, overcoming these chal­

lenges enables us ro incorporate the strengths of the DOPC while 
minimizing the response rime of the system. In this paper, we 
reporr a novel DMD-based DOPC system with a demonstrated 
playback latency of 5.3 ms. We demonstrate that our system is 
capable offocusing light through 2.3 mm thick undamped mouse 
dorsal skin with a decorrelation time of less than 30 ms. By re­
peating the DOPC procedure 50 or even more times per second, 
we are able to maintain indeBnitely the focus through the living 
sample. This demonstration of sustainable focusing through a 
thick living sample with blood flowing through it is the Brsr 
of its kind and opens the door for new applications of OPC 
in the deep tissue regime of live biological samples. 

2. METHODS 

A simplified schematic of the DMD-based DOPC system is 
shown in Fig. 1 (a) . A complete optical scheme can be found 
in Suppl.:rnc:n t 1. The light paths of the setup for recording 
and playback are shown in Figs. 1 (b) and l (c) , respectively. As 
shown in Fig. I (b) , in the recording step, all the pixels on the 

DMD are turned off. This causes the playback beam to diffract 
away from Camera 1 and onto a beam dump. The sample beam 
and reference beams are combined at BS3, reflected by BS4 and 
Mirror 2, and travel back through BS4 to Camera 1, where their 
interference pattern is measured. In rhe playback step shown in 
Fig. 1 (c) , the FPGA processes rhe camera data to generate a suit­

able wavefront solution and sends it to the DMD, which displays 
the corresponding phase map . The playback beam then propa­
gates through BS4, BS3, and L3 to the sample. Meanwhile, 
the sample beam is blocked by a fast shutter to prevent backscat­
rering off the sample. This playback process results in a focus 
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Fig. 1. (a) Simplified schematic of the DMD-based DO PC. A 2.5 mm diameter collimated beam from the laser source (Excelsior 532 nm single mode, 
200 mW, Spectra-Physics) is incident onto the sample through BS2. Scattered light from the sample is collected by L3 and is combined with the reference 
beam by BS3. The combined reference and sample beam is reflected by BS4 and Mirror 2, passes through BS4, and is caprured by Camera I (pco.edge 
5.5, PCO-TECH). The DMD (W4l 00, Wimech) and Mirror 2 are aligned symmetrically with reference to BS4, and the DMD surface is imaged onto 
the camera sensor chip by CL (AF-S VR Micro-NIKKOR 105 mm fl2.8G IF-ED, Nikon) with pixel-to-pixel alignment. Cameral and the DMD are 
connected through a host Fl'GA (Vi Claro IV GX Camera Link Developmem Kit, Microrronix). The conjugate result is observed on Camera 2 (Prosilica 
GX 1920, Allied Vision) and the APD (SPCM-AQRH-1 4, Excelitas). (b) Optical path schematic of the recording step. (c) Optical path schematic of the 
playback step (L, lens; BS, beam splitter; BD, beam dump; CL, camera lens; APD, avalanche photodiode). 
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observed through the sample on Camera 2 and a corresponding 
peak recorded by the avalanche phorodiode (APD). As the refer­
ence beam and playback beam are rwo separate beams, the fluence 
reflectiviry is limited only by the damage threshold of the DMD 
and the laser power. In our system, the fluence reflectivity was set 
at 2000. As response speed is a des ign priority, each major com­
ponent of this system is chosen and adapted for this purpose. We 
will discuss each component in the fo llowing subsections. 

A. Single-Shot Binary Phase Retrieval 

To compute the correct phase map to display on the DMD, 
Camera 1 captures the interference pattern between the reference 
field E,cr(x,y) and the sample field E,.111 (x,y). This interference 
pattern can be described as: I;(x,y) = l,.cr(x,y) + 1,,111 (x,y) + 
2J1,.0 r(x,y)Isam(x,y) cos lllBI, where I,cr(x,y) and I,,m(x,y) 
are the intensiry of the reference and sam pie fields, respectively, 
and fl(J is their phase d ifference . By setting (Isam(x,y)) « 
I,cr(x,y), f;(x,y) can be approximated as 

I ;(x,y) ~ I ,cr (x,y) + 2) I,.cr (x,y)I ,am(x,y) cos I MI. (1) 

Then, I,.cr(x, y) can be measured independently by blocking the 
sample beam and, by comparing it to I ;(x,y), we can determine 
the range in which the absolute phase difference lllBI lies 

7r 
I;(x,y) < /,.cr -4 2 < lllBI ~ Jr, 

7r 
f;(x,y) >fret -4 0 ~ IMI ~ 2· (2) 

In this way, the intensiry of rhe interference pattern at a point 
(x.y) can be used to recover the binary phase of E ,.m(x,y) in a 
single shot. In comparison, two methods commonly applied in 
DOPC systems, phase stepping holography [2 :3] and off-axis 
holography [24], are capable of fully recovering the sample field 
but sacrifice either speed or spatial resolution . Wh ile DOPC play­
back with binary phase information is less efficient than with per­
fect phase information, this small sacrifice in efficiency yields a 
large enhancement in response speed. 

B. FPGA-Based Data Processing and Transfer 

An FPGA board [as shown in Fig. (2)) is implemented in the 
DOPC system for clara processing and transfer. It has a camera 
link connection directly to rhe recording camera and a high 
definition multimedia interface (HDMI) connection to the 
DMD. This allows full frame (1920 x I 080) interference pattern 
transfer in 5.0 ms (6.8 Gb/s) and full frame size phase map trans­
fer in !.56 ms (1.8 Gb/s). Here, the phase map transfer time is the 
time from starring the binary phase data transfer ro completing 
the stable display on the DMD. Although the DMD chip 
(DLP9500, TI) has a fast refreshing speed of up to 23 K fps, 
the standard 60Hz HDMI display interface of the W41 00 board 
limits the performance . To fully utilize the fast response speed of 
the DMD, we designed custom firmwa re for the FPGA controller 
(Virrex 5, Xilinx) on the W4100 board. With a custom HDMI 
prorocol, we encode 24 binary pixels into one 24 bit RGB pixel of 
standard HDMI, allow ing us ro achieve fast binary image transfer. 
In the recording step, the FPGA board reads out the interference 
image from the recording camera and retrieves the phase in par­
allel. Once the phase map is ready and has been adjusted to com­
pensate for the curvature of the DMD (see Supplc:mcnt I) , it is 
transferred to the DMD board and displayed. Compared ro a 
computer, the FPGA allows for greatly accelerated data processing 

' : . . •• 
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Fig. 2. Functional schematic of the FPGA-based DO PC. 

and transfer speeds. When using a PC as the host processor in 
DOPC, the multitask scheduling and hardware access wrapping 
in modern operating systems limits the latency berween recording 
and playback steps ro a minimum of around 200 ms [22]. In con­
trast, as an FPGA inherently has a highly parallel computing 
capacity, the processing latency for binary phase retrieval is elim­
inated by overlapping the phase processing with the camera image 
transfer. In addition to the speed of the FPGA system, our setup 
allows for data collection and processing to be seamlessly switched 
ro the PC for time-insensitive optical system debugging and 
pixel- pixel alignment between the recording camera and 
the DMD. To achieve this, a video splitter (CLV-402, Vivid 
Engineering) is implemented to switch the output of the record­
ing camera between the PC and the FPGA. An HDMl interface is 
also set up berween the PC and FPGA to allow the PC to transfer 
phase maps to the DMD. 

C. DMD-based Phase Conjugation 

When a conjugate phase map is displayed on the DMD, the 
DMD implements a binary amplitude modulation scheme 
[25 ) to construct a conjugate focus through the tissue. Here 
we will analyze the binary phase modulation scheme, which, 
although essentially identical to binary amplitude modulation, 
is formulated here to easi ly integrate into the framework of phase 
conjugation [26]. 

W hen using the DMD for light modulation, every individual 
micromirror acts as a diffractive element and together the whole 
DMD acts as a 20 blazed grating. As shown in Fig. :)(a), when a 
pixel is turned on, it will tilt 12o clockwise in the diagonal d irec­
tion. This obl iq ue angle compl icates the DOPC system des ign, as 
it is a challenge that does not exist for SLM-based DOPC systems. 
To address this, we choose to illuminate the DMD with an ap­
propriately tilted light field such that the diffracted light propa­
gates perpendicularly with respect to the surface of the DMD. 
This propagation direction is subject to the blazed grating equa­
tion, which is a function of the center-to-center distance berween 
the individual micromirrors in the array (d), the angle of inci­
dence (rp) with respect to the DMD surface normal, the wave­
length (,l), and the d iffrac tion order (n) . Setting the diffraction 
angle to fix the diffraction direcrion normal to the DMD surface 
yields a simplified form of the blazed grating equation 

d sin rf; = nA. (3) 

However, in order to achieve the maximum possible intensiry 
of the diffraction beam, the incident angle should be chosen so 
that the central peak of the sinc2 envelope determined by the 
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Fig. 3. (a) DMD diffraction demonstration. (b) Binary phase modulation of a DMD. EP is rhe field played back by rhe DMD, E, is rhe desired phase 
conjugate field, and I:J.() is rhe phase difference between E, and EP' When a pixel of the DMD is rurned on, ir plays back the phasor EP' which can be 
decomposed into two orthogonal componems. One is in the direction of the desired phase conjugate field E, wirh an amplitude modulated by cos lt:J.()I 
and contributes ro the focus. The orher componenr orthogonal to E, is modulated by sin lt:J.()I and contributes to rhe background. 

direction of rhe specular reflection from each individual micro­
mirror marches as closely with the direction normal to the 
DMD surface as possible. Combining the simplified blazed gra­
ting equation above with the law of reflection (!JI ; = IJI , ), which 
determines the location of the sinc2 envelope, we can solve for the 
incident angle to maximize rhe intensity of rhe diffracted beam. 
Given a light source with a wavelength of 532 nm and d = 
10.8./2 ~tm from rhe dimensions ofrhe DMD, we solve to find 
the optimum incident angle and diffraction order to be rp = 24 .r 
and n = 12, respectively. 

After optimizing the alignment of the DMD in the DOPC 
system, we fit the binary amplitude modulation of rhe DMD into 
a phase conjugation framework. Since the diffracted light from 
the DMD has a uniform phase, we can spatially choose whether 
it is played back or not by manipulating each pixel's state. As 
shown in Fig. ::l(b), without loss of generality, we suppose play­
back beam EP has uniform amplitude A and phase zero. For an 
electric field E, = IE, Ie'a , which is rhe optimal phase conjugate 
solution to be played back, there is a phase difference !:,()between 
E, and EP. Using the binary phase retrieval algorithm described 
earlier, we determine whether an individual pixel should be played 
back. If lt:.BI is less than If /2, the corresponding pixel is rurned 
on. Otherwise, it is turned off. When we turn on the pixel, £ /' 
can be decomposed into orthogonal phase vectors, as shown in 
Fig. 3(bl . This allows us to derive rhe phase modulation function 
of the DMD in DOPC as 

~ < IMI ~If 
o~ IMI ~r 

(4) 

This means rhar when 0 ~ lt:.&l ~ ~ and a pixel of the DMD 
is turned on to represent a certain£,, w~ will play back rhe electric 
field IE pi cos lt:.Hieia, which has the phase of£, and amplitude 
modulated by cos lt:.BI, along with an orthogonal electric field 
IE PI sin lt:.()ji/1 with amplitude modulated by sin lt:.()l. The co­
sine term will be played back as a correct component of the phase 
conjugate field, and construct a peak. The sine term, which has an 
orthogonal phase, will make no conrriburion to the peak recovery 
and will form a background in the playback field . Following a 
similar derivation in Refs . [ 13 ,~ 5 ] (see derails in Supplcmcm 1 ), 

we find the theoretical peak-to-background ratio (PBR) for 
DMD-based DOPC to be 

PBR = 1/2 + (N- 1)/2lf ~ .!!____, 
M 2nM 

(5) 

where M is the number of modes in the focus, and N is the num­
ber of controllable modes on the DMD. Implementing the DMD 
in rhe DOPC setup allows our system ro save more than 10 ms for 
conjugate phase display compared ro rhe rime reported in liquid­
crystal (LC)-SLM-based DOPC systems [ l :'\ , 1 "> ,22]. When a 
voltage is applied ro an LC-SLM based on nematic liquid crystal 
technology, ir usually rakes over 10 ms ro turn ro the specified 
direction. This limits the refresh rate ro tens of hertz. In contrast, 
a DMD, which is based on microelecrromechanical system 
(MEMS) technology, has a response time of around 18 !lS with 
a 23kHz refresh rate [2'], over 2 orders of magnitude fasrer than 
typical LC-SLMs. 

D. Workflow of Fast DOPC 

The workflow of our system is shown in Fig. 'i. Prior to operation, 
the reference beam intensity distribution is recorded. Then the 
DOPC loop starts . At rhe beginning of every loop, all of the 
DMD pixels are turned off and rhe interference pattern is captured. 
Once the intensity of a pixel is transferred from rhe camera and 
stored by the FPGA, irs binary phase is processed and recovered. 
After all rhe pixels are processed, the binary phase map is transferred 
ro rhe DMD and displayed for a designated rime. During the proc­
ess, rhe fast shurrer, exposure of the observation camera, and the 
recording of the APD signal are synchronized by the FPGA 
general purpose input/outputs (GP!Os) . Each loop is synchronized 
by the exposure and transfer signals of rhe recording cam;:J;a. 

As shown in Fig. 1, the playback latency is rhe sum of the time 
required by the recording exposure, data transfer from the record­
ing camera to the FPGA (recording transfer), and binary phase 
transfer from rhe FPGA to the DMD (phase transfer). For a full 
frame size of 1920 x 1080 (up to 2. I x 106 contro llable modes) 
and 0. 5 ms exposure, the rime from the start of the exposure to 
playback is 7.06 ms. A rolling shurrer is used for the recording 
exposure, so neighbor rows start to expose successively with a 
9 . 17 ps delay. The rime latency is calculated from the average 
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Fig. 4. Workflow of the FPGA-based DO PC. 

exposure starr time to the time playback starts. The latency is 
quantified by the following experiments . 

3. RESULTS 

A. Playback Latency Quantification 

To evaluate the actual playback latency of our system , DOPC 
experiments were conducted on tissue samples with a controllable 
decorreiation time using a moving tissue strategy [20]. A piece of 
3 mm thick chicken breast (p , = 301 mm, g = 0.965) was sand­
wiched between two 1 mm thick glass slides . In the middle layer, a 
3 mm thick U-shaped spacer was placed surrounding the chicken 
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breast to guarantee irs thickness and mobility [as shown in Fig. 5 
(a) ]. During the experiment, samples were changed before they 
dried out to ensure their scattering properties. The whole sample 
was held by a translation stage with a motorized actuator 
(LTA-HS, Newport) to generate d ifferent decorrelation times 
by varying the la teral velocity. 

The decorrelation time of the tissue itself was several seconds 
[U], which meant that the amount of decorrelation in a period of 
several milliseconds was negligible. To avoid the effects of slow 
decorrelation when the stage was accelerating, experiments were 
done when the stage had reached full speed. Tissue decorrelation 
curves when lateral velocity was set to 0.2 mm/s and 0.25 mm/s 
are shown in Figs. 5(b) and 5(c) , respectively. Here we define the 
decorrelation time '!' as the time t when the speckle correlation 
coefficient r, decreases to 1 I e. Fitting with a Gaussian fu nction 
r, = e· r' f r' [2S], we can find the decorrelation time '!' is 6.2 and 

5.0 ms for each case. The conjugate focus results for the two cases 
are shown in Fig. )(d) . Given that the motion-induced degrada­
tion ratio ofPBR is iden tical to the drop in the speckle correlation 
coefficient [22], it is straightforward to conclude that the system 
playback latency is identical to the decorrelation time of the sam­
ple when the PBR achieved on a moving sample is 1 I e of the 
static PBR. From the results, the PBR is 88 for 0.2 mm/s and 
56 for 0.25 mm/s. Comparing these to the value of the static 
PBR divided by e (~65), we can tell the time latency is slightly 
more than 5.0 ms, wh ich can be accurately calculated as 5.3 ms. 

B. OPC Efficiency Quantification 

As shown in Eq. ('5 ), PBR is related to both number of input 
modes (N , number of speckle grains on the DMD) and number 
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Fig. 5. (a) Moving sample semp. (b),(c) Moving sample speckle decorrelation curves at lateral velocity 0.2 and 0.25 mm/s. Error bars indicate standard 
deviation ove r 10 datasets. (d) Conjugate focus images and cross-section peak plors when the sample was static, moving at 0.2 and 0.25 mm/s. 
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of output modes (M, number of speckle grains in the focus). 
Therefore, it is not a fair comparison to quantify DOPC 

performance merely by the PBR for different numbers of output 

modes. However, OPC efficiency, which is the ratio of PBR 

achieved on a system to theoretical PBR, sets a suitable standard 

for different systems. To evaluate the OPC efficiency of our sys­

tem, we used our DOPC system to focus light through an opal 
diffuser (lODIFF-VIS, Newport). Based on the derivation of 

DMD-based conjugation and the measured interference pattern 

on the recording camera, we determined the speckle size to be 4 

pixels wide on the DMD. Since the DMD has 1920 x I 080 pix­

els , the number of optical modes we can access with the DMD 
equals 1.3 x lO s. To determine the number of modes in the fo­

cus , we examined the conjugate focus through the sample. When 

the conjugate beam was played back, we observed a focus on the 

observation camera with a PBR of 630 and full width at half­

maximum (FWHM) of 45 ~m, as shown in Fig. 6. When we 

displayed a random pattern on the DMD, the speckle FWHM 

was 13 ~m, computed from the autocorrelation of the speckle 

pattern . From these two measurements, we can find that the 

number of modes in the focus is ~ 12. From the PBR equation , 

we calculated the optimal PBR as 1.3 x 105/ ( 12 · 2n") ~ 1700, 
wh ich m eans our system performance has an efficiency 

of 37%. 
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Fig. 6. PBR qLranrification. Scale bar is 100 1-1m. 

C. In Vivo Experiments 

In vivo experiments were demonstrated by focusing through the 

dorsal skin of a living mouse. For the in vivo sample, a regular 

white laboratory mouse was shaved on the dorsal skin flap . 

Then its dorsal skin was mounted to a clip device. Isoflurane 

was implemented as the inhalational anesthesia both in prepara­

tion and during the experiment. All of these procedures and the 

dosage of chemicals followed protocols of the Institutional Animal 
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Fig. 7. (a) Clipped mouse dorsal skin semp and speckle decorrelation curve of in vivo tissue. Error bars indicate standard deviation over 10 datasets. 
(b) Conrinuous conjugate foci through clipped sample (see also Visuaiiz.1rion I ). (c) APD plm for susrainable foci and dccorrelation focus. Scale bar is 
100 1-1m. In the experimenr, ro accurately distinguish rhe focus inrensiry from background in rhe APD signal , a background (J b) was measured first when 
the focus rotally vanished, which is 5 x lOs in rhe APD plor. 
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Care and Use Committee at the California lnstiwre of 
Technology. 

As shown in Fig. 7(a) , a clip fixed the upper edge of the skin on 
a transparent plastic plate, which was placed at the sample posi­
tion. In this way, the bottom of the dorsal skin was in a natural 
free status. The sample beam was incident onto the bottom part 
of the skin, which had a thickness of around 2.3 mm. Before 
DOPC was applied, a series of scattering speckle patterns from 
the tissue were captured by the recording camera to analyze 
the tissue decorrelation time and form the decorrelation curve 
plotted in Fig. /(a) . From this curve we can tell its decorrelation 
time is 28 ms, where the decorrelation time is defined as the rime 
when the speckle correlation coefficient decreases to 1 I e. After 
that, DOPC was conducted with an exposure time of 0.5 ms 
on the recording camera, at a refresh rate of 50 Hz and a playback 
holding rime of 10 ms. A series of images from the observation 
camera triggered by the playback signal with an exposure time of 
3 ms are included in Fig. 7(b) and Visuali.·Lation .I (5 s video) 
along with a corresponding APD plot in Fig. 7(c) . From the focus 
images and APD plot, we can tell a clear focus was constructed 
and maimained through unrestricted tissue on a living animal. 
From the average of 10 images, we calculate that the PBR is 
180. For our system, a refresh rate up to 100 Hz with flexible 
holding time is achievable. Ir should also be noted that in the 
middle of the movie we can observe a short failing of conjugation 
due to severe body movement from respiration, not due to the 
decorrelation of the tissue itself. 

4. DISCUSSION AND CONCLUSION 

In this work, we demonstrated what we believe to be the first 
DMD-based DOPC system. This system is capable of playback 
with latency of the order of milliseconds, a speed improvement of 
approximately 2 orders of magnitude over prior DOPC systems. 
Using the fast DOPC system, we demonstrated the ability to cre­
ate an indefinitely sustainable focus through unrestricted tissue on 
a living animal, a capability that has not been previously reported 
for any OPC experiments. While nonlinear approaches can, in 
principle, provide this capability as well, this DOPC approach 
is direct and can provide a greater than unity fluence reflectivity. 
Our system can achieve greater rhan 2000 fluence reflectivity, 
which is crucial for thick in vivo tissue application. In our case, 
the playback beam is set to ~I 0 m W and the total fluence of the 
scattered light from the sample is ~5 J.lW. We further quamified 
our playback latency as 5.3 ms. While the background due to 
unmodulared light will need to be addressed in the binary phase 
retrieval method, it will be straightforward to extend this technol­
ogy to existing OPC-based technology, such as TRUE, TROVE, 
and TRACK, and apply it in living tissue for biological applica­
tions. Compared to phase-only OPC, DMD-based DOPC en­
counters a PBR reduction of 80% (from Trl4 to II2Tr). 
However, for the DMD-based DOPC system, the PBR can be 
further improved by tuning /,.er I (1,. 111 ) in the single-shot binary 
phase retrieval. For example, suppose 1 ref and I sam have intensities 
of the same order of magnitude; then the binary phase retrieval 
equation will be 

{

I , 

DMD(x,y) = 
0, 

li(x,y) < 1rcr(x,y) ___, Ia - Tri < cfJ 

1 =arccos ( II2 J1,.cr/ 1, .. 111 ) < ~· 
else 

(6) 

l 

As / sam follows a Rayleigh distribution [29], by comparing the 
intensity difference we can statistically select a smaller phase range 
2</J than Tr. The theoretical PBR in this condition (detailed 
derivation in Supplc1rJcnt I) is a unimodal function of 
I,eri(I,.m), which achieves up to 12.6% higher PBR at 
l,cr I (/,3111 ) = 1.61 than when /ref>> (/,3111 ). In our experiments, 
we selected this condition as closely as possible. However, due to 
the dynamic and heterogeneous nature of biological tissue, it is 
likely that the PBR could have been further improved by fine­
tuning this ratio to more accurately select this optimal condition. 

Recently, focusing through thin ex vivo tissue samples (200 J.lm 
chicken breast) was demonstrated at submicrosecond timescales 
by using the self-organization of an optical field inside a multi­
mode laser cavity [30]. Despite irs speed, the approach demon­
strated only around I 000 controllable modes, and the number of 
controllable modes will significantly diminish for thicker samples. 
This hinders irs applications to thick in vivo tissue. In addition, 
the technique relies on optical feedback from the target position , 
preventing it from being extended to noninvasive techniques with 
a guide star to focus inside biological tissue. 

The flexibility of the DOPC system also provides the addi­
tional ability to trade-off controllable modes for reduced playback 
latency. Since the time for recording and phase transfer is propor­
tional to frame size, shrinking the frame size can further decrease 
the playback latency. For example, if the frame size is reduced to 
1920 x 70, the playback latency is below 1 ms. Although the PBR 
will also decrease for smaller frame sizes, up to 1.3 x I 05 control­
lable pixels are still available at a frame size of 1920 x 70. In prac­
tice, we could balance the number of controllable modes (PBR) 
and time latency based on the decorrelation properties of different 
samples. 

The architecture of our DOPC system also has the potential to 

be applied in microsecond scale wavefront shaping. Currently, the 
playback latency is determined by the sum of the rime required 
by the recording exposure, data transfer from the camera to the 
FPGA, and binary phase transfer from the FPGA to the DMD. As 
the developmem of fast and sensitive scientific cameras continues, 
the exposure rime and recording transfer rime can be reduced by 
orders of magnitude. Here we have used an exposure rime of 
0.5 ms, the minimum exposure time available for the camera, 
which may be reduced to tens of microseconds or even several 
microseconds in the future. Meanwhile, the sample beam inten­
sity has to march the shorter exposure. This will be hindered by 
tissue absorption, which can be addressed by switching from the 
532 nm laser source to near-infrared wavelengths, which have 
orders of magnitude lower tissue absorption. The minimal wave­
length dependency of the DOPC system compared to nonlinear 
OPC systems allows this conversion to a different wavelength re­
gime to be direct. We anticipate that with near-infrared light, in 
vivo DOPC applications on tissue centimeters thick can be real­
ized. Finally, a phase transfer time of around 50 J.lS can be realized 
by using a better FPGA (e.g., Alrera Strarix V) and a custom­
designed data transfer interface to march the maximum refresh 
rate of the DMD (23 kHz). With the development of faster 
DMD devices, this time may be further reduced to several micro­
seconds. As the decorrelarion rate of tissue drastically increases 
with thickness, such improvements would ultimately enable 
wavefrom shaping to be applied for optogenetics in the whole 
brain, in vivo deep tissue imaging, and photodynamic therapy 
for internal organs. 
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We propose a novel noncontact fluorescence molecular tomography system that achieves full-angle capacity with 
the use of a new rotary-mirrors-based imaging head. In the imaging head, four plane mirrors are mounted on a 
rotating gantry to enable illumination and detection over 360°. In comparison with existing full-angle systems, 
our system does not require rotation of the specimen animal, a large and heavy light source (with scanning head), 
or a bulky camera (with filters and lens). The system design and implementation are described in detail. 
Both physical phantom and in vivo experiments are performed to verify the performance of the proposed 
system. © 2015 Optical Society of America 
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1. INTRODUCTION 

Fluorescence molecular romography (FMT) is an emerging 

technology that provides noninvasive, quantitative, three­
dimensional imaging of fluorescence markers in vivo. 
Benefirring from mathematical modeling of light transport 
inside highly scattering tissue, this technique overcomes the 

limitations of depth information loss in the simple and widely 
used planar reflectance imaging [ J ]. At present, FMT has been 

successfully applied in observing fluorescence-ragged biological 

processes occurring deep inside tissues, such as enzyme activity 
[2], expressions of cancer markers [3,4], and targeted agent 
delivery [5]. 

The inherent scarrering nature of biological tissue limits 

the spatial resolution ofFMT in deep tissue. Many efforts have 

been made in the past decade ro enhance the spatial and tem­
poral performance of FMTs, including developing novel 
reconstruction algorithms and image acquisition designs 
[6,7]. In early FMT schemes, the imaging systems were gener­

ally fiber based [2], wherein optical fibers were used to transfer 

the input excitation light to the object surface and the output 
emission light to detectors. However, such systems are disadvan­

tageous in several ways. The limited number of source-detector 
pairs in such systems restt·icrs the achievable spatial resolution. 

Moreover, matching fluid is generally used to enhance the at­

tachment of the fibers to irregular small-animal surfaces and 
photon transportation modeling; however, rhe presence of an 

additional scattering medium between fibers and rhe animal sur­

face further degrades rhe spatial performance. The subsequendy 

1559-128X/15/237062-09$15/0$15.00 © 2015 Optical Society of America 

developed camera-based noncontacr imaging systems have over­
come these limitations by allowing rhe implementation of over I 
million source-detector pairs [1 ,8]. 

As in the case of x-ray computed tomography (CT), it has 

been proven char multiple projection directions over full angles 
(360°) are crucial for accurate FMT reconstruction [9]. In this 

regard, several approaches have been proposed to increase the 

number of projection view directions for camera-based non­

contact imaging systems. The most straightforward and easy 

way is to rotate the small animal [ 1 0-1 2]. However, the imaged 

small animal has to be carefully suspended by a holder, which 

unnawrally restricts che animal while also making the imaging 

preparation process rather complex. While the animal's rotation 

speed is generally sec to very low values to reduce the risk of 

internal organ movement, chis limits rhe system's temporal per­

formance in observing fast dynamic processes. On rhe other 

hand, several groups have developed systems chat involve rhe 

rotation of the camera/light source [ J:i- 15]. In these systems, 

the rotary gantry needs ro be carefully designed to mount the 

bulky camera (with filters and lens) and light source (with a 

scanning head), and further, the problem of twisting of the 

large number of power and signal cables during rotation needs 

co be addressed . Curren ely, most systems of chis type utilize the 

rotary gantry used in commercial small-animal CT systems, 

and rhe gantry rotation speed is generally low in consideration 

of the bulk')' mounted components. 
In the context of the limitations of these approaches, re­

searchers have noted chat a conical mirror can be used to 
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map the full-angle view ro a single image plane, and, hence, it 
has been widely used in nonrotary full-angle-view applications 
such as endoscopy [ 16,1 7], A conical-mirror-based imaging 
system fo r small-animal optical molecular romography was first 
proposed for bioluminescence romography applications [ l S], 
wherein there is no requiremenr for scanning by an excitation 
lighc Li et a/. were the first ro propose a conical-mirror-based 
FMT system [ 19]. In their system, ro project rhe full-angle data 

· ro a single camera chip, the small animal is generally placed far 
away from the camera. Only the small ring portion of the cam­
era is utilized ro image rhe full-angle view, which limits the sam­
pling density. In addition, the close placement of mirror 
surfaces ro the animal also causes multiple backreflections of 
the excitation and emission beams ro some extent, which leads 
ro degradation of reconstructed image quality. To overcome the 
backreflection issue, Lee et al. subsequently proposed a system 
with dual conical mirrors [20]. The use of conical mirror pairs 
has also led ro better utilization efficiency of rhe camera sensor 
chip. However, in contrast ro Li et a/. 's system, which has no 
rotary parts [19], in newer conical-mirror-pair systems, a large 
and heavy light source with a scanning head is mounted on a 
rotating gantry for light illumination at different projection 
directions. Apart from area-detecror (camera)-based systems, 
in recent years, FMT systems with point detecrors [phoromul­
tiplier tubes (PMTs)] have also been used ro obtain a noncon­
tact full-angle view [21 ,22]. In a previous study [21 ], seven 
dual-wavelength time-resolved detection channels were used, 
and small-animal rotation was performed ro achieve the full-an­
gle view. In [22 ], lightweight lens-coupled optical fibers (five 
detection fibers and one excitation fiber) were arranged in a 
fan-beam geometry and mounted on a rotating gantry. With 
the use of digital phoron counting PMTs, these systems are 
advantageous for time-resolved measurements [21 ,2:3] and 
ultra-weak signal applications such as imaging large animals 
(rats) [23 ] or endogenous contrast [24]. However, as the detec­
ror number is limited in such systems, obtaining a large number 
of source-derecror pairs generally rakes long acquisition time. 

In this work, we propose a novel camera-based FMT system 
wherein full-angle view is achieved by the use of four plane 
mirrors (called rotary mirrors in this article) mounted on a ro­
tary gantry. In comparison with previous camera-based FMT 
systems, our system offers the following advantages. First, there 
is no need ro rotate the small animal, the large and heavy light 
source (with scanning heads), or the bulky camera (with filters 
and lens). Second, compared ro conical-mirror-based systems 
[19], our system's camera utilization efficiency is greater and 
does not suffer from the backreflection effecc 

This paper is organized as follows. In section .~ , rhe system 
and its parameter considerations are described. [ n section ::; , the 
evaluation of the system with physical phanrom and in vivo 
experiments is described. Section -1 discusses and concludes 
the paper. 

2. METHODS 

A. Experimental Setup 
Figure 1 (a) shows the schematic of the proposed system, whose 
main components are a laser, a full-angle scanning and projec­
tion unit, and a detection camera. The full-angie scanning and 

I o 

Fig. 1. Serup of a full-angle fluorescence molecular romography 
system based on rotary mirrors. (a) Schematic of the system. 
(b) Phorograph of actual system. 

projection unit enables the system ro acquire multiple projec­
tion images over the full angle. In this unit, raster excitation 
point light scanning for a specific view direction is performed 
by a pair of galvanometer mirrors (Viasho), a plane mirror (the 
"left mirror") positioned at the left end of the device, and a 
reflectance mirror mounted on the rotary wheels. The rotation 
of the wheels enables the mounted excitation mirror and three 
emission mirrors to project excitation light onto the imaged 
object surface and deliver the emission light ro the derecror 
at different angles over 360 deg. All the mirrors including 
the left mirror, galvanometer mirrors , and the rotary mirrors 
(mounted excitation and emission mirrors) are silver coated 
ro provide high reflection efficiency (>97%) for visible ro 
near-infrared light wavelengths . 

The details of the paths traversed by the light beams in the 
system are as follows. The laser beam from rhe diode laser 
source (780 nm, 14 m W) is guided through a pair of galvanom­
eter mirrors (scanning) . After being reflected successively by the 
left plane mirror and the mounted excitation mirror on the 
rotary gantry, the laser beam is directed ro the imaged object 
(fixed on the holder) surface. The two galvanometer mirrors 
allow raster scanning of the laser beam over one side of rhe ob­
ject surface. The rransmirted excitation light and emission light 
beams exiting from the opposite side of rhe imaged surface are 
reflected successively by the three mounted emission mirrors. 
These beams finally pass through the inner core of the right 
rotary wheel and are directed ro the detecror. The detecror 
is a highly sensitive sCM OS camera (Neo 5.5, Andor) coupled 
ro a 60 mm f/2.8D lens (Nikkor, Nikon) , The camera has a 



large-sized chip with 2560 x 2160 pixels (chip area of 
16.6 mm x 14 mm) with 16 bit dynamic range, and it is 
cooled to -30oC to ensure ulrralow imaging noise (read noise 
of I e- and dark currenr ofO .O 15 e-/pixells) . The image field of 
view is 11.2 em x 9.4 em, which is sufficiently large for whole­
body mouse imaging. When collecting fluorescence images, a 
832 ± 18.5 nm bandpass (FF01-832/37-25, Semrock) filter is 
positioned in fronr of the lens, which provides high light­
filtering ability [optical density (OD) > 10 at excitation light 
wavelength) . For excitation light images, a neutral density filter 
of 1% transmirrance (GCC-30 I 061 , Daheng) is used instead 
to prevenr possible damage to the camera due to high-energy 
photons. The three emission mirrors are mounred on the rotary 
wheels and inclined at 45o to che horizonral axis. Consequently, 
the object plane near the small-animal surface can be accurately 
imaged by the camera without there being any differences in 
the optical path lengths. The homemade rotary ganrry (diam­
eter of 40 em) conraining rwo connected rotary wheels allows 
guiding of the laser direction and data detection over multiple 
projection angles. The wheels are supported by rwo U-shaped 
mechanical arms fixed on the optical table. For some projection 
angles (over 30o and below 150°), the excitation light is blocked 
by the left mechanical supporting arm. Consequently, a large 
window is opened in the left arm to ensure excitation light 
illumination at a projection angle of 90°. As shown in 
Fig. l , both rotary wheels have I 0-cm-diamecer holes in che 
cemer. For the left wheel, che inner core is used to aid in fixing 
che object holder. With chis design, the object holder can be 
fixed on the left supporting arm and remain static when the 
wheels are rotating. For che right wheel, the inner core allows 
excitation and emission light to travel through ir. A stepper de 
motor (57BYG350DL, Synrron) rotates the gantry through a 
toothed belt and a pair of gears. The ratio berween che rwo gears 
is 4: I . A motor controller (SH30806, Synrron) drives the 
motor rotation with a resolution of 0.015°. In comparison 
to a conventional gamry char is moumed with bulky compo­
nems, our gantry is relatively simple in terms of design since 
only four lighrweighc mirrors are mounred on ir. Consequently, 
che load torque to the motor is small, and no power or signal 
cables are moved (there is no cable rwisting) during the rota­
tion . The system is comrolled by means of a graphical user 
inrerface that was developed using Labwindows . 

For the alignmenr of che rotary wheels and camera, the key 

is to ensure chat the rotation axis of the wheels is perpendicular 

to che camera chip, with the axis lying along the chip cemer. In 
the proposed imaging device, che object white-light images ac 

differenr projection angles can be acquired if we provide highly 
diffused ambienc light illumination . In ocher words, white-light 
illumination is required to be near-uniform over 360°, which is 

easily achieved by reflecting the light mulriple times from a 
cable lamp with the surrounding shielding fabric and the 
optical table. Consequently, with che utilization of che acquired 

whice-lighc images, the system alignmem is considerably easier 
than chat for conical-mirror-based systems [ 19 ,20) or paine­

detector-based systems [21 ,22]. The alignment can be achieved 

in rwo steps. First, we place a graph paper in the object plane 
and fix it on che rotary wheel. When che wheels rotate through 

an angle, the acquired graph paper image will rotate by che 

l t 

same angle, since three mirrors are used in the emission path. 
Subsequently, by rotating the wheels, we can determine the im­
age rotation cenrer and make it overlap with the camera chip 
cenrer. Second, similar to the method used in small-animal ro­
tation-based systems [:2'i ], we can use a cylindrical object and 
its silhouerres at different angles to iteratively determine and fix 
che tile berween the camera and the rotation axis . 

Accurate laser scanning over the desired field of view needs 
careful consideration in terms of the component setup that 
involves excitation light scanning; the considered parameters 
include the relative distances berween the rotary wheel and light 
source and the angle of the mounced reflection mirror. To 
achieve che desired illumination scanning for each projection 
direction, the laser beam should be able to reach the mounted 
excitation mirror for all possible mirror positions. To ensure 
that there is sufficienr space to posicion the imaged object, 
the bottom parr of che mounced excitation mirror is set at a 
height of lease I 0 em from the horizonral axis, and the upper 
part of the mirror ( 11 em length) is subsequently~ 19 em from 
chis axis . Hence, che path length of the light from the galva­
nometer mirror to the rotary wheel should be at least 
19 I tan(2Bmaxl = 76 em, where elll;)J( = r is the maximum 
deflection angle of the galvanometer mirrors. It is to be noted 
chat the smaller is the distance d gm berween the galvanometer 
mirror and the rotary wheel, the more compact is the total size 
of che light scanning section. Here, dgm is 17 em, and it is lim­
iced by che space needed for supporting the rotary wheel and for 
fixing the galvanometer mirrors . Consequently. che distance 
from the left rotatory wheel to the left mirror, dbm• is sec as 
dbm = 47 > (76 + 17) /2 em. Since it is easier and beccer 
for modeling if che illumination angles are all nearly parallel 
to che view direction at differenc scanning positions, optimiza­
tion of che angle a 111111 of the mounced mirror was performed by 
minimizing the mean angle deviation to the view. Based on the 
results shown in Fig. l(b) , a 111111 was chosen to be 40°. This 
configuration corresponds to a mirror of size 8 em x 11 em 
and scanning field of view of 8 em x 7 em, values that are 
sufficienc for whole-body mouse imaging. 

The use of multiple projection directions has been proved to 

be critical to obtaining a better spacial resolution along with 
reduced artifacts. In che proposed system, because of "shield­
ing" by che mechanical support arm, some projection directions 
(lying in che range of 30°-150°, except 90°) are not fully 
accessible for illumination scanning. As projections from the 
opposite sides of these "unavailable" viewing directions can 
be performed, by optimizing the illumination paine sources' 
discribucion, the informacion loss corresponding to these 
unavailable directions can be mostly compensated. Herein, 
we focus mainly on demonstrating and verifYing the proof­
of-concept of our system. In the fumre, illumination at these 
"shielded" angles can be achieved by using transparenr material 
(e.g., glass) to replace che opaque parts on the mechanical sup­
port arm. 

B. Image Reconstruction 
For a source- detector pair ('i,, ~), with che assumption char 
light travels from r: to position r and from r to detector r,, 
and incegracing over che whole imaged domain Q , che detected 
fluorescence signal <l>

0 111
('i,, ~) can be expressed as 
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Fig. 2. Laser beam scanning process in the proposed system. 
(a) Path traversed by light in the laser beam scanning process. 
(b) Optimization of the angle llmm of the mounred excitation mirror. 

<Dcmcr;, r:t) =Gem f <Dex(T;, r)GemCF: r:t)f(r), (1) ln. 
where !Ci) denores rhe fluorescence disrriburion , and e rep­
resenrs rhe roral system amplification facror corresponding ro 
rhe quamum efficiency, derecrion efficiency, ere. The subscripts 
ex and em indicate the excitation lighr and emirred fluorescence 
wavelengths, respectively, and G denotes Green's function. For 
source-detector separations of more than several millimeters, 
light propagation in turbid tissue media can be modeled by 
a partial differenrial equation called the diffusion equation . 
Green's function G(T;, r) can subsequently be solved via 
numerical techniques, such as rhe finite elemenr method 
[26,.2 7], by setting rhe spatially localized impulse function 
c5(r- T;); as the source rerm. 

The uneven system amplification facror 8 and unknown 
heterogeneity of rhe imaged medium severely affect rhe accu­
racy of light propagation modeling and deteriorate the inverse 
reconstruction quality. The normalized Born method [2R) has 
been proven an effective approach ro reduce these negative 
influences. In rhe Born method, instead of emission data alone, 

rhe normalized ratio <Dbarn = <Dcm/<Dex of rhe corresponding 
measurements ar rhe emission and excitation wavelengths is 
used for reconstruction: 

<t> (- - ) _ Gem 1 GeJT;, r) Gem (F; r:t) 
born r,, rd - c- - )/(;:'\ ' e ex n Gexr,,rd r, 

(2) 

By discrerizing rhe imaged domain ro nv uniform voxels 
wirh volume t:. V, the above integral equation can be trans­
formed ro rhe following linear equation: 

nv 

<1>barn(r;, r:t) = L G(i,, rJG(r,, r:t)/G(T;, r;,)t:. v j(r;) . 
i= l 

(3) 

For data from all M source-derecror pairs, a marrix-vecror 

producr form can be generated as 

(4) 

where W denotes the weight matrix wirh size M x nv . The 
above linear system is highly ill-posed, which makes direct 
inversion impossible. In rhis study, the random access algebraic 
reconstruction technique (R-ART) [29) with non-negative con­
srraints, which has been widely applied for FMT [11 ,2S], is 
used for solving the linear system . 

C. Correction of Glass Plate Holder Refraction 
Acquiring rhe object 3D surface is important for diffusive 
light propagation modeling. For rotation-based full-angle 
FMT [10- 12], rhe object 3D surface can be easily recovered 
using Radon-transform-based methods [30,31 ) from the object 
silhouettes over the full angle. In earlier applications of these 
methods, rhe imaged small animal was generally suspended 
or held by a "mouse fixer" and rhe imaged region had no shield­
ing. In the proposed system, a 0 .2-cm-rhick transparent glass 
plate is used as rhe small-animal holder. Ar different projection 

angles, rhe holder covers different parts of the imaged object 
when viewing from the camera. As shown in Fig. 3 (a) , due 
to rhe refraction effect, rhe acquired silhouette tends ro become 
larger rhan rhe actual one when a part of the object is imaged 

(b) 
\Vilh correction \Vithout corret·tiun 

Fig. 3. Silhouerre correction. (a) Refraction occurring at plate glass 
holder. (b) The overlay of the projected boundary (red lines) of the 
recovered 3D surface and acquired silhouette. For the surface recovery, 
72 silhouerres were acquired over 5 deg steps. 



through the holder, which globally translates to a small error 
distance when the object is totally behind the plate. The refrac­
tion effect is non-negligible and therefore needs to be pre­
corrected for accurate surface recovery. As shown in Fig. 3( b), 
for a cylindrical object (diameter of 3.0 em) , withou t correc­
tion, the recovered surface does not correctly align with the 
acquired silhouettes for some projection directions, with devi­
ations of up to 0.2 em. In contrast, the mismatch is greatly 
reduced with correction. Similarly, such a correction also needs 
to be performed for the acquired excitation and fluorescence 
images. 

3. EXPERIMENTS AND RESULTS 

The performance and effectiveness of the proposed system was 
evaluated via experiments with physical phantom and in vivo 
mouse imaging experiments . 

A. Physical Phantom Experiments 
A single fluorescence target experiment was performed at first 
to evaluate the tomography capability of the proposed system. 
A solid phantom with an embedded fluorescence target was 
used for this purpose, and the phantom's structural image 
was obtained using a small-animal CT (Skyscan , Bruker). 
The solid phantom was prepared as follows [l 9]. Buffered 
saline and 2% agar were heated to 95oC. The agar was dissolved 
in saline and the mixture was cooled by decreasing the temper­
ature. At 60°C, inrralipid was added. At 40°C, the liquid mix­
ture was poured into a glass cylinder (inner diameter of 2.4 em 
and outer diameter of2.8 em), and a fluorescence tube was also 
inserted into rhe cylinder. The fluorescence tube was prepared 
by filling a transparent glass tube (0.3 em inner diameter and 
0.5 em outer diameter) with 40 pL 4 pmoi /L lndocyanine 
Green (ICG) dissolved in dimethylsulfoxide (DMSO). The 
prepared phantom was refrigerated for 2 h prior to the experi­
ment. The optical properties of the sol id phantom are similar to 
thoseof1o/ointralipid(;.t; = 10 cm- 1,f1

11 
= 0.02 cm- 1). Inthe 

experiment, both excitation and emission data were collected 
over 15 deg steps . At each projection direction, 15 illumination 
positions were scanned over an area of 1.2 em x 2.0 em in steps 
of0.4 em x 0.5 em, as indicated in Fig. ! (a). The illumination 
settings were chosen empirically, and it is noteworthy that these 
settings can further be optimized theoretically to increase the 
number of acquired data sets or reduce the total number oflight 
sources [9,11 ,.32]. The acquired fluorescence projections 
(exposure time of 1.0 s and pixel binning of 4 x 4) at different 
angles are shown in Fig. -l(a) . These projections indicate large 
scattering of light in turbid media. In the tomography 
reconstruction, the imaged region was discretized to 3.2e3 
uniform voxels (0 .15 em x 0.15 em x 0.15 em) . From the 
projection images, totally 4.4e4 source-detector pairs were 
obtained in the reconstruction. Further, 50 R-ART iterations 
were performed with a relaxation parameter of 0.05. 
Figure 4(b) shows the results of this experiment. From the 
overlaid fluorescence and structural images, we observe that 
the reconstructed target closely matches the actual target in 
terms of both localization and size. 

Next, the sensitivity of the proposed system was evaluated 
by quantifYing the smallest ICG quantities that co uld be 
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Fig. 4. Physical phantom imaging experimem. (a) Overlaid fluores­
cence images along four differem projection directions. The white 
markers represem rhe illuminarion positions, with rhe diamond 
marker representing rhe position corresponding to the fluorescence 
image. (b) Reconstructed fluorescence image. The tomography fluo­
rescence slice image shown is normalized ro irs maximum value. 

detected 111 a near-slab-shaped tank filled with I o/o 
intralipid. The geometrical size of the phantom was 
5 em x 5 em x Z em, where Z is the thickness of the filled in­
tralipid. Three thicknesses were adopted (2 .5, 3.0, and 3.5 em), 
covering the range of the mouse size over different view direc­
tions. The fluorophore was prepared by filling 40 pL ICG 
(dissolved in DMSO) in the glass tube (0.3 em inner diameter 
and 0.5 em outer diameter). Two differem concentrations were 
selected (0.004 ~Lmoi/L and 0.0004 pmoi/L, corresponding to 
ICG quantities of !60 fmol and 16 fmol , respectively). As 
shown in Fig. 'i (a), for each thickness, the rube was placed 
1.2 em away from the bottom side. Similar to a previous 
srudy [23]. the signal-to-background ratio (SBR) was chosen 
for evaluating the sensitivity: 

mean( II F - h gi) 
SBR = I , 

mean (II bg - I bgi) 
(5) 

where IF represents the acquired fluorescence intensity image; 
I bg and /bg are two independently acquired background inten­
sity images in the absence of the fluorophore . Herein, in 
calculating the SBR, a 1.0 em x 1.0 em region of interest 
was selected around the maximum fluorescence signal position. 
Parameter h g consists of the components of excitation light 
leakage, autofluorescence, ambient light, and camera dark 
noise. The ambient light can be significantly reduced with 
sufficient shielding and digitally subtracted, while the auto­
fluorescence can be reduced or removed with autofluorescence 
removal methods [:B ]. The excitation light leakage can be 
est imated from the excitation light image and subtracted or 
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Fig. 5. Sensitivity evaluation experiment. (a) Phantom setup. 
(b) Fluorescence SBR of different thicknesses and ICG quantities. 
For conditions I, II , and Ill , the exposure time was 60, 360, and 
180 s, respectively. The size of the signal and background images 
shown is 1.0 em x 1.0 em. 

reduced using improved fluorescence filters. Hence, without 
loss of generality, only the camera dark noise and the shot-noise 
term of other background contributions (excitation light leak­
age, autofluorescence, and ambient light) are considered as the 
sensitivity restriction factor, as depicted by the denominator of 
the right-hand side of Eq. (5). In image acquisitions, the pixel 
binning was 8 x 8, and the exposure rime varied with ICG 
quantities from 60 to 480 s. From the SBR data of ICG quan­
tity of 160 fmol in Fig. 5(h) , we found that a I em increase in 
thickness led to around 3 rimes decrease in SBR. However, for 
the same thickness increase, rhe detected fluorescence signal 
inrensity decreased nearly I order (7 rimes). The reason is rhar, 
along with the thickness increase, rhe background signal con­
tribution from excitation light leakage and autofluorescence 
also decreased. For ICG quantity of 16 fmol, the fluorescence 
signal could be clearly observed for 3.0 em thickness, with SBR 
of 8. However, for rhis ICG quantity, the fluorescence signal 
became hard to differentiate for 3 .5 em thickness. Hence, 
the detection limit of rhe system was less than 16 fmol for 
thickness no more than 3.0 em. For 3.5 em thickness and 
160 fmol ICG, the SBR was 31. Then, the sensitivity limit 
for 3.5 em thickness was within rhe range of 16 to 160 fmol 
and can be estimated close to 16 fmol side (e.g., around 
40 fmol) from the SBR data in Fig. 'i(b) . 

B. In Vivo Experiments 
We performed FMT imaging of a small animal to examine the 
efficacy of our system. This experiment was approved by the 
Science and Ethics Committee of the School of Biological 
Science and Medical Engineering in Beihang University, 
China. One nude mouse (5 weeks, 22 g) was anesthet ized with 
pentobarbital and placed on the glass p late holder, as shown in 
Fig. 'i(a) . A small fluorescence rube (40 ~lL 4 ~l mol/L ICG 
(dissolved in DMSO) filled into a glass rube of 0.3 em inner 
diameter and 0 .5 em outer diameter) was embedded inside the 
nude mouse. 

In the full-angle tomography experiment, the fluorescence 
(exposure rime of 1.0 s and pixel binning of 8 x 8) and exci­
tat ion projections were acquired along multip le directions in 
15 deg steps . Subsequently, the mouse was scanned along 
18 directions in the permissible direction range. For each di­
rection, three illumination positions were scanned in steps of 

0 .4 em, as shown in Fig. 6(a) . After optical imaging, the mouse 
was scanned using the small-animal CT. For reconstruction, 
the imaged region was discrerized to l.le3 uniform voxels 
(0.15 em x 0.15 em x 0.15 em). From the projection images, 
a total of 1.1 e4 source-detector pairs were obtained in the 
reconstruction. The optical properties of the mouse were as­
sumed to be homogeneous (}I ; = 10 cm- 1, Jla = 0.1 cm- 1

) 

for simplicity. One hundred R-ART iterations were performed 
with a relaxation parameter of 0 .0 1. As shown in Fig. C1(b), the 
reconstructed target marched well with the actual one, with the 

center position showing a small deviation of 0 .06 em. We 
speculate that the deviation may be caused by unknown hetero­
geneities relating to the optical properties and inherent resolu­
tion limitations arising due to light diffusion. This result 
demonstrates the feasibility of the proposed system for in vivo 
applications. · 
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Fig. 6. Mouse imaging experiment. A fluorescence target was 
embedded inside the abdominal region of the mouse. (a) Overlaid 
fluorescence images for four different projection directions. 
(b) Reconstructed image for full-angle projection. (c) Image for 
single-direcrion projection . Left: fluorescence projection. Right: over­
laid reconsrructed image. In (a) and (c) , the white markers represent 
the ill umination positions, with the diamond marker representing the 
position corresponding to the fluorescence image. The tomography 
slice images shown are normalized to their maximum values. 



Tomography with a single projection direction was 
also performed for the purpose of comparison . We 
performed sequential scanning of 35 illumination positions 
(0.30 em x 0.30 em), as shown in Fig. 6(c) . In total, l.Oe4 
source-detector pairs were acquired from the 35 projection 
images, which was close to the corresponding number of pairs 
in the full-angle case. 

As shown in Fig. G(c) , stronger artifacts appeared near the 
boundary. The boundary artifacts were caused by the higher 
noise sensitiviry of the boundary voxels [:34- 37]. Close to 
the boundaries, the diffusion approximation is less accurate 
or not valid, and the small 3D surface mismatch also signifi­
cantly influences the forward modeling of the boundary voxels. 
The artifacts can be reduced to some extent using more suitable 
algorithms [36- 38]. Acquiring more useful imaging informa­
tion also aids in reducing the artifacts. As shown in Fig. G(b) , 
with the advantage of the full-angle view, the observed 
boundary artifacts were considerably reduced. The full width 
at half-maximum (FWHM) values in the full-angle case were 
0.30 and 0.38 em along the X andY axes, respectively. In con­
trast, in the single-projection-direction case, the FWHM values 
of the reconstructed target were 0.58 and 0 .30 em along the X 
andY-axes, respectively. The considerably lower resolution was 
obtained along the X axis because no projection operation was 
performed along theY direction [9]. The conrrast-to-noise ratio 
(CNR) parameter was also used to evaluate and compare the 
image qualiry of the reconstructed slice images in Figs. 6(bl and 
6(c) . CNR is a measure that indicates whether a localized image 
feature is well discernible against the image noise, and has been 
widely used to characterize the performance of a FMT 
reconstruction system [39] and algorithm [34]. CNR is defined 
as 

mean(! ROJ) - mean(/ bg) 
CNR = , (6) 

JwRolvar(JROI) + Wbgvar(/bg) 

where fRo! is the reconstructed fluorescence signal within rhe 
acrual fluorophore inclusion (RO!, region of interesr), and hg 
is the fluorescence signal in the complement of the ROI. WROI 
and wbg are the weight facrors , which were ser to the fraction of 
area occupied by the ROI and background, respecrively. 
Herein, the ROI was derermined from the CT image. The 
CNR for rhe full-angle and single-projection-direction cases 
were 6.4 and 4 .3, respectively, indicaring thar the targets were 
well discernible in both cases (CNR > 3) [39]. The CNR 
evaluation further quantitatively confirmed rhar rhe full-angle 
case obrained much better image qualiry. ln summary, the com­
parison of the above results again evidences thar full-angle pro­
jection is essential and imporranr for improved FMT results. 

4. DISCUSSION AND CONCLUSION 

In rhis study, we proposed and demonstrated a novel noncon­
tact small-animal FMT imaging system with full-angl e capaciry. 
Since our system urilizes rotary planar mirrors for illumination 
and signal acquisition, the small animal need nor be rorated, 
and rhis makes rhe experimental procedure easier and faster. 
The bulky componems including scann ing lighr source and 
the camera also do not require rotation , thereby considerably 
simplifying system design. In addirion, in comparison wirh the 

conical-mirror-based system, the proposed system offers the ad­
vantages of overcoming backreflections and more efficient uti­
lization of the camera's dynamic range. Both physical phanrom 
and in vivo experiments were performed to evaluate the perfor­
mance of the proposed system. 

When compared with system architecture that requires 
mounring of the lighr sources and camera on a ganrry 
[ U - 1 5], the archirecture of lighrweighr plane mirrors simpli­
fies the gantry design and enables fast rotation speeds. These 
advantages become more significanr when incorporating 
more FMT funcrions , such as multiple-wavelength capaciry, 
frequency-domain, and time-domain detection. Multiple­
wavelength capaciry is importanr for FMT, as it provides 
rhe benefits of rissue autofluorescence reduction or removal 
[33], simultaneous observarion of multiple biological activiries 
by multiple probes [40], and wider applicabiliry for a series of 
fluorescence probes operaring in the range from visible to near­
infrared lighr. This is why exisring commercial small-animal 
optical tomography systems (single-projection-view FMT in­
cluding !Y1S specrrum imaging and rhe FMT 2500 LX from 
Perkin Elmer) support mulriple wavelengths. In this case, more 
lighr sources and coupling oprical components (such as beam 
splitrers) and larger filter wheels and more filters have to be 
integrated. In compariso n with continuous-wave imaging in 
the demonstrated proof-of-concept system, frequency-domain 
and time-domain derection can be used to obtain more infor­
mation, such as the fluorescence lifetime, and provide higher 
spatial resolution, such as urilizing early-arrival photons [4 !] . 
However, for both these imaging domains, the light source 
and derecrion parrs make the sysrem considerably more bulky. 
A light modulator must be added for operation in the frequency 
domain, and rhe pulse laser thar is used for time-domain de­
recrion is always very large. Further, a large rime-gated image 
intensifier needs to be coupled to the detection camera. For 
example, in [ 15], wherein a noncontact full-angle frequency 
domain FMT is demonsrrared, the primary challenge is rhe 
selection of rhe minimally sized components and rhe mounting 
of all rhese srill-bulky components on rhe rotation ganrry. 
However, with the proposed imager, all these additional com­
ponents can be fixed on the optical table, making system 
extension to related applications considerably easier. 

As regards the proposed imager, rhe three emission plane 
mirrors also comribu re to loss in detection efficiency. To ad­
dress this issue, high-reflection (>97% efficient for visible to 
near-infrared light) silver-coated mirrors were chosen . The en­
ergy loss caused by rhe mirrors was consequently less than 9%. 
l n the demonstrated system, the optical path from the small 
animal to the image sensor was around 53 em. Apart from 
the field-of-view considerarions, rhis length was chosen . to re­
duce the depth effect (amplification variations) caused by the 
3D mouse shape. In future systems, this length can be further 
reduced by optimizing the placement of emission mirrors, gan­
try design , and the imaging lens. However, when compared 
wirh systems that do not use mirrors, our triple mirrors indeed 
lengthen rhe optical path, which also leads to loss in detection 
efficiency. It should be noted that when compared to the im­
aging performance of the conical-mirror-based system, which 
maps the full-angle view to a single image sensor. the optical 
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parh problem of our imager is less severe. Alrhough rhe derec­
rion efficiency in our case is slighdy reduced, rhe signal-ro-noise 
rario (SNR) reducrion depends on pracrical condirions. 
In fluorescence image derecrion, rhe noise consisrs of four com­
ponems: excirarion lighr leakage, aurofluorescence, ambiem 
lighr, and camera dark noise. The rwo former componems 
are rhe dominanr noise sources; however, rhese noise signals 
rravel rhe same parh as rhe fluorescence signal of inreresr 
and are reduced ar rhe same level. As regards ambiem lighr, 
rhe noise level is similar in all kinds of sysrems, and ir can 
be reduced by sufficiem shielding and digiral subrracrion. As 
a deep-cooling scienrific camera is used, rhe camera dark noise 
is ulrralow. When rhe fluorescence signal is high, rhe camera 
dark noise is negligible, and rhe SNR can be mainrained by 
increasing rhe exposure rime. For low fluorescence quanrifica­
rion condirions, we can analyze rhe SNR issue from rwo 
aspecrs. If rhe dominaring noise rerm including excirarion lighr 
leakage and aurofluorescence is posr-removed, rhe sysrem sen­
siriviry can be gready enhanced. For our imager, very low ICG 
quanriries from 16 w 160 fmol could be derecred in 1% inrra­
lipid wirh a rhickness ranging from 2.5 ro 3.5 em. One example 
is rhar, if a background image is acquired before injecrion of 
fluorescence rargers, posr-removal can be performed by sub­
rracring rhe background image from fluorescence image. In rhis 
condirion, for ulrralow fluorescence lighr derecrion, rhe camera 
dark noise becomes a significam pan. Hence, rhe SNR de­
creases ro near rhe same level as rhar of rhe signal energy loss. 
In conrrasr, if posr-noise-removal is nor performed , rhe sysrem 
sensiriviry decreases by I order of magnirude or more, and rhe 
camera dark noise can be considered negligible. Consequendy, 
for a derecrable fluorescence signal, rhe SNR does nor decrease 
since we can increase rhe exposure rime ro compensare for rhe 
limired energy loss. 

In summary, in rhis srudy, we proposed a novel nonconracr 
full angle imager for camera-based FMT. In furure srudies, we 
plan w focus on imegraring rhis full-angle FMT sysrem wirh 
x-ray CT and applying ir ro biological research areas such as 
cancer rrearmem evaluarion. 
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Abstract 

Fluorescence molecular tomography in the nea r-infrared region is becoming a powerful modal ity for mapping the three­
dimensional quantitati ve distribut ions of fluorochromes in live small animals. However, wider applicat ion of fluorescence 
molecular tomography still requ ires more accurate and stable reconstruct ion tool s. We propose a shape-based 
reconstruction method that uses spherical harmonics parameterization, where fluorophores are assumed to be distributed 
as piecewise constants inside disjointed subdomains and the remaining background. The inverse problem is then 
formulated as a constrained nonlinear least-squares problem with respect to shape parameters, which decreases il l­
posedness because of the significantly reduced number of unknowns. Since different shape parameters contribute 
differently to the boundary measurements, a two-step and modified block coordinate descent optimizat ion algorithm is 
introduced to stabilize the reconstruction·. We first evaluated our method using numerical simulations under various 
conditions for the noise level and fluorescent background; it showed significant superiorit y over conventional voxel-based 
methods in terms of the spatia l resolution, reconstruction accuracy with regard to the morphology and intensity, and 
robustness against the initial estimated distribution. In our phantom experiment, our method again showed better spatial 
reso lution and more accurate intensity reconstruction. Finally, the results of an in vivo experiment demonstrated its 
applicability to the imaging of mice. 
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Introduction 

Near-infi·ared fluorescence molecular tomograph y (F:\ IT ) is 
used for the three-dimensional (3D ) localiza tion and qua ntification 
of flu orescent targets deep inside turbid tissue. i\s a convenie nt and 
cost-efl'ective small a nimal imaging modality, it can provide 
accurate visualization and quantifi cation of the distribution of 
flu orescent trace rs. Various applica tions have been proposed or 
carried out using th is tool to monito r diseases a t the molecular 
level, such as enzyme activity [1], mapping express ions of cancer 
markers [2], [3], and monitoring ta rge ted drug del ive ry [4] . D avis 
el al. recently prese nted multico lor imaging to monitor two cancer 
markers simultaneously [5] . /\!though some devices fo r F:\11T are 
commercially available , the need fo r higher spa ti a l reso lution and 
more quantita tive and reliable reconstruction hinde rs tlw wide r 
application of' th is technique. 

T he recovery of 3D flu orescence distribution from boundary 
measurements is a nonlinea r inve rse problem. Because of' the 
scattered light propaga tion inside turbid tissue media, the problem 
is highly ill posed and thus susceptible to da ta noise and model 
errors. The ill-posedness makes F:.VlT reconstruction a signifi cant 
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challenge. i\s a solution, additional prior information is generall y 
appl ied through difle rent regularization techniques. Smooth 
distribution constra ints a re typ ically imposed through methods 
such as Tikhonov regularization [6]. Info rmation on the sparse 
d istribution is util ized thro ugh difle rent compressed sensing 
techniques [7], [8] . Edge enhancement p riors are utilized by 
pena lizing the fluorescence in te nsity gTadient as a regularized 
term , such as in the to tal varia tion method [9] , [10], [11 ], [12] . 
The development of mu ltimodality FMT systems [13], [14] has 
boosted the fi.1sion of' info rma tion derived fi·om anatomical 
structures [ l 'i] , [16]. H igh-density sampling [17], which increases 
the amount of boundary measurements, has also proven e!Iective, 
and several studies have focused on inves tigating the optimal 
source- cl etecwr configurations fo r difleren t kinds ofFMT imaging 
systems [18], [19]. Although these advances have been critical to 

movi ng F:\'[T fi·om the labo ra to ry to commercial applications, 
grea t chall enges remain in order to obta in 3D fluorescence 
distribu tions stably and accurately. 

In many specific applications, the d istribu tion of fl uorescent 
targe ts can be we ll desc ribed as the sum of a small number of 
subdomains (s hapes) with constant piecewise intensities. This 
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approximation is very suitable for tumor applications, where the 
fluorescence agent binds specifically to tumor ti ssue. \<Vith shape 
parameterization, the number of unknowns is greatly red uced, 
which in tu rn decreases the ill-posedness of the reconstruction. 
Shape parameterization has been applied to difluse optical 
tomography [20), [2 1), bioluminescence tomography [22] , and 
electrical impedance tomography [23). For F\1T reconstruction, 
seve1'al studies have used a piecewise constan t assumption. Alva rez 
et at. [24) applied a level set to time-resolved F\1T to implicitly 
impose shape constraints, where the distributions a re recovered 
with the piecewise cons tant assumption and the life time is 
estimated using a gradient method. T hey performed a series of 
numerical sim ulations to verify its eflectiveness. Desp ite the 
reduced ill-posedness, shape-based reco nstruction is still a nonlin­
ear and ill-posed problem, and the initial conditions critically afrect 
its solution. T o overcom e this limita tion, Laurain et at. [25) 
extended topological sensitivity analysis to generate good initial 
estimates for shape-based F\lfT and evaluated the eflective ness 
through numerical simulations. In our p revious work, we 
performed shape based reconstruction by assuming the fluorescent 
targe ts to be regular ellipsoids [26] . A two-step so lve r was 
deve loped to enhance the robustness aga inst the initial values and 
noise, and graphics processing unit (GP U) acce lera tion was 
adopted to accelerate the computa tion of the .Jacobian ma trix 
and grad ien t. 

In this work, we developed a novel shape-based reconstruction 
me thod by introducing spherical harmonics [27) for shape 
modeling. Compared to our previous ellipsoid approximation, 
spherical harmonics can better model irregular targets [20], [23), 
[28) , which leads to more accurate recove red images. In the 
proposed method, the inverse p roblem is parameterized with 
respect to the spherical ha rmonics coefli cients o f' the shape 
boundaries. To stabilize the solution, the two-step stra tegy is 
expanded, and a modified block coordinate descent approach is 
introduced to recover shape parameters. Since the computa tion of 
the J acobian matrix and gradient with respect to the spherical 
harmonics coeflicients is rather complex a nd time-consum ing, we 
accelerate their calcula tions by using GPU based on our previous 
work [26) on ellipsoid shape pa rameters. VVe evaluated the 
proposed method using numerical sim ula tion, a physical phantom, 
and in vivo data, and it demonstrated m uch better pe rformance 
than conventional voxel-based reconstruction. 

Methods 

Forward problem 
ln turbid tissue media, the light propaga tion for source- detector 

separa tions of more than several millime ters can be modeled by a 
partial difleren tial equa tion call ed the difli.1sion equation . By 
setting the spatia lly localized impulse !'unction b(r- !',) as the 
source term, the Green's fi.mction G(l's,i'J can then be solved via 
numerical techniques such as the finite element method (FE\'f) 
[29] , [30). By conside ring that light travels !'rom r.,. to position r 
and from r tO detector rd and in tegrating over the whole imaged 
domain Q , the fo rward mapping fi·om the flu orescence dist ribu­
tion / (r) to the received flu orescence signal <l),., (rs,rd ) lor the 
source- detector pair (r,,l',t) can be expressed as 

<P.,,cr,,. ,rd) = Gem j' <P,.x(!',,i')C,.m(r,l',t)j'(i') 
.n 

( I ) 

where 0 represents the total system amplifica tion fac tor fi ·01n the 
quantum efliciency, detec tion efliciency, etc. T he subscripts ex 
and em ind icate the excitat ion light and em itted flu orescence 
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wavelengths, respectively. ln Fi\lfT reconstruction, using the 
normalized Born ra tio <Phorn = <P,."'/<P "·' of the corresponding 
measurements at the em ission and excitation wavelengths has been 
proven to provide much more robust performa nce with respect to 
the uneven sys tem amplifica tion fac tor 0 and unknown hetero­
gene ity of' the imaged medium compared to using the fluorescence 
signals alone [3 1) . Given Green's !'unctions, the normalized Born 
ra tio can be written as fo llows: 

For numerica l computa tion, the above integral equation is 
genera lly discretized using the piecewise constant voxel basis as 
follows: 

" V 

<Phom (i',,/',1) = LC(i'"r;)C(r;,i'd)/ C(rs/")Ll Vf (r;) (3) 
;~ I 

where the imaged doma in is divided into 11 ,, unifo rm voxels with 
volume L1 V. For data fi·om all M source- detector pairs, a ma trix­
vec tor product form can be generated fi·om Eq . (3): 

[

/ (rtl l 
<Phom = W :, _ 

j (r,v) 

(4) 

where W is the we ight matrix with size M x 11 v. The above linear 
system is highl y ill posed, which makes direct inve rsion impossible. 
A priori information is typically required for stabilization, such as 
smooth constraints imposed via Tikhonov regularization. 

vVe assumed that the flu orescent targe ts have sharp interfaces 
and are distributed as piecewise constants. That is, the imaged 
domain n can be split into 11 d isj ointed subdomains n ;,i = l , · · · ,n 
and the rema ining backg,-ound n o= n \ U;= l"n; with constant 
concentra tions P; + p0 and p0, respec tively. Then, the fl uorescence 
distribution is expressed as follows: 

11 

f(r )=f(x ,y,c)=Po+ L P;U(r En;) (5) 
i= l 

where U is the unit step fimction. In our previous work [23] , we 
used ellipsoids to approxima te the subdomains fo r simplicity; 
however, this approach is limited with regard to modeling 
irregular geometries. Spherical harmonics can represent fa irly 
intricate 3D polar shapes we ll (a polar shape can be described as a 
single-value fi.m ction in spherical coordinates with respect to a 
center position). Since more accurate shape modeling yields better 
shape reconstruction performance, we adopted real-value spher­
ical harmonics to parameterize the arbitrary 3D subdomain 
boundaries on ;, as introd uced in [28). T hen, the surface locations 

rjon ; of' bounda ry an ; are represe nted in spherical coordina tes 
with respect to a given center (Xc,i,yc,i,zni) : 

N I 

7jcJn ;= L L Cf" Y/" (9,rp) (6) 
I= Om= - 1 

where { C("} are the expansion coeflicients and N is the maximum 
degree of' spherical harmonics used. T he real value basis fu nction 
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Y1"'(9,tp) is defined as follows: 

-"' { Re[ Yf"](9,tp),m :<:;; 0 
Y1 (9,tp) : = 

fm [ Yf"] (9,tp),m > 0 
(7) 

where Yf" are the spherical harmonics fimctions of complex values 
[24] . Then, a single fluorescence inclusion can be parameterized 

using (N + I )2 expansion coenicien ts for up w N-order spheri cal 
harmonics, the cen ter position, and the fluorescence concentra­
tion . In add ition to the background concentration p0 , a total of 

n((N + I )2 + 4) + I shape parameters model the piecewise constant 
fluorescence distribution with n disjo inted subdomains, which can 
be depicted by the new notation ( . In this study, we used second­
order spherical harmonic coeflicients. 

Inverse problem 
To recover the shape parameters(, a least-squares minimization 

function is established to minimize the diflerence between 
theoretical predictions and practical measurements: 

arg min 'P(() = ~ ll (j)hom- F(() JJ; 
~ 2 -

= ~ JJ <Phum- WJ{JJ; 2 -

s.t.l )p;.f!o ~ O,i = I ,··· , 11 

2)X~~lil1 ~ Xc $ X~~WX ,y~~tin $Yc $ y:~laX , z:~lin ::::; ! c :::; .J:~laX (8) 

3)rmin ::::; r;.:::; rmax ,r;EOO.;,i = l , · · · ,n 

4)r; ~ min (r;) ~ I / c max (r;),r; :<:;; max (r;)::; c min (r ;),c ~I , 

r;Ean ;,i= J, . · ·,11 

5) V;n J.) = 0,Vij,i # j 

H erein , given a previously defined uniform voxel discretization 

with su[Jicient small size such as 0. 7 x 0. 7 x 0. 7mm3, the 
theoretical predictions F(() are computed via a matrix-vector 
product based on Eq. (4). The flu orescence distribution vector/( is 
gene rated by transforming the shape parameters to the voxel grids 
through Eqs. (5)-(7). For stab le t·econstruction , reasonable 
constraints are imposed to the shape parameters. The first 
constrain t is the nonnegativity of the fluorescence intensity. The 
second is to restrict the shape cen ters inside box bound of the 
image object. The fo llowing two cons tra ints prevent the rad ius 
from being too small or la rge and geometric shapes fi·om being too 
narrow. The final constrain t (non-overlap) guarantees the 
disjointedness of the subdomains. 

Although the unknowns are greatly reduced because of the 
spherical harmonics, Eq. (8) is still a complex nonlinear problem. 
1\n appropriate iterative solver is needed for its numerical so lu tion, 
which relies on the shape grad ient and H essian matrix. However, 
gradient-based solve rs are extrem ely sensitive to the initial 
conditions, and ge tting a good initial estimate inside the imaged 
object is generally a di[Jicu]t and challenging task. In our previous 
work [26], since different types of shape parame ters contrib ute 
dinerently to the measurement data , we hand led the ellipsoid 
shape parameters using a two-step strategy and proved its 
capabili ty of improving the robustness against initia l conditions. 
13ased on the previous work, we introduced a two-step and 
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modified block coordinate descent strategy for spherical harmon­
ics-based shape reconstruction, as shown in Fig. I. In the first step, 
by se tting the initial shapes as spheres, Eq. (8) is solved with the 
spherical ha rmonics expansion coeflic ients as invariants; this yields 
rela tively good initial conditions for the next step, especially for the 
center positions. A modified block coord inate descent strategy is 
then employed in the second step. That is, the parameters of 
blocks I (center positions and intensities) and 2 (spherical 
harmonics expansion coefli cients and intensities) a re separately 
est imated at even and odd iterations. H erein , the center positions 
and spherical harmonics expansion coeflicients are placed into 
diflerent blocks, as they have weak logical connections and can be 
separated. H owever, the !luorescence intensities are put into both 
blocks since they have strong logical connections with the other 
shape parameters. This is difle rent fi·om the standard block 
coordinate descent method, where each variable appears in only 
one block. 1\s shown in Fig. I , the maximum iteration number of 
each step (NJirst and N_max minus N_Jirst) obviously in!luences the 
final reconstruction result. Empirically, N_jirst was set to 20. This 
number is suflicient to get a good estimation of the center 
positions; a la rger value does not produce an obvious improve­
ment but requ ires more computation time. For the second step, 
more itera tions generally yield a better shape but may produce 
0\·e r-op timiza tion . This is because of the high ill-posedness of the 
recovered block 2; details are discussed late r in the discussions and 
concl usion section. In our experience, }l_max can be set to a 
relatively low value such as 4·0 in the presence of a high level of 
noise and model error. N_11wx can be se t to a relatively large value 
such as 80 in the presence of a moderate level of noise and model 
error. 

In each step, a Newton-type method is used as an ite ra tive 
solver for the nonlinear minimization problem, where the update 

(k + I for ( is given by 

(k+ l = 

(k + arg~1in ~ JJ l <l(- ((j)bom- F((k))JJ~ + C((k + ii() 
t)(, -

(9) 

H erein , 1 : =oF I a( is the J acob ian matrix . ceo is the penalty 
term because of the shape constra ints c( O :<:;; 0 and is imposed 
through the popular ex terior penalty function method. Then, a 
minimization program with an increasing sequence of penalty 
parameters l as I-> rx; is generated: 

r;· = arg min L(r;,t) = 

I Il l "'""' F k) 112 L { . [0 crk )]}2 - r;-((j)hul'l;- (( ) ,+t mm ,cJ.,+<;" 
7 -

( 10) 

- j 

where c;- is a new notation to denote <l(. In each t-sub problem, c;- is 
updated via Newton's method, and l is doubled: 

(c;-)"+ I = 

(c;-)"+(V'~L+i.l) - 1 { - lT [l c;-- (<llhurn- F((k ))]- V', C} ( II ) 

where the H essian matrix 'V~ L is lTl + 'V~C. Since V'~ L is poorly 

condi tioned , regularization is added with parameter ), for stable 
inversion, and an ite rative solver is used with the symmetric LQ 
method (:\ lATLJ\13 function symmlq). The parameter i. was 
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empirically selected to be I 0 - 3 and worked well in the simulation 
and physical experiments. 

Generally, the background volume is much larger than the 
targets . To improve the condi tioning of the inverse problem, the 
background fluorescence intensity is scaled during reconstruction: 

(12) 

In this study, the scale factor seal was set to l 00. 

Computation of objective funct ion value, gradient, and 
Jacobian matrix 

For Eq. (8), the .Jacobian matrix computation can be expressed 
as 

1= 8F(0/8( = W8Jd8( (13) 

Since fc is a nonlinear function of(, the perturbation method is 
used to compute 8/(i';)/8(; using a suflicient small perturbation 

L1(f 

Eqs. (8), ( 13), and ( 14) sho\1· that the shape-voxel mapping /(i';) is 
the basic component for e\·aluating J and F(() and that it is 
critical to evaluating the non-overlap constraint. 1\s no analytical 
expression is available for this nonlinear mapping, we can directly 
calculate/(i';) by uniformly d ividing the corresponding voxel into 
16 X 16 X 16 fine sub-voxeJs with centers f;j: 

4095 

f(r;)= ~p, U(r;JdJ., ) /4096 
}=0 

( 15) 

H erein , the point-in-shape test r;JC0.( is performed according to 
Eqs. (6) and (7). 

Similar to our previous work [26], the frequently performed 
basic operations (i. e., weight matrix multip lication and shape-voxel 
mapping) take more than 90"1., of the computation time. Hence, 
we accelerated them using the advanced CUD!\ GPU platform 
[32] , [33] , where the former is performed using the standard 
CUD!\ CUBLJ\S library and the latte r is performed as shown in 
Fig. 2(a). Generally, a shape target is small compared to the whole 
imaging domain , and processing the many non-overlapped voxel­
shape pairs using G PU is ineflicient [~12], [33]. Hence, a voxel ­
shape paring procedure is first performed with CPU by judging 
the overlap between a voxel and the bounding box of a shape. 
GPU is then used to determine the concrete overlapped volume 
for each voxel-shape pair through concurrently executed threads. 

As shown in Fig. 2(a), the point in shape test U(r;Jc.0.r) is the 

most important component of the shape-voxel mapping. For the 
polar shape, this test is performed by comparing the radius r;J 
fi·01n the shape center to the point and the radius r, of the 
corresponding shape surface point , as illustrated in Fig. 2QJ). 
Theoretically, r, can be directly calcula ted using Eq. (6); howeve r, 
this is time-consuming. For laster computation, we adopted an 
interpolation technique. !\ triangular-mesh unit sphere surf>lce is 
introduced where each mesh node has a pair of spherical 
coordinates (9,rp), as shown in Fig. 2(c). These mesh nodes can 
then determine the parametric surf;Ke by findin g their new 
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Figure 1. Optimization of spherical harmonics shape parame­
ters. In the first step (the initial N_first iteration), the unknown ta rgets 
are assumed to be spheres. In the second step (the fo llowing iterations 
until the maximum iteration number N_max), a modified bfock 
coordinate desce nt strategy is adopted to al tern ately recover the 
grouped shape parameters. 
doi:l 0.1371/jou rnal.pone.0094317.g001 

distances from the center through Eq. (6). The unit sphere 
transformation is inspired by [28] , where the mapped mesh was 
mainly used for boundary element method discretization and 
solution. The (9 ,rp) space is then uniformly refined to I 00 x I 00 
grids, a nd the corresponding radii a re calculated by inteqJolation 
fi·om those mesh nodes. Then, given a point r;J with spherical 
coordinates (.9;,j ,rp;J), the radius of the corresponding surface 
point rs(9;J,rp;J) can be easi ly determined through two-dimen­
sional inteqJolation among the four neighbor points in the 
I 00 x I 00 regular grids. 1\s this lookup table operation is rather 
simple, it can be easily implemented through GPU. 

Voxel-based reconstruction 
In the experiments, the proposed method was compared with 

traditional voxel-based recons truction. In general, voxel-based 
reconstruction is formulated as a linear system: 

(16) 

where p is the lluoresce nce distribution in 3D voxels and W is the 
weight matrix as described in Eq. (4). The linear system is ill posed, 
which means that direct inversion is impossible . In th is study, two 
techniques were used for its so lution: the random access algebraic 
reconstruction technique (R-1\RT) with nonnegative constraints, 
which has been widely applied for FMT [34,35]; and Tikhonov 
regularization, where Eq. ( 16) is transformed into ·an L2 

regularized solution: 

where y is the regularization parameter. The regularized least­
squares problem is solved by using the conjugation gradient 
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method, and the nonnegative constraints are imposed through the 
exterior penalty fimction method. 

Experiments and Results 

The performance and efl'ectiveness of the proposed m ethod was 
evaluated through numerical simulations and experiments with a 
physical phantom and a mouse in vivo. 1\ll reconstructions were 
performed on our desktop computer, which has an Intel 2.8-GHz 
quad-core CPU, 16 GB RA.\ 1:, a nd an NVIDA GTX 480 
graphics card. 

Numerical simulations 
A series of simulations was performed to compare the proposed 

method with the trad itional voxel-based method and ·evaluate its 
performance in the presence of noise a nd background contrasts. 

To mimic the heterogeneous optical properties of a real mouse , 
a cylinder model (6.0 em height and 2.0 em diameter) with two 
cylindrical hete rogene ities (6 .0 em height and 0 .35 em diameter) 
was used , as shown in Fig. 3. R easonable optical properties were 

chosen with a background of {La= 0.3cm - 1 ,{/, = I O.Ocm - 1 and 

heterogeneity of ita=O.Scm - 1,{/,= IO.Ocm - 1• Full angle data­

acquisition was adopted [3 'f], where da ta were simulated for 24 
evenly distributed projection angles a round the model. For each 
projection angle, the light source was sequentia lly scanned over 
five positions in steps of 0.3 em to generate five projec tions. For 
each pro jection , the detector sampling on the charge coupled 
device (CCD) detection fi eld of view was over a 1.8 em x2.2 em 

(a) n: PL -

.oxcl-sh;lpc palr'i S= : ~ 
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region with 0.2 em spacing. The data simulations were performed 
using FEM. 

ln the reconstructions, we simply assumed the imaged object to be 

homogenous with optical properties of flu= 0.3cm- 1 , {l~ = lO.Ocm - 1 

to mimic the unknown heterogeneity in practical cases. During all of 
the numerical experiments, the same geomeuy constraints were 
applied with 0.04cm:s;r:s;O .Scm, c = lO, - l.Ocm:s;x,y:$l.Ocm , 
and 2.0cm:;;; z:;;; 4.0cm . Eigh ty iterations (one update in Eq. 9 
co1Tesponds to one iteration) were performed in the shape-based 
reconstructions, where the first step took 20 iterations. T he 3D voxeh 
for the Jacobian mao-i.x calculation were inside the cylinder model and 

over (- 1.0 f .O)cm x ( - 1.0 f .O)cm x (2.04.0)cm with a voxel size of 
0.07cm x 0.07cm x 0.07cm. In the comparison e>-.l)eriments, 3D 
voxels were also used in voxel-based reconsu·uction . In the voxel-based 
reconsnuction, both R-ART and Tikhonov regularization were 
adopted. R -i\RT was iterated 200 times with a relaxation parameter 
or 0.1. The Tikhonov regularization parameter was empu~cally set to 
1 x lO - 3, which gave a good balance between stability and 
smood1ing. The conjugate gradient med1od was performed until d1e 
relativ~ difference between neighboring iterations was less than 
l x l0 - 6. 

Recon stru ction o f d u al inclusion s of d ifferent 
s h a p es. vVe evaluated the proposed method with closely placed 
dual inclusions or various shapes; these included ellipsoids, 
cuboids, and triangula r prism s. The parameters a re specified in 
Table I. There was no fluoresc~nce in the background. T hen, 5% 
Gaussian noise was added to the synthetic measurements. 

CPt: 

Bind;---- Sjk } 

256 t h r~ads 

J f bnumJing bO\-\ P X1..'J tl\ ~rJap 

S= ;S. ILil : 
End 1r 
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Figure 2. Shape-voxel mapping. (a) Flowchart of the GPU-accelerated computation of shape-voxel mapping. (b) Ill ustration of how to determi ne 
whether a point is inside a polar shape. (c) Digitalization of spherical ha rmonics pa rameterized shape with tria ng ular mesh surface. The 
parameterized-shape surface mesh (middle) is generated by mapping a predefined t riang ular meshed unit sphere surface (left) . For each mesh node 
(e.g., blue circle). its new radius on the parameterized-shape surface is found by keeping its (,9;,1p;) unchanged. Furthe r, a reg ular table is generated in 
the spherical coordinates (IJ.I{J) space from these mesh nodes for faster point-in-shape determination. 
doi:l0.1371/journal.pone.0094317.g002 

PLOS ONE I www.plosone.org 5 Apri l 2014 I Vo lume 9 I Issue 4 I e94317 

2.2 



As shown in Fig. 4, neither R-ART nor Tikhonov regularization 
could resolve the dual targets for all of the ditlerent shapes. In 
contrast, because of the shape parameterization, the proposed 
method demonstrated much better resolution capability. lt clearly 
separated the adjacent dual inclusions and matched intensities and 
morphology well. The fi·ee background was also accurately 
estimated. Of course , because of the high photon scattering in 
tissues and the presence of noise and heterogeneity, fully accurate 
recovery of the true shapes was still impossible. The better 
resolution capabi lity of the proposed method is because of the 
successful utilization of shape priors, which greatly reduces the 
space of possible solutions. In other words, the shape-based 
method can find a better solution without getting stuck in the 
many cut solution branches. 

As a benefit of the parallel acceleration by GPU, the shape 
reconstruction time was typically within several minutes . For 
example, the shape optim ization for the dual ellipsoids took about 
159 s. Without GPU , the computation time was about 83 min, 
which was 31 times longer. 

To evaluate the performance with respect to diflerent initial 
values, we selected dual spheres with diflerent center distances 
away from the true inclusions, which represented initial shapes 
with diflerent extents of goodness. As shown in Fig. .'i , the 
proposed method worked well and demonstrated robust perfor­
mance since it considered and handled the diflerence among shape 
parameters through the two-step and modified block coordinate 
descent strategy. In contrast, although not shown here, the 
straightforward method of simply recovering all parameters 
simultaneously generally corrupted the reconstruction process. 
The objective function value could not be decreased ellective ly, 
and the true inclusions were not found. 

In some cases, it may be impossible to reliably determine the 
targets number a fniori. By assuming more targets than actually 
needed, the proposed method can handle this problem to some 
extent. As demonstrated in Fig . .'i, with three initial targets, the 
proposed method still recovered the true targets well , whereas the 
blse target was reconstructed with ultra-low intensity. 

Different noise level. To evalua te the sensitivity of the 
proposed method to noise , diflerent levels of Gaussian noise 
(2.5%-.J.O%) were added to the synthetic measurements . The dual 
ellipsoids case was used as the configuration of the fluorescent 
targets, and the background was fluorescence-free. As shown in 
Fig. 6, neither voxel-based method could resolve the targets even 
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Figure 3. Simulation experiment sketch. A full-angle CCD camera­
based imaging system configuration was used for the data simulation. 
The imaged object was a cylinder phantom with two embedded 
cylinder heterogeneities (different absorption coefficients). For each 
projection, five different excitation sources were scanned (red dots), 
and the detectors, which corresponded to selected detection points on 
the image plane, were within 1.8 em of the detector horizontal FOV 
(HFOV) and 2.2 em of the detector vertical FOV (VFOV) with a detector 
spacing of 0.2 em. 
doi: 1 0.13 71 /journa l.pone.009431 7 .g003 
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at the lowest noise level. In contrast, the proposed method clearly 
separated and estimated the adjacent dual inclusions for various 
noise levels up to 40% ; thus, it showed strong robustness against 
noise jamming. 

Different background contrast level. Even state-of~the-art 
fluorescent probes still find it diflicult to completely bind to targets 
without residuals in the background. Thus, we evaluated the 
performance of the proposed method using di!lerent contrast levels 
fi·om 100:1 to 10:20. The dual ellipsoids case was used as the 
configuration of the nuorescent targets. ln addition, I% Gaussian 
noise was added to the synthetic measurements. 

As shown in Fig. 7, the background nuorescence could not be 
properly estimated by both voxel-based methods; both showed an 
obvious nonun iform distribution in the background region. In 
addition, the boundary artifacts gradually increased with the 
background fluorescence. For Tikhonov regularization , its spread­
ing and smoothing ellec ts became more evident in the presence of 
background nuorescence, especially at a low contrast level. Similar 
to the previous background-fi·ee case, the dual targets could not be 
resolved. In contrast, the proposed method demonstrated much 
better resolution capability and quantification. For all contrast 
levels , the dual targets were clearly separated. The background 
,-alue was accurately reconstructed with a small absolute error that 
was within 0.00 1. These results verified the eflectiveness of the 
proposed methud under low fluorescence contrast conditions. 

Physical experiments 
Physical phantom and in vivo experiments were performed to 

evaluate the feasibility of the proposed method for practical 
applications. Our nuorescence imaging system, which was 
developed in-house, was used for data acquisition, as shown in 
Fig. 8(a). The imaged object was placed on a rotational stage for 
multiple angle image acquisition. The laser and detector were 
placed on opposite sides of the stage. The semiconductor laser 
(785 nm wavelength) output a small laser spot around I mm in 
diameter with a power of 14 mW. The detector was a highly 
sensitive sG.\10S camera (Neo, Andor, Belfast, Northern Ireland, 
U.K.) coupled with a Nikkor 60 mm f/2.80 lens (Nikon, Melvil.le , 
NY). The camera had a large chip area of2560 x 2160 pixels with 
a 16-bit dynamic range. During the data acquisition , the sCMOS 
chip was cooled to - 30 C to reduce dark current noise. A neutral 
density filter of I % transmittance (Daheng, Beijing, China) and 
840 ± 18.5nmband-pass nuorescence filter (Semrock, Rochester, 
NY) were used for excitation and nuorescence image collection , 
respectively. ln addition , 72 white light images were collected to 
reconstruct the object's 30 surface [36]. 

In the phantom experiment, a glass cylinder (inner diameter of 
2 . '~3 em and outer diameter of 2.83 em) was filled with intralipid 

(1% concentration p:,= 10cm- 1,pa=0.02cm- 1). Two nuOI·es­
cence inclusions were embedded closely together with a 0.10 em 
edge-to-edge distance. Each inclusion was produced by pouring 40 
,uL of indocyanine green (concentration of 4 pmol/L) into a 
transparent glass tube (0.3 em inner diameter and 0.5 em outer 
diameter). Excitation and lluorescence data were collected at 36 
projection angles evenly distributed over 360 . For each projection 
angle, three excitation positions along the horizontal direction 
were scanned sequentially at a distance of0.3 em. For voxel-based 
reconstruction , 50 R-ART iterations were performed with a 
relaxation parameter of 0.05. For shape-based reconstruction, 40 
iterations were performed, and geometry constraints we re app lied 
with 0.04cm:s;r:s;0.5cm, c=3 , and targets centers inside the 
bound ing box of the image object. 

The fluorescence projection images in Fig. 8(b) show the high 
level of light scattering in turbid media. vVith the voxel-based 
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Table 1. Parameters for inclusions with various shapes. 

ellipsoid (1\1y,r:) (x,.,y,.,:,) p 

target 1 (0.22 0.11 0.1 S) (0.00 0.25 3.00) 1.00 

target 2 (0.22 0.11 0.15) (0.00-0.25 3.00) 1.00 

c~boid (L ,W,H ) (Xr,Yn=c} p 

target 1 (0.40 0.20 0.20) (0.00 0.25 3.00) 1.00 

target 2 (0.40 0.20 0.20) (0.00-0.25 3.00) 1.00 

prism (E,H) (xnyl ,.::::l-) p 

target 1 (0.50 0.30) (0.00 0.30 3.00) 1.00 

target 2 (0.50 0.30) (0.00-0.30 3.00) 1.00 

The second column lists the geometric dimensions: radii for the ellipsoid, edge 
length for the cuboid, and edge and height for the triangular prism. 
doi:l0.1371/journal.pone.0094317.t001 

method (R.-ART), the dual inclusions were merged, and artifacts 
were present near the object boundary. In contrast, the two close 
targets were clearly separated by the proposed method with 
acceptable center deviations of 0.06 and 0.15 em. The relative 
dillerence between the accumulated fluorescence intensities of the 
two targets was 8.4%, which may be partly caused by inevitable 
model error and the cross-talk between the two close inclusions. 
The actual fi·ee background was also accurately estimated. 
Overall, the results demonstrated that the proposed method has 
better resolution capability than traditional voxel-based recon­
struction for practical applications. 

II. small an imal experiment was performed to ve rify the 
feasibility of the proposed method for in viz•o applications. This 
experiment was apprm·ed by the Science and Ethics Committee of 
the School of Biological Science and ~[edical Engineering in 
Beihang University, China. One nude mouse (5 weeks, 2 1 g) was 

Real R-c\RT TikhonoY Shapc-basl·d 

~-! 

-, 
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anesthetized with pentobarbital and fixed on a glass plate holder, 
as shown in Fig. 8(a). A small fluorescence glass tube (0.3 em 
diameter and 0.5 em length, concentration of 4 Jtmol / L) was 
embedded inside the nude mouse. The fluorescence and excitation 
projections were collected at a single projection angle. As shown in 
the first column of Fig. 8(c), the point light sources were scanned at 
5 x 7 positions with steps of 0.3 em. In the reconstruction, the 
mouse optical properties were assumed to be homogeneous 

(1/, = I Ocm - 1 .Jla = 0.3cm- 1) for simplicity. For voxel-based recon­
struction, 30 R-1\.RT iterations were performed wi th a relaxation 
parameter of 0.0 I. For shape-based reconstruction , 40 iterations 
were performed, a nd geometry constraints were applied with 
0.04cm :5: r :5: O.Scm , c = 3, and target centers inside the bounding 
box of the image object. As shown in Fig. 8(c), the reconstructed 
fluorescence had a high value around the boundary and a 
widesp read distribution inside the object. Compared to the actual 
single fluorescence inclusion, the reconstructed fluorescence was 
not acceptab le. This was partly because of the limited projection 
angle , complex heterogeneous op tical properties of the mouse , and 
the presence of an auto-fluorescent background. The proposed 
method, which benefited {i·om the reduced number of unknowns, 
gave a better result . It recovered a single fluorescence inclusion 
and the background. This preliminary experiment demonstrated 
the feasibility of the proposed method for in vivo appl ications. 

Discussions and Conclusion 

\<Ve proposed a shape-based reconstruction method for fluores­
cence molecular tomography that uses spheri cal harmonics 
parameterization. The inverse problem is formulated as a 
constrained nonlinear least-squares problem. To guarantee 
successful reconstruction and enhance robustness against initial 
conditions and noise , a two-step and modified block coordinate 
descent strategy was introduced to handle diflerent shape 
parameters. R easonable geometrical constraints are also entorced 
via the exte rio r penalty function method for fi.mher stabi lity and 
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Figure 4. Comparison of the results from the proposed method and voxel-based reconstructions. In the slice images, the red circles 
denote the outer boundary of the imaged object, and the white lines denote the boundaries of the real inclusions. The slice images are of 3.0 em 
height. 
doi:10.1371/journal.pone.0094317.g004 

PLOS ONE I www.plosone.org April 2014 I Vol ume 9 I Issue 4 I e94317 



-411 ;::: 
u 
;~; 2 

2 \ 

Init 1 

) 
·---~ 

'I (cmP \ ... ------ .... , _ 

·2 ·2 Ux ( cn~l 

I nit 2 

'f 4 

"'-1 1 - ~ 

) \ 

-0\\ --~--
y (r:rnJ -, ~- / 

·- · -, 0 >: (en~ 

I nit 3 

5! 

• 

.~ :( 
-, ·• 

•( {( mi
0 \--~-·~·· 

. . '2 ~· 0 x (en~) 

Shape-Based Fluorescence Molecular Tomography 

I nit 4 

-~ '3 . ._ • • • 
!"·-/ ~~ 

·-~-
4 

w ./ ,,, 2 

; \ - \ . 
Y (c r.-.9 \ ... ---~-

-2 -2 Ox (en~ ~
~,, 
0 0 

Ob 

0 

Figure 5. Reconstruction results with different initial estimates. In the slice images, the red circle denotes the boundary of the imaged 
object, and the white lines denote the boundaries of the real inclusions. The sl ice images are of 3.0 em height. 
doi:10.1371 /journal.pone.0094317.g005 

accuracy. During the optimization, the objective fun ction value 
and j acobian matrix are calculated usin~ the perturba tion method, 
which is also greatly accelerated using CPU. The results of the 
numerical simulation and physical phantom and in vivo exper­
iments all demonstrated the eflectiveness of the proposed method. 

Because of the incorporated shape priors and the resulting 
reduction in the dimensions of the inverse problem, the proposed 
method demonstrated better resol ution capability than the 
cmw emional voxe l-based method in the numerical and physical 
experiments. However, compared to voxel-based methods, the 
proposed method has the weakness of a relatively small application 
range. l n application scenarios, the lluorescence distribution 
should be approximated as the sum of a small number of 
subdomains with piecewise constant intensities. 

Although the number of unknowns is greatly reduced, atten tion 
should be paid to optimization techniques, as the shape-based 
reconstruction is still nonlinear and ill posed . If the diHerence in 
contributions to boundary measurements by the shape parameters 

noise level 2.5'~. Hl 'Y,, 

R-.\RT 

Tikhonov 

""'~"·""II 

is not considered and these parameters are simply recovered 
simultaneously, the reconstruction generally fails. In the proposed 
method, a two-step and modilied block coordinate descent strategy 
is introduced. The optimization strategy stab ilized the shape-based 
reconstruction against up to a 40% noise leve l. lt also ensured the 
robustness of the proposed method against diflerent initial values 
lor noise and heterogeneity, even when the target number is not 
known a priori. In many cases. a fluorescent background is 
inevitable. /\s demonstrated in the numerical simulations, the 
proposed method worked well for low lluorescence contrasts down 
to I 00:20. This capacity was further verilied in the in vivo 
experiment. 

/\n intuitive explanation lor the proposed optimization strategy 
is as follows. For a target, small deviations in its center position and 
expansion coellicients vary the boundary measurements lor 
dillerent methods. The cen ter position deviation alters the distance 
li·om th e target to dille rent boundary sides; thus, it mainly changes 
the proliles of lluorescence projections. In contrast, the deviation 

40'Y.. 

Figure 6. Reconstruction results of different noise levels. The red circle denotes the boundary of the imaged object, and the white lines 
denote the boundaries of the real inclusions. The slice images are of 3.0 em height. 
doi:10.1371/journal.pone.0094317.g006 
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Figure 7. Reconstruction results of different fluorescence contrasts. The red circle denotes the boundary of the imaged object, and the 
white lines denote the boundaries of the real inclusions. The slice images are of 3.0 em height. 
doi:10.1371/journal.pone.0094317.g007 

of each expansion coellicient changes the ta rget geometry and 
mainly changes the projection de tail s. T he di!l'erence in contribu­
tions requ ires the center position and expansion coe!licients to be 
handled dilleren tly. In particular, the cemer position needs to be 

(a) 

(h) projection H-ART Sh a p~- llasccl 

00 90° () !llil\ 

estimated !irst to approximate the coarse components of' the 
fluorescence projec tions. 

The proposed optimization strategy also has a mathematical 
explana tion. For the Hessian ma trixes of blocks I and 2 and all 
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Figure 8. Physical experiments. (a) The full angle fluorescence molecular tomography system developed in-house. (b) Physical phantom 
experiment. Two fluorescence inclusions were placed closely together inside a cylinder phantom with a 0.10 em edge-to-edge distance. The white 
circles denote the inner (solid line) and outer (dash line) boundaries of the real inclusions. (c) /n vivo experiment. A fluorescence inclusion was 
embedded inside a nude mouse. The grid of black dots overlaid on the mouse represents the excitation light sources. For the slice images in (b) and 
(c), the red circle denotes the boundary of the imaged object, and every two slice images are at the same height, as depicted by the red circle in the 
corresponding 3D image. 
doi:1 0.1371/journal.pone.0094317.g008 

PLOS ONE I www.plosone.org 9 April 2014 I Volume 9 I Issue 4 I e9431 7 



shape parameters, their condition numbers are diflerent in orders 
of magnitude. For example, in the initial dual spheres case (!nit l 
in Fig. 5), the condition numbers of the corresponding regularized 
Hessian matrixes (empirically selected regularization parameter of 
l x I0 - 3) were l.l x 10', 9.6x 104 , and 1.3 x 106 , respectively. 
The high Hess1an matrix cond ition number of block 2 means that 
the recovery of expansion coefli cients is high ly sensitive to noise 
an<O! model error. Compared to block 2, the Hessian matrix 
condition number of block 1 was almost two orders of magnitude 
smaller, which means that the estimation of its variable elements is 
much less sensitive to error. This is why we use a two-step 
reconstruction scheme since the first step has the inherent 
advantage of much better stability. Compared to the two blocks, 
d1e Hessian matrix condition number for all shape parameters 
becomes even higher. Thus, when the shape parameters are 
recovered simultaneously in the second step, the estimation of the 
center positions is negatively aflected by the expansion coeflicients 
and becomes much more ill posed. Hence, the modified block 
coordinate descent strategy was adop ted to alternate ly update 
blocks 1 and 2, which makes the second step more stable. 

The convergence of the modified block coordinate descent 
optimization should be clarified since the standard coord inate 
descent method generally finds a local minimum. Although it is 
difficult to determine the convergence of the standard coordinate 
descent method (37] when the va riables cannot be separated, 
modified block coordinate descent optimization can find a global 
minimum or near-global minimum in the presence of' noise. The 
reasons are as follows. In the second step, the reconstruction has a 
relatively good initial estimate provided by the first step, especially 
for the center positions. Yloreover, parameters with strong logical 
connections are put into the same block. In other words, the two 
blocks can be considered separable to some extent. 

In the numerical sim ulation , the GPU accelerated the shape­
based reconstruction about 30 times faster. The increased 
acceleration is important for the proposed method, as it guarantees 
the shape reconstruction time is only several (typ ically less than 3) 
minutes. By transforming the complex and fi·equently performed 
point-in-shape operation to a lookup table procedure, the GPU 
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implementation becomes easier, and the computation speed 
becomes faster. 

Apart fi·om shape-based methods, total variation (TV) has 
attracted a great deal of' attention in recent years since it can also 
strengthen the boundary edges between targets and background. 
Instead of direcdy incorporating shape priors, TV penalizes the 
intensity grad ient information as the regularized term. Hence, it 
has the advantage of requiring fewer assumptions on the shape 
geometry and the weakness of not reducing the unknown 
dimensions. In recent years, TV has seen advances for FMT 
and demonstrated its superiority over traditional L2 regularization 
in background-fi·ee cases (10], (11], (12]; future progress may 
demonstrate its eflectiveness for low flu orescence contrast condi­
tions. Since TV problem is highly nonl inear, its performance 
depends on the developed solution algorithm and selected 
regularization parameters. Hence, focus is presently on finding 
the optimal parameters or developing an automated parameter 
selec tion method. In comparison, the proposed method does not 
have the problem of' determining regularization parameters, and 
selecting the geometry constraints for app lication is intuitive and 
simple. In general, the two techniques of shape-based reconstruc­
tion a nd TV are developing towards preserving the boundary 
edges for piece-constant fluorescence distributions. Each has its 
own strengths a nd weaknesses and thus needs fi.1rther attention. 

In this study, the normalized Born method (3 1] was used to 
reduce the negative eflects of unknown heterogeneous optical 
properties. Shape parameterization can also be used to estimate 
the optical properties of diflerent inner organs and helps better 
model the photon propagation inside small animals. T hus, the 
shape-based reconstruction quality can be further improved. In 
fi.nure work, we will focus on developing a full shape-based method 
to recover opt ical properties and successfi.1lly guide fluorescence 
distributions. 
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In fluorescence molecular tomography, the accurate and stable reconstruction of fluorescence-labeled 
targets remains a challenge for wide application of this imaging modality. Here we propose a two-step 
three-dimensional shape-based reconstruction method using graphics processing unit (GPU) accelera­
tion. In this method, the fluorophore distribution is assumed as the sum of ellipsoids with piecewise­
constant fluorescence intensities. The inverse problem is formulated as a constrained nonlinear 
least-squares problem with respect to shape parameters, leading to much less ill-posedness as the num­
ber of unknowns is greatly reduced. Considering that various shape parameters contribute differently to 
the boundary measurements, we use a two-step optimization algorithm to handle them in a distinctive 
way and also stabilize the reconstruction. Additionally, the GPU acceleration is employed for finite-ele­
ment-method-based calculation of the objective function value and the Jacobian matrix, which reduces 
the total optimization time from around 10 min to Jess than 1 min. The numerical simulations show that 
our method can accurately reconstruct multiple targets of various shapes while the conventional voxel­
based reconstruction cannot separate the nearby targets. Moreover, the two-step optimization can 
tolerate different initial values in the existence of noises, even when the number of targets is not known 
a priori. A physical phantom experiment further demonstrates the method's potential in practical 
applications. © 2012 Optical Society of America 

OCIS codes: 170.6960, 170.3010, 170.6280, 170.3880. 

1. Introduction 

Using the advanced fluorescence-labeling and opti­
cal-imaging technique, fluorescence imaging makes 
it possible to better understand the mechanism of 
human disease at cell or molecular level in small 
animal models in vivo. However, conventional fluor­
escence imaging using reflected illumination can 

1559-128X/121368731-14$15 .0010 
© 2012 Optical Society of America 

only get two-dimensional projection images, which 
inherently results in poor localization and photon 
quantification due to the strong scattering of photons 
[1] . Recently, fluorescence molecular tomography 
(FMT), aiming at three-dimensional (3D) localization 
and quantification of fluorescence targets, has 
drawn great attention and become a research hot 
spot [2]. 

In FMT, one attempts to recover the 3D distribu­
tion of fluorescence targets embedded deeply (up to 
several centimeters) inside a small animal such as 
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a nude mouse from noninvasive measurements of 
emitted light. In the reconstruction the 3D volume 
is usually digitalized to a number ofvoxels. However, 
the reconstruction of FMT is usually a highly 
ill-posed problem as a large number of unknown 
parameters need to be resolved from the limited 
number ofboundary measurements. Therefore, there 
is always a tradeoff between image resolution and 
stabilization of the inverse problem. In other words, 
better spatial resolution requires smaller voxels, but 
the increase ofvoxel numbers will cause susceptibil­
ity to data noise and model errors. For improvement, 
many trails have already been made by applying ad­
ditional prior information, such as anatomical struc­
ture [3-5], local smoothness [6], or sparsity [7-9). 

Shape-=-based reconstruction has emerged in recent 
years for tomography imaging, where the targets are 
assumed as the sum of a small number of subdo­
mains with piecewise-constant contrasts. With shape 
parameterization, the number of unknowns will be 
largely reduced, greatly decreasing the ill-posedness 
of reconstruction. The shape-based techniques are 
either of implicit parameterization methods or 
explicit parameterization methods. In implicit para­
meterization methods, the shape boundaries are im­
plicitly defined by the zero level oflevel-set functions. 
For example, it has already been applied in bio­
optical tomography fields such as diffuse optical to­
mography [10,11], bioluminescence tomography [12], 
and time-resolved FMT [13). The level-set method is 
suitable for arbitrary target shape, yet the computa­
tion for the evolution of level sets is relatively com­
plex. In explicit parameterization methods, different 
approaches [14-19) including ellipsoid, spherical 
harmonics, B-Spline, etc. have been used in different 
tomography modalities. In this paper, we assume 
that the fluorescence targets are ellipsoids. The 
assumption is reasonable for many practical applica­
tions such as in situ tumors or functional groups 
that can be effectively approximated by ellipsoid 
shapes. The parametric model can provide important 
medical benefit information including location, size, 
orientation, and contrast. In addition, this level of 
information may be used as the prior knowledge 
for other more complex shape-based reconstruction 
(e.g., spherical harmonics approximation) methods, 
thereby simplifying the algorithm development 
and improving its performance, which will be inves­
tigated in our future work. 

Herein, the FMT reconstruction is formulated as a 
nonlinear optimization problem with respect to ellip­
soid parameters. Reasonable geometrical constraints 
are applied for better robustness and accuracy. 
The exterior penalty function method [20) is used 
to enforce the constraints. Since various shape para­
meters contribute differently to the boundary mea­
surements, a distinctive optimization algorithm is 
required for successful recovery, even though the 
number of unknowns has been greatly reduced. 
One straightforward way is to recover all shape para­
meters simultaneously, which is called one-step 
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optimization in this article. However, in a condition 
featuring no good initial estimation and a high level 
of noises, the simple approach may fail in finding a 
successful solution. Although only results of a single 
inclusion case were provided, previous reports for dif­
fuse optical tomography [14) and electrical impe­
dance tomography [18) have suggested that better 
shape-based reconstruction performance would be 
expected if assuming the unknown shapes as spheres 
at the initial stage of the inverse algorithm. For FMT, 
this strategy (one-step optimization with sphere pre­
paration) does do a better job, but is still far from ex­
pected, as demonstrated in Section 3.B. Here, we still 
use spheres to get relatively good initials, but we only 
recover the center positions and fluorescence inten­
sities in the initial step, while the radii are fixed. 
After that, in the second step, all the shape para­
meters are successively recovered. With the proposed 
two-step algorithm, much better robustness to initial 
values in the existence of noises is achieved. 

During the reconstruction, the calculations of the 
objective function value and the Jacobian matrix are 
frequently performed. Since the forward mapping 
from shape parameters to boundary measurements 
is highly nonlinear, establishing a fast operator to 
calculate these components is challenging. For exam­
ple, the ellipsoid shape-based diffuse optical tomo­
graphy [14) took reconstruction time from 5 to 
24 h, most of which was spent on these basic compu­
tation components. To establish the operator, one 
needs to solve the diffusion equation for calculating 
light propagation at first. Since the analytical solu­
tion of the diffusion equation is limited for simple 
regular geometries, in general we need a numerical 
method, such as the boundary element method 
(BEM) or the finite element method (FEM). When 
using BEM, different operators were proposed for 
diffuse optical tomography [19) and electrical impe­
dance tomography [18) by generating the boundary 
element mesh dependent on the target shapes. In 
our method, we adopt FEM for its advantages in 
handing irregular geometries and heterogeneous op­
tical properties. A 3D mesh subdivision-based tech­
nique [15) was proposed to map the target shapes 
to the finite element mesh in the operator for diffuse 
optical tomography. In [21], a 3D voxel was used as 
the link between the shape parameters and the 
boundary measurements for bioluminescence tomo­
graphy. In this study, similarly, we deduce an opera­
tor for FMT based on the 3D voxellink. Compared to 
operators [14,18, 19) that solve the forward model 
every time, the deduced operator only solves the for­
ward model its first time; thus its speed improVes. 
However, the up to 10 min of optimization time 
still requires further acceleration. In the last couple 
of years, the fast development of multicore and 
many-core processors, especially the graphics proces­
sing unit (GPU), makes it possible for great speed en­
hancement in personal computers. In this study, we 
further accelerate the deduced operator to several 
tens of times faster by using the GPU technology. 



Then, the optimization time is reduced to less 
then 1 min when using an NVIDIA GTX-480 
graphics card. 

The remainder of this article is organized as fol­
lows. In Section 2, the forward diffusion model and 
the inverse problem are introduced. The two-step op­
timization algorithm is presented, and the GPU­
accelerated operator for FEM-based computation of 
the objective function value and the Jacobian matrix 
i~ described. In Section 3, numerical simulation 
experiments are used to verify the proposed method. 
In Section 4, a physical phantom experiment is used 
to evaluate its reliability in practical applications. 
Finally, discussions and conclusions are presented 
in Section 5. 

2. Methods 

A. Forward and Inverse Problems 

In FMT, instead of the fluorescence signals alone, the 
normalized born ratio <I>g~~as of measured fluores­
cence <t>:;;eas and excitation (b~eas signals is usually 
used for reconstruction. The benefit is that the nega­
tive effects of uneven system amplification factor and 
the heterogeneous optical properties can be reduced 
[22]. For a source-detector pair (r8 , rd) with a point­
light source b(r- rs) at position ;:, and a detector at 
location rd, by considering that light travels from rs 
to position rand from r to detector rd and integrating 
over the whole domain D., the forward mapping from 
fluorescence distribution f(r) to the normalized born 
ratio is expressed as follows: 

<l>bo~~s (F,.Fd ) = <t>:;;eas (rs .Fd)/<l>~'eas (rs .Fd) 

= { G(r8 , F)G(r,Fd)/ G(r8 • rd) f (F) . (1) 
Jn 

where G(r1 ,F2) is the Green's function that describes 
photon propagation from a point rl to another 
position r 2 . In a highly diffusive tissue medium, 
the Green's function can be computed using the 
diffusion equation coupled with Robin-type boundary 
condition [23,24]: 

{ 
-Y' ·[D(F)V'G(I";,, F)] + #a(F)G(F,. F) = i>(r- F,) rED. 
2AD(F)oG(F,. r; ;an+ ocr. . F) = o ;: E an · 

(2) 

where #aCT> is the absorption coefficient and D(F) = 
1j(3(J1a(F> + Jl~ (F))) is the diffusion coefficient with 
fi~(F) as the reduced scattering coefficient. D. is the do­
main of the imaged object with on as its boundary. A 
is a constant depending on the optical refractive­
index mismatch on the boundary and ii denotes 
the outward normal of the boundary. 

By discretizing the domain n to a tetrahedron 
finite element mesh, the FEM is used to solve the 
partial derivative equation. Then, Eq. (2) is trans­
formed to a linear equation as follows : -

KG=Q. (3) 

where K is the called stiff matrix in FEM, which is 
sparse positive definite and contains the contribution 
of tissue optical properties. Q is a vector correspond­
ing to the source term. By solving Eq. (3), the vector 
G oflight distribution values at finite-element nodes 
is obtained, which can be then used to interpolate the 
value at an arbitrary point inside n. Further details 
can be referred to in [23,24]. 

Generally, the imaged object is discretized to vox­
els for reconstruction. However, voxel representation 
suffers from the over-smooth effect, resulting in 
deteriorated image resolution. Instead ofvoxel repre­
sentation, in this article, we represent the fluores ­
cence targets by a summation of n ellipsoids with 
constant fluorescence intensity p, center positions 
(xc Yc Zc ), anisotropic radius ( rx ry rz ), and 
Euler rotation angles (a p y ) , 

n 

f(F) = f(x .y .z) = I:>PC1-XTRTL-iR iX ;), (4) 

where 

[

x-x ·] C.t 

X i = Y -Yc.i . 

z - z · C.t 

with 

i= l 

[

1/ rx.i 

2::= 
i 

[ 

cos a i sin a i 

R 11, = - Sin a i cos a i 

1/ ry.i 

cos Pi sin Pi ] , 
- sin Pi cos Pi 

[ 

co~ Yi sin Yi 
R y, = -sm Yi cos Yi 

U is the unit step function . As many fluorescence 
targets including tumors are localized and small, the 
ellipsoid shape approximation is reasonable and a 
good choice. 

In FMT reconstruction, the unknown fluorescence 
distribution is recovered by iteratively minimizing 
the difference between theoretical predictions and 
practical measurements. Then, for the unknown 
shape parameters (, the inverse reconstruction can 
be formulated as a least-squares minimization func­
tion as follows : 
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s.t . 1) p ~ 0. 

3) Cxyrx ~ ry ~ 1/cxyrxo Cyzry ~ Tz ~ 1/Cyzryo 

CzxTz ~ rx ~ 1/CzxTzo 

4) x:,nin ~ Xc ~ x:,nax 
0 
y~1in ~ y c ~ y:,nax 

0 
z:,"in ~ Zc ~ z~1ax_ 

5) - n/2 < (J ~ -n/20 

6) Sins1 = 0 0 V ioj o i "'jo (5) 

where <l>g'0~.~s is the vector of the normalized born ra­
tio. F(t;) represents the predicted values <Pg~;:n at cor­
responding measurement points. To stabilize the 
reconstruction, six naturally chosen constraints are 
imposed in the above equation. Constraint (1) is 
the nonnegativity of the fluorescence intensity. Con­
straints (2) and (3) are for the anisotropic radius, 
with constraint (2) to reasonably restrict the radius 
range, and constraint (3) to avoid too-narrow shape. 
Constraint (4) represents the box restrictions for cen­
ter positions, which is typically set as the geometrical 
size bound of the imaged object. For Euler angles, a 
and r are modulus to 2n, but (J covers only n range. 
Hence, we apply angle constraints only on(J as in con­
straint (5). The different targets are assumed to not 
overlap with each other, as described in constraint 
(6). This means the overlap volume of any two targets 
should be zero, 

Yoverlap.ij =In [(f(F)j Pi+ {(1~;/ P;) > 1] = 0 , V ioj, i "'- j. 

(6) 

As most of the above constraints are applied di­
rectly on geometry sizes such as radius or width, 
we transform Eq. (~) into a similar form as follows: 

roverlap.ij = 113 
[3Yoverlap.ij/(4n) = 00 V i.j.i "'- jo (7) 

where the geometry size of the overlap volume is ob­
tained by simply assuming it as a sphere. 

B. Two-Step Optimization 

In this subsection, the proposed two-step optimiza­
tion algorithm is described. 

As described in Section 1, different types of shape 
parameters contribute differently to the measure­
ment data, requiring distinct considerations in 
solving Eq. (5). As illustrated in Fig. 1, we sequen­
tially estimate the different shape parameters in 
two steps. At first, fixing the given radius and setting 
the rotation angles to zero, we solve Eq. (5) to update 
target centers and fluorescence intensities. In this 
step, the initial targets are usually set as small 
spheres. After that, based on the obtained relatively 
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~~~~~-, < Initial estimation > 
Recover the center positions and intensities 

Fig. 1. Two-step optimization of ellipsoid-shape parameters. 

good estimation, we recover all the shape parameters 
simultaneously in the second step. 

In each step, we use the same optimization method 
described as follows. A typical way to minimize 
the nonlinear least-squares function Eq. (5) is a 
Newton-type method. The optimal is then found by 
iterations oflocallinearization and Taylor expansion 
around the current estimate, 

1 2 
(k+l = (k + argo:Uin 211Jc5( - (<Pg'o~s -F((k)) li 2 

+ C((k + c5(). (8) 

Here, J = ()F /0( is the Jacobian matrix due to lin­
earization, whose computation details are described 
in Section 2.C. C(() is the penalty term due to the 
constraintsC('() ~ 0 in Eq. (5). Different ways can 
be used to enforce the constraint term. Here, the pop­
ular exterior penalty-function method is chosen [20] . 
Then, Eq. (8) is transformed to minimization pro­
grams with an increasing sequence of penalty para­
meters t as t --+ oo, 

c5t; = arg min L(c5(0 t) 
<51; 

= ~ I!Jo(- C<l>b'o~s - F(t;k))i!: 

+ t,L)min[O,c;((k + t5()]} 2 . 

j 

(9) 

In each t-sub problem, t is doubled and 8( is up­
dated via Newton's method as 

CoOn+ I = Cc50" + (Jr J + v~,c + JA)-1 

{ - JT[Jo(- (<Pb'o~s - F(t;k))]- V .,,C} 

tn+ l = 2t" , (10) 

where JTJ + 'YJr; C is the Hessian matrix V~,L. The 
applied identity regularization matrix i\ with regu­
larization parameter A is for reducing the singularity 
of the Hessian matrix. Moreover, the conjugate­
gradient method and golden line-search method 



are used in Newton's method for effective update. In 
Eq. (10), contributions to V,5,C and v~,c of con­
straints (1) through (5) can be analytically computed. 
For constraint (6), its contribution V15, C6) to V 1gC can 
be computed using the perturbation method. Then, 
the contribution VJ,C6) to Hessian matrix V~,c is ap­
proximated using a straightforward formula as 

C. GPU-Accelerated Operator 

Now, we start to describe the details of the proposed 
GPU-accelerated operator for fast computing the 
Jacobian matrix J and the objective value 'P(() . In 
addition, the operator also calculates the contribu­
tions to the gradient and the Hessian matrix due 
to the nonoverlap constraint. 

As described in Eqs. (1) and (4), the predicted mea­
surements are a complex integration over the whole 
domain. For computation, the integration should be 
mapped to a discretized domain. In this study, a uni­
form 3D voxel discretization with voxel volume D. Vis 
used. Then, F (t;) is transformed as the summation 
over all nv voxels, 

nv 

F(()(rs. rd) = L G(rs. r i )G(FcJ . r i)/G(rs. rd)~ Vf(ri)· 
i= l 

(12) 

where f(ri) is the mean fluorescence distribution in­
side the voxel i. In Eq. (12), G(rd. r;) is used instead of 
G(ri, FcJ), since the twoterms are equal based on 
adjoint theory, but the former usually takes less 
computation time. For all M source-detector pairs, 
a matrix-vector product form can be generated from 
Eq. (12), 

(13) 

where W is the weight matrix with size M x nv . 
Then, the Jacobian matrix J can be expressed as 
follows : 

(14) 

Using perturbation method, a{(r;)j2Jt;1 can be de­
fined using a sufficiently small perturbation D.t;1 as 
follows: 

From Eqs. (13)-(15), we can see that the computa­
tion of J and F(() is composed of two basic 
operations, where one is shape-voxel mapping 
(f(r;)) and the other is a matrix multiplication. As 
the computation burden of the objective function va­
lue 'P(() mostly lies in F(() , the two basic operations 
of F(t;) are also the key computation components for 
\fl((). We calculate f(ri) by dividing the correspond­
ing voxel to 16 x 16 x 16 uniform subvoxels. Specific 
procedures including bounding box testing and 
two-stage discretization are added to speed the 
calculation. Although Fig. 2 is for GPU-accelerated 
computation, it can be used to illustrate the CPU 
implementation, except that all executions are per­
formed sequentially on CPU. 

However, further acceleration is urgently needed. 
Since shape-voxel mapping is frequently performed 
during the reconstruction, much time is spent on 
it. Meanwhile, much time is also spent on the matrix 
multiplication operation. On the whole, during the 
shape-parameters optimization, the two basic opera­
tions take more than 90% of the computation time, 
where the details can be referred to in Section 3.C. 

In recent years, GPU -accelerated scientific comput­
ing has attracted more and more attention since the 
release of computer unified device architecture 
(CUDA) by NVIDIA in 2007 [25] . CUDA allows 
GPU programming with C languagelike interface for 
NVIDIA GPUs, thus easing the development of gen­
eral-purpose applications compared to traditional 
GPU programming languages. Despite becoming ea­
sier in programming, note that good performance of 
the CUDA program still requires careful considera­
tion of the GPU architecture. In the optical tomogra­
phy field, CUDA GPU has already been successfully 
applied in Monte Carlo simulation [26-28], numerical 
forward model computation [29], etc. -

In our desktop computer, an NIVIDIA GTX480 
graphics card was used to provide CUDA GPU com­
putation capacity. The GTX 480 is one representative 
of the latest Fermi GPU architecture of NVIDIA. 
GTX 480 has 15 streaming multiprocessors (SMs), 
each with 32 scalar processors. In addition, each 
SM has up to 32 k register memory and 48 k shared 
memory for fast on-chip memory access. More details 
about the Fermi architecture can be referred to 
in [30]. 

Following is the acceleration of the two basic op­
erations using the CUDA GPU computing technol­
ogy. First, the matrix multiplication is easily 
accelerated using the CUDA CUBLAS library [31]. 
Second, analogous to the CPU implementation, a 
CUDA-based implementation of shape-voxel map­
ping is developed, as illustrated in Fig. 2. As an el­
lipsoid target is usually small compared to the 
whole domain, it does not overlap with many voxels. 
Moreover, since the data transfer between GPU SMs 
and the global GPU-device memory is relatively low 
[25,30], processing the many unoverlapped voxel­
ellipsoid pairs using GPU will let the SMs wait for 
the low data transfer and work at low efficiency, 
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Fig. 2. (Color online) Flowchart of the GPU-accelerated computation ofshape-voxel mapping. One GPU block deals with only one voxel­
ellipsoid pair with 256 threads. Two levels of discretization are used for faster speed. For each subvoxel, 64 threads are formed in one group 
to process it. 

limiting the speedup performance. Hence, a voxel­
ellipsoid paring procedure is performed using CPU 
at the beginning by judging whether the bounding 
box of an ellipsoid overlaps with a voxel, as shown 
in the left part of Fig. 2. Then, GPU is used to deter­
mine the concrete overlapped volume for each voxel­
ellipsoid pair. Similarly to the CPU implementation, 
for speedup enhancement, this determination is im­
plemented by iteratively discretizing the correspond­
ing voxel to 16 x 16 x 16 small volumes in two stages. 
That is, the corresponding voxel is divided to 4 x 4 x 4 
subvoxels in the first stage, and a subvoxel will be 
further discretized to 4 x 4 x 4 sub-subvoxels in the 
second stage if it is partly overlapped with the corre­
sponding ellipsoid. In the GPU parallel implementa­
tion, one GPU block (a set of threads executed on the 
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same SM) is used to process one voxel-ellipsoid pair, 
where the 256 threads inside the block execute 
the frequently performed point-in-ellipsoid tests 
parallelly. To avoid interference among threads, note 
that the overlapped volume obtained in each thread 
is added to different element of a shared memory ar­
ray of size 256, rather than directly to the same 
variable. 

D. Voxei-Based Reconstruction 
In this article, we need to compare the performance 
of the proposed shape-based reconstruction and the 
traditional voxel-based reconstruction. Hence, we 
briefly describe the used voxel-based reconstruction 
method here. Voxel-based reconstruction is typically 
formulated as a least-squares problem as follows: 



1 2 
~ = arg ,min 2llci>b'o~~s- W~ll 2 

' 
s.t . ~ ;o. 0. (16) 

where~ is the vector of the fluorescence intensities in 
3D voxels, and W is the weight matrix as described in 
Eq. (13). Equation (16) is solved using the random­
access algebraic reconstruction technique (R-ART) 
[32] with nonnegative constraints, which has been 
widely applied in FMT. 

3. Numerical Simulation Experiments 

In this section, we evaluate the performance and ef­
fectiveness of the proposed method through numer­
ical simulation experiments. 

As shown in Fig. 3, a cylinder model (6.0 em height 
and 2.0 em diameter) with optical properties 
Jla = 0.3 cm-1, JA~ = 10.0 cm- 1 was used. The optical 
properties adopted were close to the optical properties 
of the mid torso of mice, while the geometry sizes were 
close to the mean one during our previous in vivo 
experiments. A full-angle optical data-acquisition set­
up was adopted [33,34] for its better image resolution. 
Data were simulatedfor 18 projection angles evenly 
distributed over the full angle. In each projection 
angle, four projections were acquired sequentially, 
where the four excitation point sources were at 
3 em height slice and with 0.4 em distance from each 
other. For each projection, the detectors were over a 
1.8 em x 2.2 em field of view with 0.15 em spacing, 
as depicted in Fig. 3. The total number of source­
detector pairs was 12,960. The measurements were 
simulated using the FEM, where the cylinder model 
was discretized into 8283 nodes and 42,903 tetrahe­
dron elements. 5% of Gaussian noises were added 
to all the synthetic measurements. The adopted noise 
level was close to that in physical experiments. 

During all the reconstructions, the same geometry 
constraints were applied with rmin = 0.04 em, 
rmax = 0 50 em c - c = c - 1/3 xmin = ymin = 

· ' xy - yz zx - . ' c c 
-1.0 em, xY'ax = yY'ax = 1.0 em, z~1111 = 2.0 em, and 
zY'ax = 4.0 em. The 3D voxels for Jacobian 

matrix calculation were inside the cylinder model 
and over (-1.0 ~ 1.0) em x (-1.0 ~ 1.0) em x (2.0 ~ 
4.0) em with voxel size 0.07 em x 0.07 em x 0.07 em. 
The total voxels number was 16,907. In the following 
subsection, the 3D voxels were also used in voxel­
based reconstruction. 100 iterations [one update in 
Eq. (6) corresponding to one iteration] were per­
formed in shape-based reconstructions. For two-step 
optimization, the two steps took 50 iterations, re­
spectively. Similarly, for one-step optimization with 
sphere preparation, the initial sphere reconstruction 
took 50 iterations. All the reconstructions were per­
formed on our desktop computer with Intel 2.8 GHz 
quad-core CPU, 16 GB RAM, and an NIVIDA GTX 
480 graphics card. 

A. Comparisons with Voxei-Based Reconstruction 

We compared the proposed method and the tradi­
tional voxel-based reconstruction using two close 
inclusions with various shapes. The detailed para­
meters are summarized in Table 1. In voxel-based re­
construction, R-ART was performed with an iteration 
number of 200 and a relaxation parameter of 0.1. 

As shown in Fig. 4, when using voxel-based ·recon­
struction, the two i~clusions couldn't be resolved in 
all test cases. In contrast, the proposed method 
demonstrated much better resolution ability, where 
the two inclusions were clearly separated. Moreover, 
from the shown slice images at 3.0 em height, it is 
seen that the reconstructed shapes matched the 
original ones very well in orientation, size, location, 
and fluorescence intensity. Of course, recovering the 
geometry exactly the same is impossible in the exis­
tence of noises, even when the targets are ellipsoids. 
As summarized in Table 2, for all test cases, the cen­
ter deviations were withi~ 0.018 em, and the relative 
errors of accumulated fluorescence intensity were 
within 5.78%. The small reconstruction errors can 
be further reduced as the noise level decreases. 
These results suggest that the proposed method 
can work well for various shapes, even though it is 
based on the ellipsoid-shape hypothesis. 
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Fig. 3. (Color online) Simulation experiment sketch. A full-angle CCD camera-based imaging system is used for simulated data acquisi­
tion. The cylinder phantom object can be rotated to a different projection angle. A CCD camera with horizontal x vertical field of view 
(CCD HFOV x CCD VFOV) is used to capture excitation and fluorescence projection images at each projection angle. In the simulation, 
full -angle acquisitions were performed at 18 evenly distributed projection angles. For each projection angle, four projections were simu­
lated with excitation source at different positions, as depicted by the red dots (in the left and middle parts). For each projection, the 
detectors, corresponding to selected detection points on the image plane, are within 1.8 em detector horizontal FOV and 2.2 em detector 
vertical FOV with 0.15 em detector spacing. 
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Table 1. Parameters for Inclusions with Various Shapes for Cube or Cuboid Shapes, the Anisotropic Radii are Half its Edge Lengths, 
Respectively 

Shape (rx. ry. r ,) (Xc·Yc· Zc ) 

Ellipsoid (0.25 0.15 0.15) (0.00 0.225 3.00) 
(0.25 0.15 0.15) (0.00 - 0.225 3.00) 

Cube (0.15 0.15 0.15) (0.00 0.25 3.00) 
(0.15 0.15 0.15) (0.00 - 0.25 3.00) 

Cuboid (0.25 0.15 0.15) (0.00 0.20 3.00) 
(0.25 0.15 0.15) (0.00 -0.20 3.00) 

B. Robustness to Different Initial Values 
We evaluated the robustness of the proposed method 
to different initial values. The test case of dual ellip­
soid inclusions in the previous subsection was used. 

At first , we compared the two-step optimization 
strategy with one-step optimization with or without 
sphere initialization. The target number was 
assumed the same as the actual one. Note that the 
second step of the two-step optimization is in fact 
a one-step optimization, except that a good initial 
has already been provided by the first step. In other 
words, both the one-step and two-step methods will 
get similar solutions given a good initial value. 
Therefore, in the comparisons, we are more inter­
ested in the performance of these methods given 
different degrees of bad initial values. Considering 
this, four representative initial estimates were cho­
sen, where they were set as dual spheres at different 
positions, as summarized in Table 3. The initial 
estimates 1 were seem as a good init!al, since their 
locations and intensities were both close to the real 

Real Voxel-hased 

Accumulated Fluorescence 
(a .fJ./) {J Intensity 

(pi/ 4, 0.00, 0.00) 1.00 0.0236 
(pi/ 4, 0.00, 0.00) 1.00 0.0236 
(0.00, 0.00, 0.00) 1.00 0.0270 
(0 .00, 0.00, 0.00) 1.00 0.0270 
(0.00, 0.00, 0.00) 1.00 0.0450 
(0.00, 0.00, 0.00) 1.00 0.0450 

ones. In contrast, the other three initial estimates 
were worse. In particular, the initial estimates 3 
and 4 were far away from the real ones, with their 
centers at a different height slice. It is seen that 
the bad degree of initial estimates 1-3 increased 
by increasing the center distances between initial es­
timates and true targets. Initial estimates 4 were 
chosen by only greatly increasing the radii of initial 
estimates 3. Then, we could observe the sensitivity of 
the two-step method to the different initial sphere ra­
dii used. As shown in Fig. 5, for initial estimates 1, 
both the one-step and the two-step optimizations 
achieved successful reconstructions, with the two 
targets clearly resolved. However, for other initials 
not that good, the one-step optimization cannot sepa­
rate the targets. In contrast, using the two-step op­
timization, nearly the same reconstruction results 
were obtained for the different degrees of bad initial 
values. When the one-step optimization algorithm 
with sphere preparation was run, it did a relatively 
better job than that without sphere preparation for 

Shape-based 

... 
2 . .___ ' / . 0 
y (cm)O . .....__ / X (em) 

·2 -2 

Y (em) 

Fig. 4. (Color online) Comparison resul ts between the proposed method and voxel-based reconstruction. In slice images, the red circles 
denote the outer boundary of the imaged obj ect, and the white lines denote the boundaries of the real inclusions. The slice images are of 
3.0 em height. 
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Table 2. Reconstructed Parameters for Inclusions with Various Shapes 

Shape (rx . ry. Tz) (Xc·Y c·Zc) 

Ellipsoid (0.247 0.138 0.150) (-0.002 0.240 3.00) 
(0.254 0.150 0.140) (0.001 -0.210 3.00) 

Cube (0.176 0.186 0.206) (0.00 0.246 3.00) 
(0.205 0.183 0.192) (-0.003 -0.252 3.00) 

Cuboid (0.336 0.121 0.213) (-0.007 0.216 3.00) 
(0.325 0.171 0.175) (0.007 0.193 3.00) 

initial values 2, but the obtained fluorescence con­
trasts were still slightly worse than those of two-step 
optimization. Moreover, it got stuck in a local mini­
mum for other worse initial values, with the two tar­
gets merged. Overall, the results demonstrate that 
the proposed two-step optimization is robust to initi­
al values, and its performance are much better than 
the one-step optimization with or without sphere 
preparation. The results also verify that the distinct 
consideration in different shape parameters is essen­
tial for shape-based reconstruction. 

Since the actual target number is usually uncer­
tain in some practical applications, we evaluated 
the performance of the proposed method in these cir­
cumstances. The initial estimates were set as some 
small separated spheres with 0.15 em radii, as shown 
in the first column of Fig. 6. As shown in the third 
column of Fig. 6, when the assumed targets were 
more, the proposed method could also distinguish 
the real targets successfully, yet some quality degra­
dation was also observed in the images. Since the 
false targets were usually reconstructed with ultra­
low intensity and small volume, the determination of 
the actual target number would be possible through 
the following approach. First, reconstructions with 
more assumed targets are performed. Then, we 
can determine the actual number by excluding the 
false targets that contribute little to boundary 
measurements. 

As shown in the middle column of Fig. 6, the recon­
structed targets may overlap if no constraints were 
applied. It is interesting that the combination of 
the overlapped targets was close to the actual tar­
gets. This means that if we do not mind the overlap, 
this solution also seems acceptable. Note that the 
role of geometrical constraints is not limited to the 
demonstrated. In fact, it also plays an important role 
in stabilizing the shape reconstruction for more com­
plex conditions, such as a higher level of modeling 

Table 3. Initial Estimates of Dual Small Spheres 

Estimates r (Xc• Y c·Zc) {J 

1 0.15 (0.00 0.40 3.00) 3.00 
0.15 (0.00 -0.40 3.00) 3.00 

2 0.15 (0.40 0.00 3.00) 3.00 
0.15 (-0.40 0.00 3.00) 3.00 

3 0.15 (0.40 0.00 3.50) 3.00 
0.15 (-0.40 0.00 3.50) 3.00 

4 0. 35 (0.40 0.00 3.50) 3.00 
0.35 (-0.40 0.00 3.50) 3.00 

Accumulated Fluorescence 
(a.{J . r! {J Intensity 

(0.367 0.200 0.253) 1.033 0.0221 
(0.450 -0.210 0.139) 1.127 0.0250 
(0.228 -1.26 0.415) 0.986 0.0278 

(-0.612 0.529 -0.118) 0.902 0.0272 
(-0.643 -0.077 0.690) 1.201 0.0434 
(0.241 -0.263 -0.093) 1.167 0.0476 

error and data noises, or more complex fluorescence 
target distribution. 

C. GPU Acceleration 
The ability of the GPU-accelerated operator was 
evaluated on our personal desktop computer with 
one NVIDIA GTX 480 card. Spherical targets were 
used in most of this investigation for simplicity. 
GPU acceleration was implemented in different 
parts of the proposed method, including calculation 
of the Jacobian matrix, the predicated measure­
ments, and part of the constraints. Herein, we se­
lected the Jacobian matrix as an example. 

As described in Section 2.C, the GPU acceleration 
of Jacobian matrix calculation is composed of two op­
erations, including shape-voxel mapping and matrix 
multiplication. As shown in Fig. 7(a), the CPU com­
putation time for shape-voxel mapping depended on 
target number and target size. Corresponding to 
Fig. 7(a ), the effection of GPU acceleration of 
shape-voxel mapping was shown in Fig. 7(b). The 
speedup times varied from about 10 to 40, where 
the CPU computation times of 0.059-1.55 s were re­
duced from 0.0062 to 0.0412 s, respectively. The 
trend was that larger size and more targets corre­
sponded to more acceleration. The reason is that a 
more efficient pipeline ofGPU SMs can be generated, 
since larger size and more targets corresponded to 
more voxel-ellipsoid pairs. As shown in Fig. 7(c), 
the CPU computation time of matrix multiplication 
varied for target number. It is interesting that for 
even target number, the computation time was smal­
ler than that for the previous odd target number. The 
phenomenon was caused by the concrete implemen­
tation of the matrix multiplication in MATLAB. 
Overall, GPU speedup range from 31x to 60x was 
achieved for this operation, as shown in Fig. 7(d). 
Figure 7(e) plotted the total acceleration of Jacobian 
matrix calculation for different cases, demonstrating 
speedup from 26.8x to 51x. 

In Fig. 7(f), the total speedup of the optimization 
process wasalso provided to show the overall GPU 
acceleration capacity. The test case of dual ellipsoid 
inclusions in Section 3.A was used, and two targets 
were assumed in the reconstruction. With GPU ac­
celeration, a speedup of 13.6x was achieved, reducing 
the total computation time from around 612 to 45 s. 
Since only some parts of the optimization codes were 
accelerated, the total effection of speedup wasn't as 
large as that in Fig. 7(e). 
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4. Physical Phantom Experiment 

A physical phantom experiment was performed to 
evaluate the reliability of the proposed method in 
practical applications. The phantom was made of a 
glass cylinder (inner diameter 2.43 em and outer 
diameter 2.83 em) filled with 1% intralipid 
(!J.~ = 10 cm-1 , fta = 0.02 cm- 1 ). Two transparent glass 
tubes (0.3 em inner diameter and 0.5 em outer dia­
meter) were filled with 40 ~tL Indocyanine green 
(ICG) with a concentration of 4 ~tmol/L, producing 
two small fluorescence inclusions of 0.5 em length. 
The two inclusions were immerged inside the phantom 
close to each other with 0.16 em edge-to-edge distance. 

As shown in Fig. 8(a), the phantom was placed on a 
rotation stage for full angle imaging. On one side, a 
small laser spot at 785 nm wavelength and 16 mW 
power was focused on the back surface of the imaged 
object as the excitation light source . On the opposite 

side, a 2560 x 2160 pixels, 16 bit, -30°C cooled Andor 
Neo sCMOS camera (Andor, Belfast, Northern 
Ireland, UK) was placed with a Nikkor 60 mm 
f j2.8D lens (Nikon, Melville, New York). The CCD 
field of view was 8.28 em x 9.82 em. For excitation 
and fluorescence image collection, a neutral density 
filter of 1% transmittance (Daheng, Beijing, China) 
and a 840 ± 18.5 nm band-pass fluorescence filter 
(Semrock, Rochester, New York) were placed in front 
of the lens, respectively. These images were collected 
at 36 projection angles evenly distributed over _3,60° . 
In each projection angle, five excitation positions 
along horizontal direction with 0.2 em distance were 
scanned, corresponding to five projection images. 
Before FMT reconstruction, the phantom 3D surface 
must be obtained at first, which could be recovered 
from silhouettes at different projection angles [35]. 
To extract the silhouettes, 72 white-light images 
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were captured evenly over full angle. When collecting 
white-light images, the excitation light was switched 
off, a table lamp was set on to generate white ambi­
ent lighting, and the neutral density filter was still 
used to protect the CCD camera. 

With dense CCD pixels, we have high-density sam­
pling of the image plane, resulting in a huge number 
of detected signals. In FMT reconstruction, oversam­
pling does not improve the reconstruction quality but 
results in more computation burden [36], and weak 
signals with low signal-to-noise ratio usually contri­
bute little or even negative to the solution. Based on 
these considerations, for each projection image, we 
selected detection points over a 2.0 em x 2.2 em field 
of view with 0.2 em spacing (detailed illustration is 
similar to that in Fig. 3) for reconstruction. The 
3D voxel used was over 1.5 em X 1.5 em X 2.2 em 
3D regions with 0.1 em mesh spacing, and only the 
mesh inside the object was considered. For 
voxel-based reconstruction, 50 R-ART iterations and 
relaxation parameter of 0.05 were used. For shape­
based reconstruction, geometry constraints were ap­
plied with ,.min = .0.04 em, rmax = 0.50 em, Cxy = 
Cyz = Czx = 1/2, X{!un = y{!"n = -1.5 em, X{!'ax = y{!'ax 
= 1.5 em, z[!"n = 2.0 em, and z[!'ax = 4.6 em, and 
100 iterations were performed to update the shape 
parameters. 
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Fig. 8. (Color online) Physical phantom experiment. Two fluOI·es­
cence inclusions were closed placed inside a cylinder phantom with 
0.16 em edge-to-edge distance. (a) Full-angle fluorescence molecu­
lar system. (b) Fluorescence projection images. (c) Reconstructed 
images. In slice images, the red circle denotes the boundary of 
the imaged object, and the white circles denote the inner (solid 
line) and outer (dashed line) boundaries of the real inclusions. 
The two slice images are at the same height slice, as depicted 
by the red circle in the 3D image. The images are shown with in­
tensity range from 0 to their maximum, respectively. 
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From the shown fluorescence projection images at 
different angles of one excitation position in Fig. 8(b), 
we can see the high level oflight diffusion. As shown 
in Fig. 8(c), the reconstructed targets of the two in­
clusions were merged in voxel-based reconstruction. 
In addition, artifacts also existed near the object 
boundary. In contrast, the two close inclusions were 
clearly separated with the proposed method. The tar­
gets locations were close to the real ones, with small 
center deviations of 0.045-0.075 em, ·respectively. 
The relative difference between the accumulated 
fluorescence intensities of the two targets was 
22.5%. This difference was partly caused by mea­
surement noises, the model error of the void and 
transparent regions of the glass tubes [37], and some 
extent of cross-talk between the two close inclusions. 
Overall, results demonstrate that the proposed 
method has better resolve ability than the tradi­
tional voxel-based reconstruction. 

5. Discussions and Conclusions 

In this article, we have proposed a GPU-accelerated 
two-step algorithm with ellipsoid shape parameteri­
zation for FMT. The inverse problem is formulated as 
a nonlinear least-squares problem. For robust recon­
struction, a two-step optimization algorithm is pro­
posed, where only the centers and intensities are 
first recovered to find a relatively good estimation 
for the successive reconstruction of all shape para­
meters. Reasonable geometrical constraints are also 
enforced via the exterior penalty-function method for 
further stability and accuracy. For computation 
speedup, a fast GPU-accelerated operator is pro­
posed as finite-element-method-based calculation 
of the objective function value and the Jacobian 
matrix. Both numerical and physical phantom ex­
periments demonstrate the effectiveness of the pro­
posed method . 

The proposed method demonstrates better resolve 
ability for dual inclusions of various shapes than 
the conventional voxel-based reconstruction in both 
numerical simulations and the physical phantom 
experiment. The advantage is due to the reduction 
in the dimension of the inverse problem. Although 
the unknowns are greatly reduced, particular care 
should also be taken in the shape-based reconstruc­
tion. As demonstrated in the simulation experi­
ments, the targets may not be separated without 
good initial estimates, if a simple one-step optimiza­
tion is used. In contrast, with the proposed two-step 
optimization algorithm, more reliable and robust re-
constructions are achieved. , , 

In some applications, the actual targets number 
may not be known a priori. The proposed method still 
works when assuming relatively more targets, 
although some extent of image-quality deterioration 
may be caused. Moreover, at this time, the actual 
targets number may be determined by excluding 
the false targets that contribute little to boundary 
measurements. 

0 



The GPU-accelerated operator greatly speeds up 
the shape-based reconstruction. Since the relation­
ship between the shape parameters and the 
boundary measurements is highly nonlinear, the 
shape-based reconstruction speed is relatively low 
when executed only on CPU. With the GPU­
accelerated operator, the Jacobian matrix computa­
tion is speedup several tenfold, where the concrete 
value depends on the target size and number. With 
the acceleration, the demonstrated total optimiza­
tion time was reduced from around 10 min to less 
than 1 min by using an NVIDIA GTX-480 graphics 
card. The time of the one-time computed weight ma­
trix was not included in the mentioned total optimi­
zation time above, which was around 54 s and 
included finite element meshing, stiff matrix form­
ing, Green's functions solving, and weight matrix as­
sembling. GPU acceleration of this part is feasible 
[29], but is not the main scope of this article. 

In this study, we have shown that the proposed 
method works with experimental measurements. 
In our further work, we will apply it to preclinical ap­
plications. Moreover, although the ellipsoid shape 
approximation is suitable for many practical applica­
tions and provides much valuable information, more 
complex shape parameterization such as spherical 
harmonics may better model large irregular targets. 
Similar to this study, particular consideration in op­
timization procedure may be needed, which will be 
investigated in our forthcoming work. 
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Full-Angle Fluorescence Diffuse Optical 
Tomography With Spatially Coded 

Parallel Excitation 
Daifa Wang, Xin Liu, Fei Liu, and Jing Bai, Fellow, IEEE --

Abstract-Challenges remain in imaging fast biological activi­
ties through whole small animal using fluorescence diffuse optical 
tomography (FDOT). In this study, a novel full-angle FDOT with 
spatially coded parallel excitation (SC-FDOT) is proposed, which 
provides much better image qualities than our previous FOOT with 
multiple-points illumination (MP-FDOT) while maintaining com­
parable temporal resolution. Singular-value analysis and numeri­
cal simulations are used to obtain the key experimental parameters 
including the optimal point sources number and the optimal projec­
tions number, and to compare the performances of SC-FDOT, MP­
FDOT and the conventional FDOT with single-point illumination. 
Results demonstrate that SC-FDOT has the best spatial-temporal 
performances in imaging fast biological activities through whole 
body. Physical phantom experiments are performed to evaluate the 
spatial performance of SC-FDOT in practical experimental appli­
cations. Utilizing the proposed system, a nude mouse implanted 
with a small fluorescent inclusion is also imaged. The prelimi­
nary result demonstrates the feasibility of SC-FDOT in in vivo 
applications. 

Index Terms-Dil't'usion equations, finite-clement methods, 
fluorescence, optical tomography. 

l. INTRODUCTION 

0 PTICAL tomography using near-infrared light provides 
a quantitative way to three-dimensionally visualize tissue 

function in small animals or human organs [1]-[4] at physiolog­
ical , metabolic , or molecular level. Fluorescence diffuse optical 
tomography (FDOT) is one of the optical tomography methods , 
which is mainly referred to small animal imaging in this pa­
per. In FDOT, fluorescent agents are used to label the object of 
interest, such as cells, proteins, and drug molecules. Then, by 
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mathematically modeling the light transportation in diffuse tis­
sues, the 3-D distribution of fluorescent agents inside live small 
animal is reconstructed from different fluorescence projections. 

In past years, FDOT systems have evolved from those [5], 
[6] using optical fibers and matching fluids to those operat­
ing in free-space geometries with limited-/full-angle projections 
[7]-[11]. With these progresses in imaging systems, mathemat­
ical models [12]-[14], and fluorescent agents [15], FDOT have 
been applied in basic research [16]- [19]. 

Despite these advances, challenges still remain in imag­
ing fast biological activities through whole body, such as 
pharmacokinetics, where good whole-body image quality and 
short data-acquisition time should be considered simultane­
ously. A slab-geometry-based imaging system with limited 
projection angles and matching fluid was developed for real­
time whole-body imaging [20], where the switching time be­
tween continuous-wave point sources was decreased using 
galvanometer-controlled mirrors and the data-acquisition rate 
was increased using a high-frame-rate electron-multiplying 
charge-coupled device (EMCCD). Modern FDOT systems typ­
ically operate in free-space geo metries with full -angle projec­
tions and avoid the use of matching fluid [9] . These modern 
systems are expected to yield significant improvements in im­
age quality compared to matching fluid or fixed-geometry-based 
systems [II] . Here, we call these reported full -angle FDOT sys­
tems as P-FDOT for simplification with symbol P indicating 
single-point illumination. However, scanning along axial direc­
tion is needed in P-FDOT to provide whole-body imaging abil­
ity, which near linearly increases the data-acquisition time and 
limits the application of P-FDOT in imaging fast biological ac­
tivities. In our earlier study [21], we have proposed and analyzed 
a kind of full-angle FDOTsystems with beam-forming illumina­
tion (BF-FDOT). The BF-FDOT systems utilize the advantages 
of full-angle projections and provide whole-body imaging with­
out scanning along axial direction . These BF-FDOT systems 
provide the potential in real-time whole-body imaging. 

The main strategy of BF-FDOT is using parallel· excitation 
(illumination) instead of the conventional single-point excita­
tion in full-angle imaging systems. However, some tradeoff in 
spatial resolution along axial direction exists in BF-FDOT sys­
tem to oiler a signi licant reduction in data-acquisition time . The 
spatial resolution degradation is caused by no variation in ex­
citation modes along axial direction . A novel full-angle FDOT 
system with spatially coded parallel excitation (SC-FDOT) is 
proposed in this paper. With the novel spatially coded parallel 
excitation strategy, SC-FDOT will provide more varied parallel 

1089-7771/$26.00 © 2010 IEEE 
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excitation modes along axial direction while maintaining the 
temporal resolution. The strategy is as follows : for each projec­
tion, the excitation light is provided by multiple point sources 
at different height positions; the positions of these point sources 
between neighboring projections are varied, which leads to more 
excitation modes along axial direction; the switching or move­
ment of these point-illumination sources is performed along 
with the rotation of the image object, which, therefore, does not 
need additional time. The parallel excitation modes are depen­
dent on the projection angles. In other words, they can be seen 
as a spatially coded function of the projection angles. That is 
why we call the strategy as spatially coded parallel excitation. 

The spatial-temporal performances of the proposed 
SC-FDOT depend on its key experimental parameters, such as 
the distribution of point sources.It is obvious that SC-FDOT pro­
vides similar image quality as L-FDOT or multiple-point FDOT 
(MP-FDOT) (two typical BF-FDOT systems with line or mul­
tiple points illuminations) when too many point-illumination 
sources are used for spatially coded parallel excitation. There­
fore, studies should be performed to obtain key parameters for 
SC-FDOT. 

In this paper, four categories of experiments were designed. 
First, singular-value analysis (SVA) can condense the infor­
mation of different imaging systems into a spectrum vector 
and has been widely used in analyzing different DOT/FDOT 
systems [I 1], [21]-[25] . Herein , SYA was used to 1) deter­
mine the optimal experimental parameters for SC-FDOT, in­
cluding projections number and the distribution of point illumi­
nation sources; and 2) compare the performances of MP-FOOT, 
P-FDOT, and SC-FDOT. Second, a series of numerical simu­
lations were performed to confirm the key findings obtained 
by SVA, and analyze the upper limit of spatial resolution of 
SC-FOOT. In addition , a fast biological activity through whole 
body was numerically simulated and imaged using different 
full-angle FOOT systems to demonstrate the advantages of 
SC-FDOT. Third, physical phantom experiments were per­
formed to further demonstrate the performances SC-FDOT. Fi­
nally, an in vivo experiment was performed to verify the feasi­
bility of SC-FDOT in imaging live small animals. 

The outline of this paper is presented as follows . Section II 
details the methods used . In Section Ill, we detail and analyze 
the results . In Section IV, we discuss and conclude this study. 

ll . METHODS 

A. Instrumentation 

1) Full-Angle FDOT System: The schematic of our full­
angle system is shown in Fig. I (a). The imaged mouse is placed 
on a rotation stage with its four legs fixed on a suspension 
bracket. The maximum speed of the rotation stage is set tu 6° Is 
to prevent possible skew and internal mouse organ movement. 
In each projection, the excitation light is simultaneously pro­
vided by several collimated laser diodes (7R5 nm) that are fixed 
at different heights on the axial one of 2-D translation stages . 
The transversal translation stage used is to adjust the transversal 
positions of these diodes before an experiment. The focuses of 
these collimators are close to back surface of the imaged object. 

( a) 
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Fig. I. SC-FDOT. (a) Schematic of the SC-FDOT system. (b) Strategy of 
spatial ly coded parall el excitation. 

The power of each laser diode is tuned to 8.0 mW in this paper. 
The number of laser diodes and the distance between neigh­
boring laser diodes depend on the imaged object and will be 
discussed in following sections. 

In each projection angle, the photons propagating through the 
mouse front surface are collected by a 512 x 512 pixels, - 70 oc 
cooled CCD array (Andor, Belfast, Northern Ireland, U.K.) cou­
pled with a Nikkor 60-mm f/2 .8D lens (Nikon , Melville, NY) . 
When collecting fluorescence images, a 840 ± 6 nm bandpass 
filter (Semruck. Rochester. NY) is placed in front of the lens 
to allow photons at emission wavelength. When collecting the 
excitation light images. a neutral density filter (I% transmit­
tance, Daheng, Beijing, China) is used to prevent possible high 
light damage to CCO or saturation. Mouse 3-D surface is es­
sential for FOOT reconstruction, which can be recove;ed with 
back-projection-based technique [26) from white light images 
at different projection angles. When collecting these white light 
images, the mouse front surface is illuminated by a white light 
bulb and the neutral density filter is still used . Seventy-two 
white light projections evenly distributed over 360° are typi­
cally enough. 

2) Spatially Coded Parallel Excitation: The strategy of spa­
tially coded parallel excitation is illustrated in Fig. I (b) . Assume 
that the distance between neighboring laser diodes is 26d. In 
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one projection, these diodes are at some heights to illuminate 
the imaged object, as depicted by the red point in Fig. l(b) . 
Then, before collecting the next projection, the imaged object 
is rotated to the next projection angle by the rotation stage. At 
the same time, these laser diodes are moved with a distance of 
!:::.d by the Z translation stage, which are finally depicted by the 
blue points in Fig. I (b). lt should be noted that high -resolution 
translation stage typically has slow translation speed, such as 
1-cm/s maximum translation speed of the one used in our sys­
tem. However, the time taken in translating these laser diodes is 
still shorter than the rotation time between neighboring projec­
tions. Therefore, the spatially coded parallel excitation provides 
more excitation modes along axial direction, least correlated, 
while no additional time is needed to switching different exci­
tation modes. 

B. Reconstruction Method 

Light propagation in highly scattering media due to a 
continuous-wave source term S(r-) is modeled using the dif­
fusion equation [27] as follows : 

- 'V [D (r-) 'VG(r-)] + f..La(r-)G(r- ) = S (r-)r· E fl. (I) 

In (1) , D(r-) = l / (3J.L~ (r-)) is the possibly spatially varying 
diffusion coefficient at position T with reduced scattering co­
efficient f..L~( r- ) . f..L"(r ) is the possibly spatially varying absorp­
tion coefficient. G(r· ) describing light propagation inside the 
domain n of imaged object. Typically, Robin-type boundary 
condition [27] is couple to (I) on the boundary of n. Finite­
element method is used to discretize (I) , where a commercial 
software package COMSOL is used to discretize the domain 
n to a finite-element mesh. The edge size of tetrahedron finite 
element is controlled less than or equal to 2.3 mm, which is 
considered accurate enough for FMT applications. Then, (1) is 
transformed to a linear equation as follows [27] : 

KG = b (2) 

where stiffness matrix J( is a positive definite matrix containing 
the contribution of tissue diffusion and absorption , and b is a 
vector corresponding to the source term. By solving (2) , G , 
the vector of light distribution values at linitc-clcmcnt nodes, 
is obtained, which can be then used to interpolate the value at 
arbitrary point inside fl . For SC-FDOT, the source term SC(r- ) 
due to theN laser spots are modeled as follows: 

1 N 
SC (r-) = - :Lo(r - r ;) 

N i=1 

(3) 

where O(T - r>; ) is an isotropic point source at position T;, which 
is one transport mean free path into medium from these laser 
spots [27] . Based on Normalized Born approximation [28], 
which reduces the mouse tissue heterogeneity influences, the 
ratio of the measured emission <P ,. ( r·d )and the corresponding 
excitation <Px (r-,l) at detector point T<t can be written as 

where G o(r-r,) is the fluorescence light distribution due to an 
isotropic point source o(r- T<t ) and Gs( ,· ) is the excitation light 
distribution due to a source term S(r) . n(rp) is the unknown flu­
orescence yield at point Tp in the volume of interest V (V C rl) . 
8 m is a unitless constant taking account of the unknown gain 
and attenuation factors of the system. Accounting for data from 
all source-detector pairs, (4) is discretized to a linear system 
<P m / i.f> :c = W n, with weight matrix W containing the contri­
bution of the integral over volume V , n being the discretized 
vcdor of fluorcsccm:c yield, aml <Pm / <Px being the vectors of 
normalized Born ratio . The reconstruction of n is carried out 
using algebraic reconstruction technique (ART) [29] with non­
negative constraints. 

C. Singular- Value Analysis (SVA) 

SYA has been successfully used in comparing the perfor­
mances of different DOT/FOOT imaging systems or determin­
ing optimal experimental parameters [11], [21]-[25] . In SVA, 
the information contained in a weight matrix W is coodensed to 
a singular-value spectrum. The number of singular values above 
a specific threshold (NSVAT) represents the useable image­
space modes, which can be detected in the experimental setup. 
More detailed descriptions on SYA in the contextofDOT/FDOT 
were given in [21] and [22]. ln this study, a singular-value spec­
trum was normalized by its largest element. Then , the normal­
ized singular-value spectrum was truncated at a series of thresh­
olds from 10-a to 10- 5 • where 10- 4 was chosen as the main 
threshold for analysis . 

ln this section , SVA was used to analyze the SC-FDOT in 
I) determining how many point sources will lead to the best 
image quality ; 2) determining how many projections will lead 
to the optimal spatial-temporal performance; and 3) comparing 
the performances among MP-FDOT, P-FDOT, and the proposed 
SC-FDOT. 

There are different kinds of full-angle FOOT systems dis­
cussed in this paper. Some concepts arc clarified here. In 
P-FDOT, scanning along axial direction at one projection angle 
is needed to provide whole-body imaging ability. There will be 
different scanning positions along axial directions in P-FDOT, 
which will be described as different cycles of projections. Then, 
assuming P-FDOT with C scanning positions along axial direc­
tion, we will call it P-FDOT with C cycles of projections. When 
there are P projection angles for each scanning position, we will 
call it P-FDOT with C x P projections . In MP-FDOT, several 
point sources along axial direction will illuminate the imaged 
object simultaneously. Then , assuming MP-FDOT wit'1,{1,tf point 
sources and P projection angles , we will call it MP-FDOT with 
M point sources and P projections . Similar as MP-FDOT, for 
SC-FDOT with N point sources and P projection angles, we 
will call it SC-FDOT with N point sources and P projections. 

Then, there are different height positions along axial direc­
tion, where a point source is located . For example, there are 
C different height positions in P-FDOT with C cycles of pro­
jections, M different height positions in MP-FDOT with M 
point sources, or 2N different height positions in SC-FDOT 
with N point sources. Obviously, the distribution of these height 
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Fig. 2. Settings of phantom and tubes for numerical simulations. (a) Heights 
distribution along axial direction for full -angle FOOT. 6d is the distance be­
tween neighboring heights . (b) Simulations of a static biological activity. The 
six black circles represent spherical fluorescent inclusions (0.4 em diameter, 
I unit fluorescence yield) placed inside a cylinder phantom (6.0 em length , 
2.0 em diameter). The edge-to-edge distance in each group of spheres (con­
nected with gray lines) was 0.2 em or 0.25 em. (c)-(d) Simulations of a fast 
biological activity. The eight circles represent spherical fluorescent inclusions 
(0.4 em diameter), where the black ones had the same geometrical settings, as 
in (b). The fluorescence yields of the numbered spheres were time variant, as 
depicted in (d). The fluorescence yields of other spheres were time invariant 
(I unit) . 

positions influences the spatial performances of these full-angle 
FDOT systems. In this paper, for simplification, these height 
positions are assumed evenly distributed along axial direction, 
as shown in Fig. 2(a). In other words , for a £ -em-long object 
imaged and C different heights, the distance !::::.d between neigh­
boring heights is L / C em. 

In SVA and following numerical simulations, a homoge­
neous phantom (6.0 em length and 2.0 em diameter) with 
J.L~ = 10.0 cm- 1

, J.Lu = 0.58 cm- 1 optical properties was in­
vestigated. The optical properties were close to the mean optical 
properties of the mouse mid-torso [ 11], while the geometry sizes 
were close to the mean one during our earlier in vivo experi­
ments. In this paper, most experimental parameters used were 
based on [21], where the optimal experimental parameters were 
determined for BF-FDOT. The detector spacing was 0.2 em; 1.8 
em detector horizontal field of view (FOV) was used. As detector 
points with ultralow excitation light do not contain information 
but typically induce artifacts, the detector FOV along vertical 
direction (VFOV) was determined as region with excitation light 
above 5% of the maximum excitation light intensity. For exam­
ple, the VFOV was 2.4 em for P-FDOT and 5.8 em for SC-FDOT 
with three point sources . The reconstruction mesh was over 
2.0 em x 2.0 em x 5.8 em with 0.1 em mesh spacing, and only 
the voxels inside imaged object were considered for analysis . 

D. Simulations 

Data were synthesized on the described phantom in Section 
Il-C for SC-FDOT with point sources from 2 to 4, MP-FDOT 
with point sources from 4 to 8, and P-FDOT with I to 6 cycles 
of projections. 

I) Simulations ofStatic Biological Activity: The simulations 
in this section were performed to evaluate the spatial resolution 
of SC-FDOT and confirm the key findings obtained by SVA. 

As shown in Fig. 2(b), six small spherical fluorescent inclu­
sions with 0.4 em diameter were embedded inside the cylin­
der phantom. These six spheres were divided to three groups, 
where the edge-to-edge distance inside each group was 0.2 em or 
0.25 em. The fluorescence yields were assumed as 1 unit inside 
the spheres and 0 inside the background. The excitation and fluo­
rescence photon densities were synthesized using finite-element 
method . Seven percent of poisson noise was then added to the 
synthetic data . 

2) Simulations of Dynamic Biological Activity: A fast bio­
logical activity through whole body was simulated and imaged 
to further verify the feasibility of SC-FDOT and demonstrate its 
advantages over MP-FDOT and P-FDOT. 

As shown in Fig. 2(c), eight spherical fluorescent inclu­
sions with 0.4 em diameter were embedded inside the cylin­
der phantom. Among these spheres, the six black ones have 
the same geometrical settings as in Fig . 2(b), while the 
remaining two gray ones were placed at x = 0.0 em, y = 

±0.5 em, and z = 3.5 em. The fluorescence yields of the num­
bered spheres were time variant, as depicted in Fig. 2(d). There­
maining spheres had time-invariant fluorescence yields (1 unit) . 

Before synthesizing the data, we should analyze the imaging 
time of these full-angle FDOT at first. The imaging time of one 
frame for full -angle FDOT consists of the total exposure time of 
all projections, the rotation time (1 min), and the total switching 
time between illumination sources (0 min for SC-FDOT and 
MP-FDOT). As mentioned in Section II-A, the high-resolution 
mechanical translation stage, for switching illumination points 
at different heights and at the same projection angle in our 
full-angle FDOT system, has a maximum translation of 1 cm/s . 
Assume that each projection takes 3.0 s, which is typical in 
our previous in vivo experiments. Based on these assumptions, 
data were synthesized for the dynamic process. The synthetic 
process was similar as in the previous section except that the 
fluorescence yields of these time-variant fluorescent inclusions 
were different for each projection. 

E. Physical Phantom Experiment 

Physical phantom experiments were performed to ver­
ify the feasibility of SC-FDOT in practical experimental 
applications. The phantom was made of a glass cylinder 
(2.2 em diameter and 6. 7 em length) filled with match­
ing fluid (J.L~ = 10.0 cm- 1

, /-La = 0.58 cm- 1 
) . Two transparent 

glass tubes (0.3 em diameter) were tilled with 0.26-nmol indo­
cyanine green (TCG) , respectively, providing fluorescent inclu­
sions of 0.4 em length. First, to demonstrate the radial spatial 
performance of our SC-FDOT, the two fluorescent inclusions 
were placed close to each other, with their centers at the same 
height and 0.5 em edge-to-edge distance, as shown in Fig . 3(a) . 
Second, to demonstrate the axial spatial performance of our 
SC-FDOT. we wanted to place two fluorescent inclusions at dif­
ferent heights and close to each other. As it was not easy to imple­
ment such settings. instead, one fluorescent inclusion was placed 

Lf~ 
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Fig. 4. SYA for fu ll-angle FOOT systems, especially for SC-FDOT. The legends sc2 to sc4 represent SC-FDOT with 2 to 4 point sources. The legends mp4 
to mp8 represent MP-FDOT with 4 to 8 point sources. The legends one cycle to eight cycles represent P-FDOT with 1-8 cycles of projections. (a) SVA of the 
projections number for SC-FDOT (red lines) and MP-FDOT (blue lines). (b) SYA of the projections number and the cycles number for P-FDOT (black lines). 
Corresponding NSVAT of SC-Fom· with three point sources and 24 projections are plotted as a red line. 

at two different heights and imaged, respectively. Then, by sum­
ming the acquired signals, we simulated two close fluorescent 
inclusions along axial direction (0.4 em edge-to-edge distance), 
as shown in Fig. 3(b) . In the second experiment, the positions 
of fluorescent inclusions were far away from those in the first 
experiment. Those four fluorescent inclusions together could 
mimic one whole-body distribution. Then, we can verify the 
whole-body performance of our SC-FDOT, if those fluorescent 
inclusions were all well reconstructed. In the experiments, three 
laser diodes spaced with 2.0 em distance were used . To image 
whole body, the CCD FOY was 8.6 em x 8.6 em . Twenty-four 
excitation projections were collected every 15°. Twenty-four 
fluorescence images were collected every 15°, with 3 s expo­
sure time and 4 x 4 CCD binning, taking approximate 2.3 min 
imaging time . 

F In Vivo Experiment 

A preliminary in vivo experiment was performed to demon­
strate the feasibility of the SC-FDOT in in vivo application. One 
nude mouse was anesthetized under isoflurane-oxygen gas mix­
ture and suspended on the rotation stage. A transparent glass tube 
(0.3 em diameter) was filled with 0.13-nmol ICG , producing a 
fluorescent inclusion of 0.2 em length . By inserting the g lass 
tube through mouse anal , the small fluorescent inclusion was 
finally implanted inside mouse liver region . Three laser diodes 

spaced with 2.0 em distance were used to provide the excita­
tion light. The CCD FOY was 10.7 em x 10.7 em. Twenty-four 
fluorescence projection were collected every 15° with exposure 
time 3.0 s and 4 x 4 CCD binning, taking approximate 2.3 min 
imaging time . Twenty-four excitation projections were collected 
every 15°. 

Ill. RESULTS 

A. Singular Value Analysis (SVA) 

The following SVA results shown are of the threshold 10- 4
. 

The studies were also repeated with other thresholds from 10- 3 

to 10- 5 . Although the absolute value of NSYAT changed with 
different thresholds, the general trends in imaging performances 
were independent of the thresholds chosen. 

As shown in Fig. 4(a) , the NSYAT is plotted as a Junction 
against projections number for SC-FDOTwith 2--4 point sources 
(red lines). An initial sharp increase is observed up to 24 pro­
jections for SC-FDOT. Relatively much smaller increase speed 
is observed for projections number over 24. The increase in 
NSYAT corresponds to more useable image-space modes (bet­
ter spatial resolution). However, increasing the projections num­
ber increases the imaging time (lower temporal resolution) near 
linearly. When compromising between the increase speed in 
NSYAT and the near linearly increased imaging time, 24 pro­
jections are considered optimal. 
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Fig. 5. Reconstructions of simulated data of a static biological activity. The 
black circles in the images represent the actual lUbes. The images are at s lice 
X = 0. The first three subimages are for SC-FDOT with 2 (SC2)-4 (SC4) point 
sources and 24 projections. The fourth subimage is for MP-FDOT with eight 
poim sources and 24 projections. The remaining subimages are for P-FDOTwith 
different projections (4 x 18, 5 x 12, 6 x 18). The black circles in the images 
represent the actual flu orescen t inclusions. The color scale of eao:h subimage 
correspo nds to the reconstru cted va lue range from 0 to maximum. 

lt can be seen that three point sources yield the largest NSVAT, 
especially after the optimal projections number. Therefore, 
three point sources spaced with 2 em distance are optimal for 
SC-FDOT. 

As shown in Fig . 4(a) , the NSYAT of MP-FDOT is also plot­
ted (blue lines) . For projections number over 18 (the optimal 
projections number for MP-FDOT [21 ]) , much larger NSVAT 
are observed for SC-FDOT with three point sources. Therefore, 
SC-FDOT has better performances than MP-FDOT. 

As shown in Fig . 4(b), the NSYAT is plotted as a function 
against projections number for P-FDOT with different cycles of 
projections (black lines). The NSVAT of SC-FDOT with three 
point sources and 24 projections is also plotted as a red line. 
lt can be seen that SC-FDOT with 24 projections has compa­
rable NSYAT to P-FDOT with 4 x 18 projections or 5 x 12 
projections . 

B. Reconstructions of Simulated Data 

Reconstructions were carried out using 1000 ART iterations 
and relaxation parameter of 0.1. 

The reconstructed images from 24 projections in SC-FDOT 
are shown in Fig. 5. The target, highlighted by a white arrow, is 
reconstructed with lower value than other targets, when using 
SC-FDOT with two point sources . ln contrast, better image 
quality with more consistent quantification is demonstrated for 
SC-FDOT with three point sources. These results are consistent 
with the optimal point sources number obtained using SVA in 
Section lll-A. 

The reconstructed images for MP-FDOT and P-FDOT are 
also shown in Fig. 5. Compared with MP-FDOT with eight 
point sources, the ax ial resolution is significantly improved 
in SC-FDOT with three point sources . The image quality of 
SC-FDOT with three point sources and 24 projections is com­
parable to those of P-FDOT with 4 x 18 or 5 x 12 projections. 
All these results are consistent with the conclusions obtained 
using SYA in Section lll-A. 

The reconstructed fluorescence yields of a fast biological ac­
tivity at start point (0 min) are shown in Fig. 6(a). Among 
these three full -angle FOOT systems, SC-FDOT with three 

Fig. 6. Reconstructions of simulated data of a dynamic biological activity. 
(a) Reconstructed images at start poim (0 min) and at s lice X = 0. The first 
subimage is the true image. The second subimage is for SC-FDOT with three 
poim sources and 24 projections , the third subimage is for MP-FDOT with 
e ight point sources and 18 projecti ons. whil e the remaining subimages are for 
P-FDOT with different projec ti ons (4 x 18,5 x 12). The black circles in the 
sub imag.;s repr.,s.;nt tlw actual llm.>r.;sc.;Ill inclusions. Th.; color scak of each 
subimage corresponds to the reconstructed value range from 0 to maximum. 
(b) Re lati ve mean va lue of tube 3. (c) Relative mean value of tube 4. 

point sources demonstrated the best image quality. The same 
conclusion can be made from the reconstructed fluorescence 
yields over time . The relative mean values of tubes 3 and 4 
in Fig. 6(b) and (c) are the mean fluorescence yields inside 
tubes, and are normalized by those values at start point. For 
both tubes , it is seen that, compared to P-FDOT, the rela­
tively changing speeds of fluorescence yields reconstructed from 
SC-FDOT are closer to the real ones. Therefore, SC-FDOT has 
the best spatial-temporal performance in imaging fast biological 
activities through whole body. 

C. Reconstruction of Physical Phantom Data 

ln the reconstruction , the detectors were distributed over 
2.0 em x 6.0 em FOV with 0.1 em spacing. The reconstruc­
tion mesh was over 2.6 em x 2.6 em x 6.0 em 3-D region with 
0.2 em mesh spacing and only the mesh inside the imaged ob­
ject was considered for reconstruction. 100 ART iterations and 
relaxation parameter 0.1 were used in the reconstructions . 

From Fig. 7(a) and (b), it can be seen that the two closely 
placed fluorescent inclusions, inside radial plane or axial plane, 
were clearly resolved and well localized. Near-consistent quan­
tification was observed for all these fluorescent inclusions. It 
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Fig. 7. Reconstruction of physical phantom data for SC-FDOT. (a) Recon­
struction for two closely placed fluorescent inclusions at radial plane. (h) Re­
construction for two closely placed fluorescent inclusions at axial plane. Top 
50% of the contour levels of reconstructed fluorescence yields are shown in 
the 3-D view. The red curves on the section images represent the phantom 
boundary and the small black circles/rectangles represent the actual fluorescent 
targets. The section images are in the same color scale corresponding to the 
reconstructed value range from 0 to maximum. 
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Fig. 8. Reconstruction of in vivo data !'or SC-FDOT (a) Measured nuorcsccncc 
projection at 0°. (b) Reconstructed FOOT image. Top 50% of the contour levels 
of reconstructed target is shown in 3-D view. The cross image corresponds to 
height slice depicted as the white line in (a). The red curve in cross image 
denotes mouse boundary. The color scale of the cross image corresponds to the 
reconstructed value range from 0 to maximum. 

should be noted that some of these fluorescent inclusions were 
far away from each other, which could mimic a distribution 
inside whole body. Therefore, these results demonstrate that 
SC-FDOT has good whole-body performance in practical ex­
perimental applications . 

D. Reconstruction of In Vivo Data 

The detectors were first meshed with 0. 1 em spacing over 
2.8 em x 5.7 em FOV for each projection. Then, we selected 
those detectors for reconstruction I) which covered the ani ­
mal and were more than 0.2 em away from the boundary and 
2) where the intensities or fluorescence and excitation light 
reached above a threshold 30 CCD counts. The reconstruction 
meshes for FDOT were over 3.0 em x 3.0 em x 5.7 em 3-D re­
gions with 0.2 em spacing and inside the imaged object. Optical 
properties of J-t~ = 10.0 cm- 1 , i-ta = 0.58 cm- 1 were used. The 
FDOT reconstruction was carried out using I 00 ART iterations 
with relaxation parameter 0.1. 

From the 3-D view in Fig. 8, it can be seen that one fluo­
rescent target was reconstructed. The position of reconstructed 
target was approximately in agreement with the tube position 
maintained in the experiment. From the preliminary result, we 
can see the feasibility of SC-FDOT in in vivo applications. 

IV. DISCUSSION AND CONCLUSION 

Challenges remain in FDOT imaging fast biological activities 
through whole small animal. Therefore, it is important to design 
real-time imaging systems with whole-body FOV. In this study, 
we proposed a novel noncontact, full -angle FDOT with spatially 
coded parallel excitation. We analyzed the key parameters for 
the proposed SC-FDOT. Numerical simulations, physical phan­
tom experiments, and in vivo experiments were performed to 
verify the feasibility of the proposed SC-FDOT. Using SVA, 
we also quantitatively compared the performances of the pro­
posed SC-FDOT, our previous MP-FDOT, and the conventional 
P-FDOT. Using a numerically simulated fast biological activ­
ity, we demonstrated the advantage of SC-FDOT in imaging 
fast biological activities through whole body over the other two 
full-angle FDOT. 

For SC-FDOT, the spatial-temporal performances depend on 
the projections number and the distribution of point sources. 
For a phantom with typical optical geometry size and optical 
properties, 24 projections are considered to yield the optimal 
spatial- temporal performances. Three point sources spaced with 
2 em distance are considered as optimal for SC-FDOT, which 
were also verified in nlllnerical simulations. Based the obtained 
parameters, physical phantom and in vivo experiments were also 
performed. 

Comparisons were made between SC-FDOT and our earlier 
MP-FDOT using SVA, nlllnerical simulations of static or dy­
namic biological activities. Results demonstrate that SC-FDOT 
has much better axial resolution than MP-FDOT. In contrast, 
the radial resolution and the temporal resolution are compa­
rable. Therefore, SC-FDOT is more suitable for imaging fast 
biological activities through whole body than MP-FDOT. 

Comparisons were also made between SC-FDOT and 
P-FDOT. When imaging a static biological activity inside the 
simulated phantom, SC-FDOT with three point sources and 
24 projections yielded comparable image quality to P-FDOT 
with 4 x 18 or 5 x 12 projections. Let us analyze the temporal 
resolution between the two FDOT systems based on the de­
scription in Section Il-D2. Assume that each projection takes 
3 s. Then, SC-FDOT with 24 projections will spend 2.2 min in 
obtaining one frame. In contrast, P-FDOT with 4 x 18/5 x 12 
projections will spend 5.9/4.9 min (our P-FDOT with slow 
switching by mechanical translation stage) or 4.6/4.0 min 
(P-FDOT with fast switching by galvanometer-controlled mir­
rors) , respectively. Then, we can see that SC-FDOT has much 
better spatial- temporal resolutions than P-FDOT, which were 
also verified in imaging a numerically simulated dynamic bio-
logical activity. "' 

The proposed SC-FDOT is rotation based. The rotation time 
is one big portion in obtaining one frame. In the proposed 
SC-FDOT, by taking the advantage of simultaneously trans­
lating the point sources and rotating the imaged object, we save 
much time. Assume 24 projections in SC-FDOT with point 
sources spaced with 2 em distance, the switching time will be 
24 s. Then, there are still 36 s spent just for rotation. Recently, 
conical-mirror-based full-angle FDOT and bioluminescence to­
mography were reported [30], [31], which allowed collecting 
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full-angle projections without rotation. By incorporating paral ­
lel excitation, the kind of systems may provide another way in 
further enhancing the temporal resolution . However, it is out of 
the focus of our current rotation-based imaging modalities . 

In this paper, the scanning distance along axial direction 
between neighbor projections is half the space between point 
sources. It is mainly because we focus on spatial-temporal per­
formance . In other words, we want to obtain as many as useable 
image-space modes while maintaining the temporal resolution. 
When imaging slow biological activities inside whole body, 
more scanning positions along axial direction (S(S ;::: 3) scan­
ning positions with scanning distance of 26.d/ S) are recom­
mended, which will lead to better spatial performance. In this 
situation, the spatially coded parallel -excitation strategy is still 
helpful in enhancing the system-imaging speed or throughout. 
However, it is out of the scope of this paper and will be investi ­
gated in our future research. 

Although mechanical scanned laser diodes are selected to 
provide spatially coded parallel excitation in this paper, other 
type of illumination light source can also be used. However, two 
following issues should be considered during se lection. The first 
is to eliminate the probability of direct illumination light trans­
portation to ceo, which otherwise results in ceo saturation. 
That means, wide excitation patterns along transversal direction 
are not recommended . The second is the availability and sim­
plicity of the light source. With the two considerations, better 
illumination light source or scheme based on the strategy of spa­
tially coded parallel excitation may be selected or developed, 
which will further improve the spatial-temporal performance of 
FOOT. 

In summary, the development of SC-FOOT consists of I) us­
ing parallel excitation instead of the conventional single-point il ­
lumination in P-FOOT; 2) using varied parallel excitation modes 
along axial direction instead of unvaried parallel excitation mode 
in our previous BF-FOOT; and 3) using spatially coded method 
to eliminate the switching time caused by slow switching device . 
Results demonstrate that the strategy is feasible and helpful in 
designing real -time FOOT system. Future research will be fo­
cused on applying SC-FOOT in observing pharmacokinetics 
and developing possible better FOOT systems. 
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Comments to "Focusing through dynamic tissue with millisecond digital optical phase 
conjugation" by D. Wang, eta!. 

Wavefront shaping is capable of sending light deep inside biological tissues by compensating 
scattering. However, in vivo application of the technology is hindered by factors such as slow 
response, insufficient control complexity, and limited energy gain. Among all wavefront shaping 
techniques developed to date, digital time reversal is the most successful as measured by the key 
criteria above. The work reported in this submission clearly made digital time reversal more 
practical-the response speed has been improved by two orders of magnitude, allowing light to 
be focused through unclamped living tissue. As such, this reviewer deems the work as a 
technological breakthrough, and strongly recommends its publication in Optica. The manuscript 
is well-written, but can be further improved by addressing my following concerns. 

I. Abstract. Line 5: "fast playback latency" doesn't make sense . Line 9, DMD is commonly 
termed "digital micromirror device". 

2. Page 1, column 2, second paragraph. The full name of "TRAP" should be accompanied by a 
noun (e.g. , focusing). 

3. Page 2, figure !(b). The arrows and text associated with the playback beam should be 
removed. 

4. Page 2, figure I caption. "Collimated by L3" should be "collected by L3". Strictly speaking 
scattered light cannot be collimated. 

5. Page 2, column I, first paragraph. The number of spatial modes (2 million) does not consider 
spatial sampling. Each spatial mode is typically sampled by at least 4 pixels. 

6. Page 2, column 1, second paragraph, definition affluence reflectivity. It makes more sense to 
use sample beam fluence instead of the total fluence in the recording phase as the 
denominator. 

7. Page 2, column 1, third paragraph. The fastest realization using nonlinear crystal for phase 
conjugation achieved 0.1 ms latency (Jayet, B., J-P. Huignard, and F. Ramaz. "Optical phase 
conjugation in Nd: YVO 4 for acousto-optic detection in scattering media." Optics 
letters 38.8 (20 13): 1256-1258). 

8. Page 2-3, Methods section. In order for others to repeat the experiment, model numbers of 
key components are needed (e.g., laser, DMD kit, cameras etc.). 

9. Page 3, Section 2A. For single-shot phase retrieval, l sam << Iref is required. The authors 
should state the real experimental beam ratio, .and discuss how camera dynamic range affects 
the accuracy of phase measurement (also, see comments 29 & 30). 

10. Page 3, Section 28. To achieve phase map transfer in 1.56 ms ( 1.8 Gb/s), the phase map data 
should be compressed to I bit/pixel. As far as I know, DMD receives 1 frame of data 
containing 24 bit-planes over HDMl. Did the authors program the FPGA of the DMD 
controller board to enable single-bit image transfer (instead of a 24 bit) via HDMl? If yes, 
they should state this in the paper. The authors should also state how long it takes for stable 
display after data is received (does it take 11(23k) of a second?). 

11 . Page 3, figure 2. The texts in the figure need to be enlarged. Also, ' communication' is 
misspelled. 

12. Page 3, Section 2C. I suggest that the authors provide measured reflectivity (into the desired 
order) of the DMD, which implies the efficiency of the device. Moreover, how does this 
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Digital optical phase conjugation (DOPC) is a new technique employed in wavefront shaping and phase conjugation 
for focusing light through or within scattering media such as biological tissues. DOPC is particularly attractive as it 
intrinsically achieves a high fluence reflectivity in comparison to nonlinear optical approaches. However, the slow 
refresh rate of liquid crystal spatial light modulators and limitations imposed by computer data transfer speeds have 
thus far made it difficult for DOPC to achieve a playback latency of shorter than ~200 ms and, therefore, prevented 
DOPC from being practically applied to thick living samples. In this paper, we report a novel DOPC system that is 
capable of 5.3 ms playback latency. This speed improvement of almost 2 orders of magnitude is achieved by using a 
digital micro mirror device, fleld programmable gate array (FPGA) processing, and a single-shot binary phase retrieval 
technique. With this system, we are able to focus through 2.3 mm living mouse skin with blood flowing through it 
(decorrelation time ~30 ms) and demonstrate that the focus can be maintained indefinitely-an important techno­
logical milestone that has not been previously reported, to the best of our knowledge. © 2015 Optical So9iety of America 

OCIS codes: (11 0.0113) Imaging through turbid media; (070.5040) Phase conjugation; (11 0.0180) Microscopy. 

http:/idx.doi.org/1 0. 1364/0PTICA.2.000728 

1. INTRODUCTION 

Focusing light through tissues has long been a challenge for bio­
medical optics. The turbid nature of tissues strongly scarters light 
and hinders the formation of a sharp focus. Recently, research in 
the field of wavefront shaping has shown that by correcting the 
wavefront incident on scartering media, focus can be constructed 
at an arbitrary location behind the sample [ I ,2]. Different 
strategies have been developed to realize this process including 
iterative wavefront optimization [1 ,3- 5], transmission matrix 
measurement [(:i'-8], and optical phase conjugation (OPC) 
[9- 11]. Amongvthese, OPC implements the corrected wavefront 
by 'recording the scarrered light field globally and then playing 
back the conjugate light field by a phase conjugate mirror 
(PCM) without time-consuming iterations. Since the process 
of elastic light scarrering is time symmetric, by playing a conjugate 
version of the scartered wavefront back through the scartering 
medium, the conjugate input wavefront can be recovered. 

By employing OPC, a number of novel techniques for focus­
ing light through or within a scattering medium have recently 
been developed. These include time-reversed ultrasonically en­
coded light (TRUE) [ 12, 13], time reversal of variance-encoded 
light (TROVE) [ 14], time reversal by analysis of changing wave­
fronts from kinetic targets (TRACK) [ J 5], and time-reversed 
adapted-perturbation (TRAP) focusing [ I 6]. These methods have 

2334-2536/15/080728-08$15/0$15.00 © 2015 Optical Society of America 

the potential to improve or enable biomedical applications such as 
deep tissue imaging, photodynamic therapy, and noninvasive 
cytometry. 

There are rwo major advantages of OPC compared to other 
wavefront shaping techniques. First, it is able to arrive at the cor­
rect wavefront solution without iteration. Second, the number of 
controllable optical modes in the playback wavefront can be very 
high, ~5 x 105 modes or more. Optical phase conjugation meth­
ods can be categorized into rwo primary groups. Nonlinear OPC 
methods [ 12,17, l H] employ nonlinear crysfals to store the scat­
tered field and propagate the phase conjugate field. In contrast, 
the digital optical phase conjugation (DOPC) method [13- 16] 
uses an electronic camera in an interferometric setup to capture 
the optical wavefront information and subsequently produce a 
suitable OPC field by using that information to pattern a spatial ., , 
light modulator (SLM) . 

The DOPC method has several intrinsic advantages over non­
linear OPC methods. First, whereas nonlinear crystals are strongly 
dependent on wavelength, DOPC can freely work with a broad 
range of wavelengths. Second, DOPC provides the flexibility to 
render wavefront playback beyond a single OPC field. In fact, 
TROVE, TRACK, and TRAP all exploit this unique capability 
of DOPC to render complex and nuanced wavefronts. In the case 
of TRACK and TRAP, for example, the rendered wavefront is 

I o<t 
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High-Performance Fluorescence Molecular Tomography 
through Shape-Based Reconstruction Using Spherical 
Harmonics Parameterization 
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Abstract 

Fluorescence molecular tomography in the near-infrared region is becoming a powerful modality for mapping the three­
dimensional quantitative distributions of fluorochromes in live small animals. However, wider application of fluorescence 
molecular tomography still requires more accurate and stable reconstruction tools. We propose a shape-based 
reconstruction method that uses spherical harmonics parameterization, where fluorophores are assumed to be distributed 
as piecewise constants inside disjointed subdomains and the remaining background. The inverse problem is then 
formulated as a constrained nonlinear least-squares problem with respect to shape parameters, which decreases ill­
posedness because of the significantly reduced number of unknowns. Since different shape parameters contribute 
differently to the boundary measurements, a two-step and modified block coordinate descent optimization algorithm is 
introduced to stabilize the reconstruction. We first evaluated our method using numerical simulations under various 
conditions for the noise level and fluorescent background; it showed significant superiority over conventional voxel-based 
methods in terms of the spatial resolution, reconstruction accuracy with regard to the morphology and intensity, and 
robustness against the initial estimated distribution. In our phantom experiment, our method again showed better spatial 
resolution and more accurate intensity reconstruction . Finally, the results of an in vivo experiment demonstrated its 
applicabil ity to the imaging of mice. 
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Introduction 

Near-infi·ared fluorescence molecular tomography (FYJ:T) is 
used for the three-dimensional (3D) localization and quantification 
of flu orescent targets deep inside turbid tissue. i\s a convenient and 
cost-eflective small animal imaging modality, it can provide 
accurate visualization and quantification of the distribution of 
fluorescent tracers. Various applications have been proposed or 
carried out using this tool to monitor diseases at the molecular 
level, such as enzyme activity [ I], mapping expressions of cancer 
markers [2], (3], and mon itoring targeted drug delivery (4]. Davis 
et al. recently presented multicolor imaging to monitor two cancer 
markers simultaneously (5]. Although some devices for FMT are 
commercially available, the need for higher spatial resolution and 
more quantitative and reliable reconstruction hinders the wider 
application of this technique. 

The recovery of 3D fl uorescence distri bution fi·om boundary 
measurements is a nonlinear inverse problem. Because of the 
scattered light propagation inside turbid tissue media, the problem 
is highly ill posed and thus susceptible to data noise and model 
errors. The ill-posedness makes F:\ifT reconstruction a significant 

PLOS ONE I www.plosone.o rg 

challenge. i\s a solution, add itional prior information is generally 
applied through diflerent regularization techniques. Smooth 
distii bution constraints are typ ically imposed through methods 
such as Tikhonov regularization (6] . Information on the sparse 
distribu tion is utilized through dillerent compressed sensing 
techniques (7], (8] . Edge enhancement priors are utilized by 
penalizing the fl uorescence intensity gradient as a regularized 
term, SL!Ch as in the total variation method [9], (I OJ, (I I] , ( 12] . 
T he development of multimodali ty FMT systems (13], (1 4] has 
boosted the fi.tsion of information derived from anatomical 
structures (15], (16]. H igh-density sampling (17], which increases 
the amount of boundaty measurements, has alsd proven effective , 
and several studies have focused on investigating the op timal 
source-detector configurations for difle rent kinds ofFMT imaging 
systems (18], [ 19]. i\Jthough these advances have been critical to 
moving FMT fi·om the laborato ry to commercial applications, 
great challenges remain in orde r to obtain, 3D fluorescence 
distributions stably and accurately. 

In many specific applications, the distribution of fl uorescent 
targets can be well descri bed as the sum of a small number of 
subdomains (shapes) with cons tant piecewise in tensities . T his 
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Full-Angle Fluorescence Diffuse Optical 
Tomography With Spatially Coded 

Parallel Excitation 
Daifa Wang, Xin Liu, Fei Liu, and Jing Bai, Fellow, IEEE 

Abstract-Challenges remain in imaging fast biological activi­
ties through whole small animal using fluorescence diffuse optical 
tomography (FDOT). In this study, a novel full-angle FDOT with 
spatially coded parallel excitation (SC-FDOT) is proposed, which 
provides much better image qualities than our previous FDOT with 
multiple-points illumination (MP-FDOT) while maintaining com­
parable temporal resolution. Singular-value analysis and numeri­
cal simulations are used to obtain the key experimental parameters 
including the optimal point sources number and the optimal projec­
tions number, and to compare the performances of SC-FDOT, MP­
FDOT and the conventional FDOT with single-point illumination. 
Results demonstrate that SC-FDOT has the best spatial-temporal 
performances in imaging fast biological activities through whole 
body. Physical phantom experiments are performed to evaluate the 
spatial performance of SC-FDOT in practical experimental appli­
cations. Utilizing the proposed system, a nude mouse implanted 
with a small fluorescent inclusion is also imaged. The prelimi­
nary result demonstrates the feasibility of SC-FDOT in in vivo 
applications. 

Index Terms-Diffusion equations, finit.e-clement methods, 
fluorescence, optical tomography. 

l. INTRODUCTION 

0 PTICAL tomography using near-infrared light provides 
a quantitative way to three-dimensionally visualize tissue 

function in small animals or human organs [ 1]-[ 4] at physiolog­
ical, metabolic, or molecular level. Fluorescence diffuse optical 
tomography (FDOT) is one of the optical tomography methods, 
which is mainly referred to small animal imaging in this pa­
per. In FDOT, fluorescent agents are used to label the object of 
interest, such as cells, proteins, and drug molecules. Then, by 
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mathematically modeling the light transportation in diffuse tis­
sues, the 3-D distribution of fluorescent agents inside live small 
animal is reconstructed from different fluorescence projections . 

In past years, FDOT systems have evolved from those [5], 
[6] using optical fibers and matching fluids to those operat­
ing in free-space geometries with limited-/fYII-angle projections 
[7]-[11]. With these progresses in imaging systems, mathemat­
ical models [12]-[14], and fluorescent agents [15] , FDOT have 
been applied in basic research [16]-[19] . 

Despite these advances, challenges still remain in imag­
ing fast biological activities through whole body, such as 
pharmacokinetics, where good whole-body image quality and 
short data-acquisition time should be considered simultane­
ously. A slab-geometry-based imaging system with limited 
projection angles and matching fluid was developed for real­
time whole-body imaging [20] , where the switching time be­
tween continuous-wave point sources wa~ decreased using 
galvanometer-controlled mirrors and the data-acquisition rate 
was increased using a high-frame-rate electron-multiplying 
charge-coupled device (EMCCD). Modern FDOT systems typ­
ically operate in free-space geometries with full-angle projec­
tions and avoid the use of matching fluid [9]. These modern 
systems are expected to yield significant improvements in im­
age quality compared to matching fluid or fixed-geometry-based 
systems [II]. Here, we call these reported fuJi-angle FDOT sys­
tems as P-FDOT for simplification with symbol P indicating 
single-point illumination. However, scanning along axial direc­
tion is needed in P-FDOT to provide whole-body imaging abil­
ity, which near linearly increases the data-acquisition time and 
limits the application of P-FDOT in imagi~g fast biological ac­
tivities. In our earlier study [21], we have proposed and analyzed 
a kind of full-angle FDOTsystems with beam-forming illumina­
tion (BF-FDOT). The BF-FDOT systems utilize the advantages 
of full-angle projections and provide whole-body imaging with­
out scanning along axial direction. These BF-FDOT systems 
provide the potential in real-time whole-body imaging. 

The main strategy of BF-FDOT is using parallel excitation 
(illumination) instead of the conventional single-point excita­
tion in full-angle imaging systems. Howe¥er, some tradeoff in 
spatial resolution along axial direction exists in BF-FDOT sys­
tem tu uffer a significant reduction in data-acquisition time. The 
spatial resolution degradation is caused by no variation in ex­
citation modes along axial direction . A novel full-angle FDOT 
system with spatially coded parallel excitation (SC-FDOT) is 
proposed in this paper. With the novel spatially coded parallel 
excitation strategy, SC-FDOT will provide more varied parallel 
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Based on large lateral shearing displacement interferometry, the full field f ilm thickness 

distribution of a hanging soap bubble could be continuously measured using the dynamic 

fringe patterns, after its birth and before its bursting. For details see Lv eta!., pp. 8863-8872 

(http://www.opticsinfobase.org/ao/abstract.cfm?uri:;;:ao-51-36-8863). 
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In fluorescence molecular tomography, the accurate and stable reconstruction of fluorescence-labeled 
targets remains a challenge for wide application of this imaging modality. Here we propose a two-step 
three-dimensional shape-based reconstruction method using graphics processing unit (GPU) accelera­
tion. In this method, the fluorophore distribution is assumed as the sum of ellipsoids with piecewise­
constant fluorescence intensities. The inverse problem is formulated as a constrained nonlinear 
least-squares problem with respect to shape parameters, leading to much less ill-posedness as the num­
ber of unknowns is greatly reduced. Considering that various shape parameters contribute differently to 
the boundary measurements, we use a two-step optimization algorithm to handle them in a distinctive 
way and also stabilize the reconstruction. Additionally, the GPU acceleration is employed for finite-ele­
ment-method-based calculation of the objective function value and the Jacobian matrix, which reduces 
the total optimization time from around 10 min to less than 1 min. The numerical simulations show that 
our method can accurately reconstruct multiple targets of various shapes while the conventional voxel­
based reconstruction cannot separate the nearby targets. Moreover, the two-step optimization can 
tolerate different initial values in the existence of noises, even when the number of targets is not known 
a priori . A physical phantom experiment further demonstrates the method's potential in practical 
applications. © 2012 Optical Society of America 

OCIS codes: 170.6960, 170.3010, 170.6280, 170.3880. 

1. Introduction 

Using the advanced fluorescence-labeling and opti­
cal-imaging technique, fluorescence imaging makes 
it possible to better understand the mechanism of 
human disease at cell or molecular level in small 
animal models in vivo. However, conventional fluor­
escence imaging using reflected illumination can 

1559-128X/121368731-14$15.0010 
© 2012 Optical Society of America 

only get two-dimensional projection images, which 
inherently results in poor localization and photon 
quantification due to the strong scattering of photons 
[1]. Recently, fluorescence molecular tomography 
(FMT), aiming at three-dimensional (3D) localization 
and quantification of fluorescence targets, has 
drawn great attention and become a research hot 
spot [2]. 

In FMT, one attempts to recover the 3D distribu­
tion of fluorescence targets embedded deeply (up to 
several centimeters) inside a small animal such as . 
20 December 2012 I Vol. 51 , No. 36 I APPLIED OPTICS 8731 
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Noncontact full-angle fluorescence molecular 
tomography system based on rotary mirrors 
DAtFA WANG, JtN HE, HutTING OIAO, PING Lt, Yuso FAN, AND DEvu l1* 
Key Laboratory for Biomechanics and Mechanobiology of Ministry of Education, School of Biological Science and Medical Engineering, 
Beihang University, Beijing, China 
'Corresponding author: deyuli@buaa.edu.cn 

Received 5 May 2015; revised 19 July 2015; accepted 19 July 2015; posted 20 July 2015 (Doc. 10 240342); published fl_August 2015 

We propose a novel noncontact fluorescence molecular tomography system that achieves full-angle capacity with 
the use of a new rotary-mirrors-based imaging head. In the imaging head, four plane mirrors are mounted on a 
rotating gantry to enable illumination and detection over 360°. In comparison with existing full-angle systems, 
our system does not require rotation of the specimen animal, a large and heavy light source (with scanning head), 
or a bulky camera (with Hlters and lens). The system design and implementation are described in detail. 
Both physical phantom and in vivo experiments are performed to verify the performance of the proposed 
system. © 2015 Optical Society of America 

OC/S codes: (11 0.0113) Imaging through turbid media; (11 0.1758) Computational imaging; (11 0.301 0) Image reconstruction 

techniques; (11 0.6960) Tomography. 

http://dx.doi.org/1 0.1364/A0.54.007062 

1. INTRODUCTION 

Fluorescence molecular tomography (FMT) is an emerging 
technology that provides noninvasive, quantitative, three­
dimensional imaging of fluorescence markers in vivo. 
Benefitting from mathematical modeling of light transport 
inside highly scattering tissue, this technique overcomes the 
limitations of depth information loss in the simple and widely 
used planar reflectance imaging [ 1) . At present, FMT has been 
successfully applied in observing fluorescence-tagged biological 
processes occurring deep inside tissues, such as enzyme activity 
[2], expressions of cancer markers [3,4], and targeted agent 
delivery [5). 

The inherent scattering nature of biological tissue limits 
the spatial_resolution ofFMT in deep tissue. Many efforts have 
been made in the past decade to enhance the spatial and tem­
poral performance of FMTs, including developing novel 
reconstruction algorithms and image acquisition designs 
[6,7]. In early FMT schemes, the imaging systems were gener­
ally fiber based en wherein optical fibers were used to transfer 
the input excitation light to the object surface and the output 
emission light to detectors. However, such systems are disadvan­
tageous in several ways. The limited number of source-detector 
pairs in such systems restricts the achievable spatial resolution . 
Moreover, matching fluid is generally used to enhance the at­
tachment of the fibers to irregular small-animal surfaces and 
photon transportation modeling; however, the presence of an 
additional scattering medium between fibers and the animal sur­
face further degrades the spatial performance. The subsequendy 

1559-128X/15/237062-09$15/0$15.00 © 2015 Optical Society of America 

developed camera-based nonconract imaging systems have over­
come these limitations by allowing the implemenrarion of over l 
million source- detector pairs [ I ,8). 

As in the case of x-ray computed tomography (CT), it has 
been proven that multiple projection directions over full angles 
(360~) are crucial for accurate FMT reconstruction ['J). In this 
regard, several approaches have been proposed to increase the 
number of projection view directions for camera-based non­
contact imaging systems. The most straightforward and easy 
way is to rotate the small animal [ I \J- 12]. However, the imaged 
small animal has ro be carefully suspende~ by a holder, which 
unnaturally_ restricts the animal while also making the imaging 
preparation process rather complex. While the animal's rotation 
speed is generally set to very low values to reduce the risk of 
inrernal organ movement, this limits the system\ temporal per­
formance in 1observing fast dynamic processes. On the other 
hand, several groups have developed systems that involve the 
rotation of the camera/light source [L\- 15). In these systems, 
the rotary gantry needs to be carefully designed to mount the. 
bulky camera (with filters and lens) and light source (wi th a 
scanning head), and further, the problem of twisting of the 
large number of power and signal cables during rotation needs 
to be addressed. Currently, most systems of this type utilize the 
rotary gantry used in commercial small-animal CT systems, 
and the ganrry rotation speed is generally low in consideration 
of the bulky mounted components. 

In the conrext of the limitations of these approaches, re­
searchers have noted that a conical mirror can be used to 
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Bioelectrical impedance aided surgery system for transpedicle screws fixation based on AD5933 

Meng Yun 1 .Mi Ku:m2 .Zheng Chenggong1 . Li Deyu 1
, Wang Daifa 1 

( l. Schuul of Biolo,t;icul Scie11ce u11d Medical E11gi11eering , Beihcmg U11iversil y, Beij i11g 100 191. China ; 

2. Naton M,-diwl lnslitutt' 11/ S cimcl' and T n lwology . B .. ijing 100082 , Chinu) 

Abstract , To dec rease the )Jed icl e screw mi splaced nll e of lrRns-!Jedicle internill fixation surgery , this ilrt icle ))resented illl intelli­

gent ~mel hand- hdd pedicle drilling tool- pL·diL·Ie awl, whiL·h monitored tis~ue biodeL'triL·cd impedance based on AD5933 o f AD! com­

!Jany. It can prom]Jl doctors viii vo ice by ilnil lyz i11g the tissue bioelectrica l im)Jedance ill the awl's t i)J. The voice !Jrornpt will help 

· to drill pilot holes more acc urately and avoid the ri~k of pricking nerves. Cil libration and pigs' vertebrae expenment~ were per­

fo rmed. The results demonstrat e that the irnpednnce detection !Jrecision meets the pmctical a!J )Jiication requirements, where the 

syst~:m can effect ively produce o bvious ly diff~:rent sound s for soft tiss ue, spongy and cortical bones, The r~:s ults indicate that thL' 

!Jroposed system would have greilt po tential in reducing the malposition rilles in s urge ries. 

Key words : biomediL·il l engineering; pedide screw fixat ion; bioelcl'trical impedance ; AD5933; pedicle drilling tool 
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Design and realization of near-infrared multi-spectral fluorescence 
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Ahstrad: The control and analysis softwa re system is designed for our self-produced nem-infrared multi-spectral fluorescence mo­

lecular imaging system. lt provides a stand-alone control and analysis platform for fluorescence molecular imaging, which has the 

capacity of accessing and coordina tely controlli ng the hardware modules, performing reflection and transmission multi-spectral Im­

aging . au tomat ic data acqui sit ion, Image adjus tment and filter, and auto-fluorescence reduction. ln vi·w mouse experiments, this 

. software system is pt.:rformecl in both reflection and transmission imaging modes, where interference from the mouse auto-fluores­

cence was effectively reduced. and it facilitates the study of fluorescence molecular imaging. 

Keywords : fluorescence imaging; molecular imag ing; auto-fluorescence reduction; data acquisition: software des ign 
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Abstract-The image quality of fluorescence molecular 
tomography (FMT) can be significantly improved with diffuse 
optical tomography (DOT) guidance, by incorporating the prior 
optical properties information recovered from DOT into its 
forward photon propagation model. Although present studies all 
assume that the absolute transmitted excitation light intensity c:u1 
be measured for DOT, the hypothesis doesn't hold for most cases, 
because some extent of deviation in the calibrated excitation light 
amplification factor is inevitable in a non-laboratory (i.e., in vivo) 
imaging environment. In this paper, we evaluate the impact on 
FMT reconstruction accuracy of the use of hybrid DOT guidance 
and normalized born method. Results demonstrate that the 
quantification ability of FMT with DOT guidance alone varies 
greatly as the absolute deviation in excitation light amplification 
factor increases. In contrast, the hybrid method investigated is 
robust to the deviations, suggesting that the hybrid of DOT 
guidance and normalized born method is essential for 
quantitative FMT in complex in vivo conditions. 

Keywords-jluoescence molecular tomography; diffuse optical 
tomography; heterogeneous media; normalized born method 

I. INTRODUCTION 

As a noninvasive optical functional imaging technique, 
fluorescence molecular tomography (FMT) is capable of three 
dimensional quantification of the spatial distribution of 
molecular agents in vivo. Thus, it provides a depth-resolved 
quantitative characterization of specific biological processes 
occurring inside the small animal, such as protein-protein 
interaction, drug metabolism . At present, it has become an 
increasingly important tool in preclinical research and drug 
development [I l: 

In a typical FMT system, the imaged object is excited 
sequentially at different source positions on the boundary using 
a modulated or continuous wave (CW) light source in near­
infi·ared wavelength (650-900nm). For each source position, 
the emitted light from the excited fluorophores is measured at 
multiple detector positions and used for reconstructing the 
spatial distribution of tluorophores. The reconstruction is 
highly ill-posed, due to the ditlusive nature of light propagation 
in biological tissues. 

Theoretically, propagation of both excitation and emission 
lights in tissue is described by the coupled diffusion equations, 
when the tissue optical prope11ies including absorption 

978-1-4244-9352-4/11 /$26.00 ©2011 IEEE 

coefficient lla and reduced scattering coefficient 11; are given. 
However, the heterogeneous optical properties of small animal 
are unknown and often assumed to be homogenous throughout 
the tissue volume with values equal to their bulk averages. The 
homogeneity assumption greatly degrades the quantification 
and resolve abilities of FMT [2,3] . 

To handle the problem, two strategies are developed. The 
first strategy is normalized born method, which reduces the 
heterogeneous optical prope11ies influences by dividing the 
measured fluorescence signals with its corresponding excitation 
light signals [3] , while the optical prope11ies are still assumed 
homogeneous. Using mouse atlas simulation experiments, D. 
Hyde eta!. evaluated the extension of normalized born method 
in hybrid X-ray CT and FMT modalities [4], where different 
optical properties can be assigned to the different segmented 
organs. However, the need of X-ray CT modality and 
segmentation of structure images complicates small animal 
experiment. In addition, even for the same organ, the optical 
properties, especially the absorption coefficient, may vary 
greatly for different individuals with different physiological 
status. These factors all make near-accurate assumption of 
organ optical properties difficult, and will degrade the FMT 
image quality. The second strategy is reconstructing optical 
properties from the collected excitation light signals by using 
an optical tomography method called diffuse optical 
tomography (DOT). Based on this · strategy, several 
investigations have been made. Y. Tan eta!. demonstrated that 
the optical heterogeneous nature of the target itself, especially 
when its size was relatively large, should be considered for 
quantitative FMT [5]. Y. Lin et a!. demonstrated that the true 
tluorophore concentration could be recovered only when both 
the prior structur~l information and the prior DOT information 
were utilized [6]. D. Wang e/ a/. demonstrated that relatively 
consistent quantifications were obtained with the prior DOT 
information in a series of phantom experiments [7]. However, 
problems exist in DOT guided FMT, restricting its application 
in vivo. One major problem is that determining the exact 
excitation light amplification factor is very difficult in a non­
laboratory (i.e .. in vivo) environment. The difficulty is because 
of the small errors in the acquired SI!Jall animal geometry, the 
physical errors in the calibration phantom including the optical 
properties and geometry, and the measurement noise, etc. Thus, 
some extent of deviation is generally inevitable in the 
determined excitation light amplification factor for a practical 
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Abstract-The image quality of fluorescence molecular 
tomography (FMT) can be significantly improved with diffuse 
optical tomography (DOT) guidance, by incorporating the prior 
optical properties information recovered from DOT into its 
forward photon propagation model. Although present studies all 
assume that the absolute transmitted excitation light intensity can 
be measured for DOT, the hypothesis doesn't hold for most cases, 
because some extent of deviation in the calibrated excitation light 
amplification factor is inevitable in a non-laboratory (i.e., in vivo) 
imaging environment. In this paper, we evaluate the impact on 
FMT reconstruction accuracy of the use of hybrid DOT guidance 
and normalized born method. Results demonstrate that the 
quantification ability of FMT with DOT guidance alone varies 
greatly as the absolute deviation in excitation light amplification 
factor increases. In contrast, the hybrid method investigated is 
robust to the deviations, suggesting that the hybrid of DOT 
guidance and normalized born method is essential for 
quantitative FMT in complex in vivo conditions. 

Key words-jluoescence molecular tomograplzy; dijjizse optical 
tomography; heterogeneous media; normalized born method 

I. INTRODUCTION 

As a noninvasive optical functional imaging technique, 
fluorescence molecular tomography (FMT) is capable of three 
dimensional quantification of the spatial distribution of 
molecular agents in vivo. Thus, it provides a depth-resolved 
quantitative characterization of specific biological processes 
occurring inside the small animal , such as protein-protein 
interaction, drug metabolism. At present, it has become an 
increasingly important tool in preclinical research and drug 
development [ 1]. 

In a typic_a(' FMT system, the imaged object is excited 
sequentially at different source positions on the boundary using 
a modulated or continuous wave (CW) light source in near­
infrared wavelength (650-900nm). For each source position, 
the emitted light from the excited tluorophores is measured at 
multiple detector positions and used tor reconstructing the 
spatial distribution of tluorophores. The reconstruction is 
highly ill-posed, due to the diffusive nature of light propagation 
in biological tissues. 

Theoretically, propagation of both excitation and emission 
lights in tissue is described by the coupled diffusion equations, 
when the tissue optical properties including absorption 
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coeftlcient fla and reduced scattering coefficient 11; are given. 
However, the heterogeneous optical properties of small animal 
are unknown and often assumed to be homogenous throughout 
the tissue volume with values equal to their bulk averages. The 
homogeneity assumption greatly degrades the quantification 
and resolve abilities of FMT [2 ,3] . 

To handle the problem, two strategies are developed. The 
first strategy is normalized born method, which reduces the 
heterogeneous optical properties influences by div iding the 
measured fluorescence signals with its corresponding excitation 
light signals [3), while the optical properties are still assumed 
homogeneous. Using mouse atlas simulation experiments, D. 
Hyde eta!. evaluated the extension of normalized born method 
in hybrid X-ray CT and FMT modalities [4] , where different 
optical properties can be assigned to the different segmented 
organs. However, the need of X-ray CT modality and 
segmentation of structure images complicates small animal 
experiment. In addition, even for the same organ, the optical 
properties, especially the absorption coefficient, may vary 
greatly tor different individuals with different physiological 
status. These factors all make near-accurate assumption of 
organ optical properties difficult, and will degrade the FMT 
image quality. The second strategy is reconstructing optical 
properties from the collected excitation light signals by using 
an optical tomography method called diffuse optical 
tomography (DOT). Based on this strategy, several 
investigations have been made. Y. Tan et a!. demonstrated that 
the optical heterogeneous nature of the target itself, especially 
when its size was relatively large, should be considered for 
quantitative FMT [5] . Y. Lin et a/. demonstrated that the true 
tluorophore concentration could be recovered only when both 
the prior structural information and the prior DOT information 
were utilized [6). D. Wang et a!. demonstrated that relatively 
consistent quantifications were obtained with the prior DOT 
infonnation in a series of phantom experiments [7]. However, 
problems exist in DOT guided FMT, restricting its application 
in vivo. One major problem is that determining the exact .-. 
excitation light amplification factor is very difficult in a non­
laboratory (i.e., in vivo) environment. The difficulty is because 
of the small errors in the acquired small animal geometry, the 
physical errors in the calibration phantom including the optical 
properties and geometry, and the measurement noise, etc. Thus, 
some extent of deviation is generally . inevitable in the 
determined excitation light amplification factor tor a practical 
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Abstract: This article introduces an optical tomography system for dense scattering media, where 

DLP based structured illumination is adopted. Compared to conventional wide field approach, 

structured light processing obtained much better image resolution. 

1. Introduction 

Deep tissue imaging with near-infl·ared light has achieved significant development in recent years, and has 

found its applications in cancer diagnosis [I], brain function evaluation [I], as well as small animal fluorescence 

molecular tomography [2]. However, due to the inherent tissue scattering nature, it is still very challenging to 

achieve good image contrast and resolution. In recent years, by designing and optimizing different illumination 

patterns, a novel technique called structured illumination (SI) has demonstrated its capacity in improving image 

quality and/or speed. In most of the reports [3-5], diffuse light modeling using diffusion equation were performed, 

and an inverse problem was solved for 3D reconstruction. Another idea of structured light is to reduce out-of-tocus 

light caused by scattering, which was firstl y introduced by Neil [6] in the field of microscopy. Based on this idea, to 

observe turbid sprays tomographically, Kristensson used sinusoidal-intensity modulated patterns tor illumination, 

and obtained greatly contrast enhanced projections at different viewing angles [7,8]. Then, using the well-know CT 

reconstruction algorithm called filtered back-projection method, 3D tomography result with good spatial resolution 

was achieved from these enhanced projections. However, a complex optical architecture was used to provide 

sinusoidally modulated illumination patterns, and the modulation tl·equency and depth can't be adjusted. Digital 

light processing (DLP) introduced by Texas Instruments is a modern technique to digitally manipulate structured 

light pattern, and has attracted great attention in biological optical imaging. In this article, we developed a full-angle 

imaging system with DLP technique, where the structured illumination light can be easi ly controlled. The 

preliminary results demonstrated that the system can get much better image resolution for turbid media via 

structured illumination than the conventional wide field approach. 

2. Method 

2.1 Structured Illumination 

Structured illumination has the capabilities of filtering multiple-scattering light. The main concept of SI is to 

·illuminate the sample using an incident beam with its intensity sinusoidally modulated in one direction [6], 

I<P = lc + 15 • sin(Zrrvx + <j>) , (I) 

where Iq, is the detected image of one SI projection. Ic denotes the conventional image due to non-modulated light, 

which shows a poor quality due to photon scattering. Is is the local amplitude of sinusoidal modulation, and bears the 

structure information unperturbed by scattering. <1> is the spatial phase of sinusoidal modulation. Extraction of Is can 

· be achieved by recording three intensity modulated images with spatial phase shifts 0, Zrr/3 and 4rr/3 . Then, an 

image tl·ee of scattering signals can be obtained by processing the recorded data as [6], 
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The inhaled nanoparticles have attracted more and more attention, since they are more easily to enter the deep part of respiratory 
S)'Strm. Some nanuparticlcs were rcpurtc'd to cause pulmonary inflammation. The toxicity of nanuparticles depends not only on its 
chemical component but also on the yuantity and position of the deposition. The deposition oi nanopartides is nut uniform and 
lS influenced by airflow transport. The high deposition mainly occurs at the carina! ridges and the inside walls a~·ound the carina! 
ridges. Many factors could affect the transport and deposition of nanopartides, such as particle size, flow rate, structure of airway, 
pulmonary function, and age. ln this review, we discussed the methods and techniyue involved in particle transport and deposition 
studies. The features of particles deposition could be observed in clinic experiments and animai e;,perimcnts. The mechanism 
of transport could be studied by numerical simulation. Numerical model and experiment study supplement each other. Some 
techniyues such as medical imaging may support the study of nanopartidcs transport and deposition. The knowledge of particles 
transport and deposition may be helpful both to defend the toxicity of inhaled particles and to direct inhaled drug delivery. 

1. Introduction 

More and more attention has been paid to air pollution . The 
high concentration of fine particle matter (PM 2.5) during the 
2013 severe haie of north China has caused public worries 
[l, 2] . The most worries are due to the adverse effect of air 
pollution on health [3] . It is believed that the most airborne 
particles were derived from fossil, biomass, and solid fuels 
combustion [ 4-6]. The traffic exhausts have been verified as 
the source of particle matter [7, 8]. The particles emitted by 
engines have a high proportion of nanoparticles, though most 
ofthem are in accumulation mode [9] . Epidemiological stud­
ies have confirmed that air pollution makes adverse health 
effect, especially the pollutant in nanoscale [10, ll] . Thus, 
nowadays most attention paid to airborne pollutants lies in 
nanoparticles and ultrafine particles. 

TI1ough some studies did not differentiate ultrafine par­
ticles from nanoparticles [12]. the different definitions have 
also been reported. The particles in nanoscales ( <100 nm) in 

one dimension could be generally called nanoparticles, while 
ultrafine particles are limited to 100 nm in all dimensions [13] . 
For the purposes of this review, we do not differentiate nano­
particles from ultrafine particles: they are both particles in 
nanoscales. 

I . 
People have great expectat1on for nanotechnology and 

have been trying to apply nanomaterial in many fields [14,15]. 
Thus airborne nanoparticles are unavoidable. For the reason 
of small size, nanoparticles may enter the deep part of human 
respiratory system with breathing. Pulmonary inflammation 
has been reported after inhalation exposure to nanoparticles 
[16, 17], so the toxicity of nanoparticles in air should be 
considered [18]. 

Respiratory system is an important pathway for substance 
to enter human body besides alimentary canal. Air enters 
the trachea through nasal and oral cavities, passing by the 
tracheobronchial tree, and arrives at the alveoli, so does 
some airborne nanoparticles. TI1e transport and deposition 
of particles have great re\ations with the complicated airway. 

.... 
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Abstract. Positron emission tomography (PET) has been widely used in early diagnosis of tumors. Though standardized 
uptake value (SUV) is a common diagnosis index for PET, it will be affected by the size of the tumor. To explore how the 
tumor size affects imaging diagnosis index, dynamic PET images were simulated to study the relationship between tumor 
size and the imaging diagnosis index. It was found that the SUV of the region of the tumor varied with scan time, and the 
SUV was always lower than the true value of tumor. Even more deviations were found in SUV with a reduced tumor size. 
The diagnosis index SUYmax was more reliable than SUV, for it declined only when the volume of tumor was less than 3 
mm3 

. Therefore, the effect of tumor size on the SUV and SUYmax that are used as diagnosis indices in the early diagnosis of 
tumors should not be neglected. 

Keywords: Standardized uptake value, maximum standardized uptfike value, positron emission tomography, tumor size, di­
agnosis 

1. Introduction 

As one of the most serious threats to life health, cancer is the second leading cause of death in de­
veloping countries. The number of people who are diagnosed with cancer and the mortality rates of 
people diagnosed with malignant tumor are still increasing in recent years [1 ,2]. It was reported that 
lung cancer was the leading cause of death in all the common cancer registries [3,4], and its mortality 
rate increased substantially in the past three years. Although there are some methods of oncologic 
treatment on clinical therapies, such as radiation, chemotherapy and surgery, it is still hard to improve 
the survival rate of lung cancer because of late diagnosis [5,6]. Therefore, early diagnosis is important 
to improve treatment and the survival rate of patients with lung cancer [7 ,8]. Imaging diagnosis [9] as 
well as identification of molecular biomarkers [I 0- 12] have been used as two main methods in the 
studies of early diagnosis for lung cancer. 

In terms of imaging diagnosis, positron emission tomography (PET) is the function imaging tech­
nology that can provide metabolism information of tissues by using a radioactive tracer [13]. Moreo­
ver, it is an important tool for staging, prognosis, evaluation of treatment, and, especially, for early 
diagnosis [ 14, 15]. A tumor usually has a higher metabolic rate, so it can be recognized easily by using 
PET. Besides the visual cancer imaging, PET can also provide some detection indices for diagnosis, 

'corresponding author: Yu Wang, School of Biological Science and Medical Engineering, Beihang University, Beij ing, 
China. Tel. : 82338755; Fax: 82315554; E-mail : wangyu@buaa.edu.cn. 

0959-2989/14/$27 .50 © 2014- lOS Press and the authors. 
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1. Introduction 

ABSTRACT 

The difference of tumor metabolism from that of normal tissue is an important factor for diagnosis 
through functional imaging such as positron emission tomography (PET). A quantitative description of 
the metabolic process will help to improve the diagnosis methods. In this study, the metabolism of tumor 
in lung was quantitatively described in mice. The melanoma was transplanted intQ the lung of mice, and 
the metabolism of the transplanted tumor was detected by micro PET/CT with [ 18 F]fluoro-2-deoxy-o­
glucose (FOG). Nine mice were transplanted with 816 melanoma cells through their tail vein. Lung tumor 
was detected by pathological method. The lesions smaller than 1mm could hardly be directly detected 
directly by micro PET/CT. while the tumor with a 1-4mm diameter could be detected by micro PET/CT. A 
metabolic model with three compartments was separately established for lung tumors and normal lung 
tissues. In this model, the lung cancer had a significant ly higher metabolic rate constant as compared 
to that of the normal lung tissue (p = 0.01 ). The outputs of the model fit well with the original curve 
from the dynamic images. It is also found that difference of tissue activity between tumors and normal 
lung tissues varied along scan time. Through this comparison, it was suggested that the difference in 
metabolism between the lung tissue and the tumor might contribute to the tumor diagnosis. 

© 2013 IPEM. Published by Elsevier Ltd. All rights reserved. 

Malignant tumor is one of the great threats to human health. 

the treatment effects through imaging and semi-quantitative anal­
ysis [8.91. Although many tumor models have been used in small 
animals for biomedical research and PET imaging [ J O,l lj , a quanti ­
tative metabolic study is lacking for small animal. In this study, we 
quantitatively investigated the tumor metabolism in mice. Unlike 
the existing kinetic ~nalysis for subcutaneous tumors I I 2 ), we stud­
ied a transplanted t

1
umor in lung by micro PET/CT imaging in mice. 

Early detection and early treatment is the key to reduce the mor­
tality from malignant tumors. The distinction between cancer and 
normal tissue is the base of an early detection. For example, the 
difference of gluw.se metabolism between the cancer and normal 
tissue is the basic principle of cancer detection by Positron emis­
sion tomography (PET) with [18 F]fluoro-2-deoxy-D-glucose (FOG) 
[ 1,2]. To develop a technique for tumor detection, it is important to 
understand the metabolic character of different tissues and cancers. 
Therefore quantitative metabolic models have been established for 
and cancer 131 as well as normal tissue 14.51. 

In the process for the development of methods and techniques 
for tumor detection and therapy, small animals, such as mice, have 
been widely used [6.7[. These animals could also be used to assess 

* Corresponding author. Tel. : +86 I 0 82339490. 
E-mail address: ch·vull• •h<~a,,_,·dk.H ( D. Li ). 

The study of tumor metabolism in mice could be of great impor­
tance in order to develop tumor PET detection. There are two ways 
to increase the sensitivity and specificity of the PET detection, 
including: finding specific tracer i 13], and proposing optimized 
scan scheme according to the metabolic distin(:tion of focus j 14!. 
Some previous stwdies have already shown the potential usefulness 
of dynamic PET in detection [ 15]. due to an increased metabolic dis­
tinction that can be achieved in dynamic imaging as compared to 
the static imaging [16]. To optimize the scanning scheme of the 
dynamic imaging, the development of a metabolic model in small 
animals is necessary. In this effort. quantitative metabolic models 
were separately established for lung tumors as well as normal lung 
tissues, and their distinction was further discussed. 

1350-4533/$ - see front maner © 2013 IPEM. Published by Elsevier Ltd. All rights reserved. 
http:. ~<lx.dr .<ng, 10. '0 16:tnJ<..•d<..·nJ.,;pl, .. .,. ,.!.t · -< ! '' 
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Abstract Traditional content-based image retrieval (CBIR) scheme with assumption 
of independent individual images in large-scale collections suffers from poor retrieval 
performance. In medical applications, images usually exist in the form of image bags 
and each bag includes multiple relevant images of the same perceptual meaning. Jn 
this paper. based on these natural image bags, we explore a new scheme to improve 
the performance of medical image retrieval. It is feasible and efficient to search the 
bag-based medical image collection by providing a query bag. However, there is a 
critical problem of noisy images which may present in image bags and severely affect 
the retrieval performance. A new three-stage solution is proposed to perform the 
retrieval and. handle the noisy images. In stage 1, in order to alleviate the influence 
of noisy images, we associate each image in the image bags with a relevance degree. 
In stage 2, a novel similarity aggregation method is proposed to incorporate image 
relevance and feature importance into the similarity computation process. In stage 3, 
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'!he reports on medical imaging and nanomcdicine are getting more and more prevalent. Many nanoparticles entering into the body 
a.:t as contrast agents, or probes in medical imaging, whi.:h arc parts of nanomedi.:ines. The application extent and the quality of 
imaging have been improved hy nanotechni4ue. On one hand, nann medicines advance the sensitivity and specificity of molecular 
Imaging. On the other hand, the biodistribution of nanomedicine .:an also be studied in vivo by medical imaging, which is necessary 
in the toxicological research. The toxicity of nanomedicine is a concern which may slow down the application of nanomedical. 
The quantitative description of the kinetic process is significant. Based on metabolic study on radioactivity tracer, a scheme of 
pharma.:okinctic research of nanomec..licinc is proposed. In this review, we will Jiscuss the potential advantage of medical imaging 
111 toxicology of nanomedicine, as wdl as the advancement of medical imaging prompted by nanomedicine. 

I. Introduction 

Medical imaging is an important technology in clinical 
and medical research, which enables the observation of 
human and animals in vivo. The development of medical 
imaging contributes a lot to diagnosis and therapy. However, 
researchers are not satisfied with single anatomical image. 
To detect physiological function and biological process, 
functional imaging, molecular imaging, and multimodality 
imaging are invented and have developed prosperously [ 1-3]. 
Most molecular tmaging today depends on ·synthesized probe 
with special property [4]. For nuclear medicin~. for example, 
the probe is also expressed as radioactive tracer or tracer [5, 6] 
for positron emission tomography (PET). For fluorescence 
molecular tomography the probe is a fluorescence agent [7]. 
In terms of traditional imaging, some ag~nts are used to 
increase the contrast of images [8, 9]. Contrast agent can 
enhance their applications and even upgrade them to cellular 
and molecular level. 

Nanotechnology has a remarkable great contribution 
to the development of medical imaging. Nanomedicine is 

a scientific specialty of nanotechnology, which has great 
potentials to develop the diagnostic and therapeutic 
approaches [10-12]. Nanomedicine has drawn broad inter­
ests in medical imaging, as well as the targeted therapy 
[13]. Modified by nanotechnique, some probes and contrast 
agents become mo;r~ efficient [14], and t~en they can be 
called nanomedicine [15]. Some kinds of nanoparticle, just as 
metal nanoparticles, become nanomedicine used as contrast 
agent of medical imaging [16, 17]. With the application of 
nanomedicine, medical imaging will have a broader prospect 
in application. 

Nevertheless, the nanomedicine, used in medical imag­
ing, must eliminate the potential risks in safety issues. Most 
nanomaterials hav~ b~en discovered to affect cell behavior 
[18, 19] and even to damage the physiological system [20, 
21]. The discussion of the biocompatibility and toxicity of 
nanomat.erial is of a great importance in biological and 
medical research . 1l1e toxicology of nanomaterials is usually 
studied on ~ellular scale or smaller size, while the phar­
macokinetics is also necessary to understand its potential 
toxicity [22] . As pharmacokinetics of tracer is studied by 
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