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ABSTRACT 

We present an instrument for simultaneous imaging of the rodent brain with frequency-domain optical tomography and 
magnetic resonance imaging. The instrument uses a custom-built fiber optic probe that allows for measurements in back-
reflectance geometry. The probe consists of 13 source and 26 detector fibers and is small enough to fit inside of a 
microMRI RF coil with an inner diameter of 38mm.  Illumination by the source fibers is time demultiplexed by an 
optical fiber switch.  A gain-modulated image intensifier CCD camera focuses onto the endpoints of large-core graded-
index detector fibers and collects the frequency-domain data.  Imaging can be performed with source-modulation 
frequencies up to 1 GHz.  The instrument is capable of acquiring multi-frequency optical tomography data at 2 
wavelengths, and the data can be used to generate 3D maps of hemoglobin concentrations.  At the same time magnetic 
resonance images can be acquired with in-plane resolution smaller than 100 micron.  To illustrate the performance of the 
instrument we show results of small animal studies that involve inhalation of 100% carbogen and chemically induced 
seizures. 
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1. INTRODUCTION 
Small animal imaging is an area of biomedical imaging research that has received much attention lately.  In addition to 
offering preclinical imaging modalities non human test subjects, small animal imaging has been increasingly used as a 
biomedical research tool.  Imaging of small animals, such as mice and rats, is being applied to study and understand 
biological and physiological processes, particularly with respects to progression and regression of disease with 
applications to drug discovery.  There are many different biomedical imaging modalities, each with their own 
advantages and disadvantages that can be used for small animal imaging.  While individual imaging modalities have 
carved out there niches in terms of being best for particular applications, it is not often that one imaging modality 
provides all desired information. Usually, there are many benefits that can be gained by combining 2 or more imaging 
modalities, and thusly, this are or research has attracted much attention [1-3].  Two such imaging modalities which have 
complimentary characteristics are magnetic resonance imaging (MRI) and diffuse optical tomography (DOT).  The 
research presented in this paper focus on the application of magnetic resonance imaging (MRI) and optical imaging to 
the area of rodent brain imaging.* 

MRI is a well-established imaging modality that is capable of yielding anatomical images of soft tissue with high spatial 
resolution.  With MRI, nuclei, usually protium (1H), are excited by radio frequency (RF) electromagnetic pulses.  After 
nuclei have been excited they relax and release the energy in the form of RF and this signal is measured by the detection 
hardware.  A high magnetic field is often required to achieve sufficient signal from the small voxel sizes used in small 
animal MRI.  Magnetic field strengths ranging from 0.3T to 3T are typical in human MRI scanners, but for the high 
spatial resolution required by small animal imaging higher field strengths ranging from 7T to 11.7T are used, but having 
large field strength usually limits the bore size in which a target can be imaged.  Image contrast is produced in part by 
spin densities and certain nuclear magnetic properties such as relaxation time constants T1 and T2.  With such high field 
MRI scanners, slice thicknesses can be as small as 200 !m while the in-plane resolution can be as small as 50 !m.  
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Images can also be parametrically generated to show blood volume and blood flow.  Also, functional magnetic 
resonance imaging (fMRI) allows the imaging of properties that vary in time.  However, this technique has significantly 
less SNR than conventional MRI and temporal resolution maxes out around 0.5 Hz. 

Diffuse Optical Tomography is a new and still rapidly evolving imaging modality [4].  It uses non-ionizing light in the 
visible to infrared range to non-invasively measure the spatial distributions of optical properties (absorption and 
scattering) or the concentrations of substances that lead to those properties.  With diffuse optical tomography, tissue is 
illuminated at various spatial positions and the amount of light that exits the tissue at different positions is measured in 
order to determine how much the light has been attenuated by the optical absorption and scattering inside tissue. The 
tissue’s spatial distributions of absorption and scattering are reconstructed from the collected measurements by using 
mathematical models of how light propagates in tissue. The sensitivity of absorption and scattering coefficients to any 
given chromophore varies with wavelength.  One can generate maps of spatially varying chromophore concentrations, 
such as oxyhemoglobin (HbO2), deoxyhemoglobin (Hb), by taking measurements at multiple wavelengths. Optical 
tomography does not offer good high resolution anatomical images like MRI; however it has better temporal resolution, 
which can reach frame rates as high as 35 Hz.  Combined with its sensitivity to hemoglobin chromophores, optical 
tomography can be used to study a variety of hemodynamic effects.  A common issue with optical tomography is that 
image reconstruction is mathematically ill-posed and ill-determined [5].  This can produce inaccuracies, cross talk 
between optical properties, or reduction in optical tomography’s resolution. Acquiring frequency domain optical 
tomographic data rather than just continuous wave data provides the image reconstruction with more information and is 
one way make the reconstruction better-posed.  It has also been shown that using high modulation frequencies is 
advantageous when imaging small geometries such as small animals [6].  For this reason, we chose to use frequency 
domain instrumentation that can achieve modulation frequencies as high as 1 GHz for our combined optical 
tomography-MRI imager. 

In the next section we present the design of the instrumentation for our simultaneous optical tomography and magnetic 
resonance imaging.  First we describe the microMRI instrument that we use, followed by the design of the frequency 
domain imager, and then the design of the interface.  In the section after that we show some initial experimental results 
of functional experiments with a rat. We show MRI images and optical measurement traces of a rat’s response to 
carbogen breathing, and then the response to the injection of a seizure inducing drug and then a seizure suppressing drug.   

2. APPARATUS FOR SIMULTANEOUS OPTICAL TOMOGRAPHY AND MRI 
2.1 MicroMRI Imager 

Our small animal MRI system consists of an Avance 400 spectrometer (Bruker Biosystems, Billerica, MA) and a vertical 
bore 9.4 T vertical bore magnet (Oxford Instruments, U.K.).  In order to provide enough space for a fiber optic imaging 
probe and the rodent, we have installed the mini 0.75 gradient set (Bruker) which has a inner diameter of 5.7 cm, which 
is larger than the 4 cm inner diameter of the default micro 2.5 gradient set.  Magnetic field gradients as high as 30 
gauss/cm can be achieved with the Mini 0.75.  We employ a SAW type RF coil with an inner diameter of 3.8 cm.  This 
imaging system allows us to achieve in plane image resolution of 100 micron. 

2.2 Frequency Domain Optical Tomography Instrument Layout 

The system is designed for imaging small animals with high frequency photon density waves.  It is also designed to be 
incorporated into a high field small animal MRI system.  The individual elements of the imaging system can be divided 
into 3 main parts: Light delivery, detection hardware, and processing and control which are shown below in figure 1. 

2.2.1 Light Delivery System 

The light delivery sub-system consists of signal generators, laser hardware and fiber optic components.  The system has 
2 signal generators (IFR 2023A Aeroflex Inc. Plainview, NY) which are designated as master and slave.  They can be 
programmed to deliver sinusoidal signals at RF frequencies up to 1.2 GHz at voltages up to 2 V.  The signal generators 
are controlled via a serial port interface, which allows control over the frequency, amplitude, and phase delay.  The 
master signal generator delivers the sinusoidal signal to 2 separate modulated laser diode drivers (MDL-300 Picoquant, 
Germany).  The laser drivers provide DC bias current and optical power modulation for the laser diodes.  Each MDL-
300 drives separate laser diodes (LDM-M-C-760 and LDM-M-C-830, Picoquant, Germany) which operate at 757 nm 
and 828 nm respectively and are able to achieve maximum power output of 8 mW and 15 mW respectively. The 757 nm 
laser diode has a 3 dB frequency of 800 MHz, and a 10 dB frequency of 1.3 GHz, while the 828 nm laser diode has a 3 
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dB frequency of 700 MHz and a 10 dB frequency of 1.3 GHz.  These characteristics allow the creation of photon density 
waves of sufficient signal strength into the 1 GHz range.  The output power of the laser can be set from an external knob 
on the laser driver.  The modulation depth can be controlled likewise, or by changing the sinusoidal amplitude of the 
signal generator.  Each laser diode is coupled to single mode fiber optic patch-cords with FC-APC connectors.  Single 
mode fibers are chosen due to their ability to carry photon density waves of very high frequency.  The APC polishing, 
which consists of an 8° polished ferrule, allows for a substantial reduction in back reflections which can induce 
instabilities in the laser.  The 2 single mode fibers are input to a 2x32 fiber optic switch (RS-PA-2x1x32-62-FCAPC, 
Sercalo Microtechnology Ltd., Liechtenstein).  The switch has 2 inputs with FC-APC connectors and 32 outputs with 
FC-PC connectors that connect graded-index multimode fibers to a micro-electro-mechanical system (MEMS) switch.  
The MEMS switch consists of tiny integrated mirror which move to reflect light to different fibers.  The optical switch 
selects between 2 input fibers and output the light coming from that fiber to the one of the 32 output fibers that is 
selected. The 32 output “source fibers” allow for different points on the boundary of the imaging geometry to be 
illuminated in a time de-multiplexed manner.  The address corresponding to the input and output fiber configuration of 
the switch is programmed by TTL signals sent through the parallel port.  The switching time is < 4 ms.  Standard 62.5 
!m core diameter graded index multimode fibers are used as source fibers to delver light from the optical switch to the 
imaging geometry.  Although the bandwidth of graded-index multimode fibers is not as high as single-mode fibers, their 
bandwidth is still sufficient (>160 MHz•km), and much better than set-index multimode.  They are chosen because they 
allow for easier coupling and lower insertion loss.  The insertion loss of the optical switch with the graded index 
multimode fibers is less than 3 dB. They are also chosen because their relatively small coating diameters allow them to 
fit in the confided space inside the small animal MRI system.  The light that is been delivered to the imaging geometry, 
prorogates in the medium of interest as photon density waves. As the photon density waves travel in tissue, they will 
incur attenuation and a phase shift that is dependant on the frequency and the optical properties. Light exiting the 
medium of interest is collected by “detector fibers” and brought from the imaging geometry to the detector hardware.   

 
Figure 1: Diagram detailing the individual components of the frequency domain imaging system 

 

The detector fibers are positioned at various points on the boundary of the imaging geometry. Like for the source fibers 
bandwidth is also an important characteristic for the detector fibers, but it is also necessary for the detector fibers to have 
a large enough core-diameter in order to collect enough light for providing sufficient signal to the detection hardware.  
These characteristics seem to oppose each other as standard graded-index multimode fibers have high bandwidth but 
have small core diameters and step-index multimode fibers have large core diameters, but low bandwidth.  Graded-index 
fiber bundles provided both positive characteristics but are cumbersome and only viable for applications without space 
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constraints.  As a tradeoff we have chosen special fused silica graded-index multimode fibers (G200/280A, FiberTech 
GmbH, Germany).  They have a core diameter of 200 !m, and a coating diameter of only 450 !m.  There exhibit a 
bandwidth greater than 100 Mhz•km.  The ends of these fibers are polished and inserted into holes drilled into a camera 
lens cap so that they can be imaged by the detection hardware.     

2.2.2 Detection Hardware 

The detection hardware is comprised of a lens, imager intensifier, and CCD camera.  Light exiting the detector fibers is 
focused through a lens onto an Intensified CCD, ICCD, camera system (Picostar HR12, LaVision GmbH, Germany).  To 
collect as much light as possible from the relatively small diameter fibers, a “close-up” micro lens (60mm f/2.8D AF 
Micro-Nikkor, Nikon, Japan) is used to focus light onto the photocathode of the image intensifier.  A T-mounted 
extension tube (Edmund Optics) is used to distance the ends of the fibers to an appropriate focusing distance for the lens.  
The ICCD system consists of an image 
intensifier, a high rate imager (HRI) and a 
progressive scan CCD camera. The imager 
intensifier is packaged together with the high 
rate imager (HRI, Kentech Instruments Ltd., 
UK), which is responsible for controlling the 
bias voltages for the photocathode, MCP, 
and phosphor screen, and the RF gain for the 
photocathode triggering. The HRI also 
allows addition modulation of the 
photocathode through its trigger input, to 
which the slave signal generator is 
connected.  The slave signal generator share 
the same reference crystal oscillator operates 
and operate at the exact same frequency as 
the master signal generator, but with a 
controllable phase shift between the 2 signal 
generators. The modulation of the 
photocathode functions as a method of 
homodyne demodulation [7,8] with the 
caveat that the output signal is a function of 
the controllable phase shift.  During the 
image data acquisition procedure, this 
controllable phase shift is incremented and 
images are acquired at each phase shift.  A 
lens system is then used to couple the green light emitted by the phosphor screen onto the CCD camera (Imager 3 QE, 
LaVision GmbH, Germany).  The spectral response of the phosphor and the spectral sensitivity are matched with peaks 
in the green. The signal exiting the intensifier will be the product of the intensifier gain and the detector signal. The CCD 
camera measures the incident light with a controllable exposure time from 20 ms to 8 s.   

2.3 MRI-Optical-Animal Interface 

The MRI-Optical-Animal interface is shown in fig 2. The optical fibers from the frequency domain optical tomography 
instrument enter the microMRI from the top opening of the bore and proceed down to the position of the back-
reflectance probe-head which is positioned on the surface of the animals head.  The probe heads allows for illumination 
with 13 source fibers and light collection with 27 detection fibers.  The back reflectance probe-head has an L-shaped 
PVC frame and contains small quarter-turn segments of 0.25 mm plastic step index fiber (Fiber Optic Products, 
Clearlake Oaks, CA) that are used to couple light from the afore mentioned fibers to the source and detector positions on 
the surface of the animal’s head with as small of a turning distance as possible.  This way, all 39 fibers can be coupled to 
the animals head within the confines of the 38 mm inner diameter RF coil.  A thin glass tube ring circumvents the side of 
the probe-head that is in contact with the animal’s head.  It is filled with and MRI fiducial marker (Radiance ® Beekley 
Corp. Bristol, CT), which allows the co-registration of the source and detector locations with the MRI image. 

Figure 2: Details the interface of the frequency domain optical tomography 
instrument, the MRI scanner, and the rodent.   
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Figure 3: a T2 weighted fast-spin-echo image of an axial slice taken through the rat’s brain 

 

3. INITIAL EXPERIMENTAL RESULTS 
Initial experiments focused on rat brain imaging were conducted in order to confirm the functionality of our MRI-optical 
system for functional rodent brain imaging. A 230 g female wistar rat was anesthetized with an aqueous solution of 
urethane (20% by weight). An intra-peritoneal catheter was used to facilitate remote administration of contrast agents 
and drugs, while the rat is still in the imager. A ventilator was used to supply the rat with fresh room air inside the MRI 
magnet.  The rat had its scalp shaved to facilitate good optical coupling with the fiber optic probe.   

 
Figure 4: 3D images of the rat brain.  The whole volume is shown on the left, while a cut through the volume is shown on the right. 

 

Simultaneous optical recordings and MRI scans were conducted to observe the rat’s response to functional perturbations.  
First baseline T2-weighted fast-spin-echo (TR= 4400 ms, TE = 38.4 ms, sz= 117 !m x 117 !m x 400 !m) anatomical MRI 
scans of the brain were performed.  Fig. 3 shows an axial slice through the rat’s brain.  50 slices were acquired and will 

Proc. of SPIE Vol. 7171  71710Q­5



Hz

30

25

20

15

I '2

0

04

03

02S

02

0 5

 

 

be used to create a 3D geometric model for the optical 
tomography reconstructions. Visualizations of this 3D data are 
shown below in fig. 4.  Next, a multi-slice-multi-echo scan 
with echo times ranging from 10 ms to 100 ms in order to 
acquire baseline R2 images.  An R2 image is overlaid on top of 
its anatomical T2 weighted image in Fig 5.  During this time 
baseline optical tomography data was acquired with 
modulation frequencies of 200 MHz, 400 MHz, 600 MHz, and 
800 MHz.  Next functional data was acquired showing the rat 
brain’s response to carbogen (5% CO2 and 95% O2) breathing. 
In fig. 6 (left) the relative decrease in R2 is overlaid on the 
anatomical image and shows that relative decrease in 
deoxyhemoglobin is mostly global with some heterogeneity.  
A DC measurement trace, showing the transition from room 
air to carbogen and back to room air, for an example source 
detector pair at 760 nm is displayed in fig. 6 (right). Next, 4.5 
mmol/kg of gadodiamide (Omniscan, GE Health) was injected 
to the rat through the catheter.  After 30 minutes, when the 
gadolinium concentration had reached steady state, the multi-
slice-multi-echo scans were used in order to generate relative 
cerebral blood volume images (rCBV). The rCBV images are 
created by taking the ratio of the change in the R2 image over 

the change in R2 in pure blood [9].  Next, 10 mg/kg of kainic acid was injected into the rat through the catheter in order 
to induce a seizure.  After 50 minutes, a 0.2 ml injection of Nembutal was given in order to beak the seizure [10].  
During this time optical data was being recorded with a modulation frequency of at rate of about 1 Hz and multi-slice-
multi-echo MRI images were acquired every 4 minutes.  Figure 7 shows the rCBV images acquired before injection with 
kainic acid, just before injection with Nembutal, and 30 minutes after injection with Nembutal.  The images clearly show 
an increase in relative cerebral blood volume during the seizure and then a drop off after injection of the Nembutal. The 
change in rCBV in the hippocampus was found through segmentation and is shown in figure 8 (left).  Optical data was 
also recorded during this time.  Optical data was also recorded during this time and an example trace is shown in figure 8 
(right).  The points at which the Nembutal takes effect appear to be discernable from both temporal traces.   

 
Figure 6:Baseline relative cerebral blood volume image (left), rCBV image from just before injection of Nembutal (center), rCBV 
image from just after injection of Nembutal (right) 
 

 

Figure 5: Axial image of the R2 rate in the rat 

Proc. of SPIE Vol. 7171  71710Q­6



o 3

o 2

o i

01

o

004

003
U

Ai. C.',biI I1 Vob. , 4*c.cxnpi

s e zu re

b i'ea k

Twn.

I sisci. IBJm

 

 

 
Figure 7: Time trace of the change in rCBV in the hippocampus during injections of kainic acid and Nembutal (left) and example 
optical measurement time trace (right) 

 

4. CONCLUSION 
We have presented imaging system which combines a small animal microMRI scanner with a frequency domain optical 
tomography instrument for the imaging of rodent brains.  We have described an optical tomography imaging system 
which is capable of achieving modulation frequencies as high as 1 GHz.  We then went on to describe how the frequency 
domain imager was fiber optically coupled to the rodent brain inside the MRI system in order to allow co-registration.  
We then presented the results of two initial functional rat brain imaging experiments.  In the carbogen breathing 
experiments, the result of a somewhat global decrease in deoxyhemoglobin since carbogen breathing causes more 
oxygenated blood to flow to the brain.  The seizure experiment, it appears we are able to track the onset of the kainic 
acid induced seizure as it should increase neural activity and thus blood volume in the brain.  It also appears we can 
observe the suppression of the seizure by the Nembutal as cerebral blood volume decreases, which indicates a decrease 
in neural activity.  We look forward to the generation of reconstructed optical tomography images from these 
experiments, but more work is needed to incorporate the MRI data into the optical tomography reconstructions.  Future 
work will also focus on improving signal to noise ratios and conducting more experiments. 
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