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A. AIMS

Though widely used for functional neuroimaging, BOLD fMRI measures a relative change in blood oxygenation and is subject to confounds due to variations in baseline physiology and the competing effects of changes in blood flow and oxygen metabolism. These uncertainties currently limit BOLD imaging and have stymied applications that depend on repeatability. An attractive strategy for working around these BOLD limitations is to pursue a quantitative measure of the relative change in the cerebral metabolic rate of oxygen (rCMRO​2​) synthesized from a complete set of hemodynamic parameters. fMRI, by itself, is currently unable to provide this complete set of hemodynamic parameters in humans during brain activation without relying on untested assumptions relating flow and volume changes. The goal of this grant is to develop and validate a multi-modality methodology for metabolic neuroimaging of the cortex through the integration of Diffuse Optical Tomography (DOT) and MRI. 


Diffuse optical imaging has been demonstrated to be an effective tool for monitoring local changes in total hemoglobin concentration and oxygenation during functional brain activation. In this project, we will advance the non-invasive optical neuroimaging technology to increase the quantitative accuracy of estimated baseline and dynamic hemoglobin concentrations. A novel hybrid time domain and continuous wave brain imaging system will be combined with MRI guided reconstruction methods.  The quantitative baseline and functional optical measures of total hemoglobin, and deoxyhemoglobin will be combined with fMRI arterial spin labeling measures of the relative change in cerebral blood flow (rCBF) to calculate images of rCMRO2. Validation will be pursued through a combination of graded global and focal modulations and through comparison with analogous fMRI measures. The project will consummate in characterizing the rCMRO2 response to graded levels of somatosensory stimulation and variances in baseline physiology. We anticipate that validation of this metabolic imaging method will have wide applications both in studies of metabolic-vascular response in normal and diseased humans and use as a quantitative functional neuroimaging method to facilitate future longitudinal and across subject studies. 
Aim 1: Advance Optical Imaging algorithms that exploit MRI anatomical information to provide quantitative baseline hemoglobin concentrations and their evoked response.
a) Use MRI anatomical images to guide time-domain optical characterization of the baseline tissue optical properties.  Identify optimal optical probe geometry and measurement sequence.

b) Develop algorithms that constrain continuous-wave diffuse optical tomographic images of brain activation to the cortical regions of interest as revealed by MRI.

Aim 2: Advance the optical instrumentation to provide quantitative measures of total and deoxy-hemoglobin concentrations, and fMRI methodology for fast measures of rCBF.
a) Advance the continuous-wave instrumentation to obtain overlapping measurements of brain activation to afford tomographic images of activation with improved accuracy and spatial resolution.

b) Develop an integrated Time-Domain and Continuous-Wave fiber optic probe.

c) Optimize ASL for event-related experimental designs.

Aim 3: Assess our system performance for measuring hemoglobin concentrations and rCMRO​2, test hemodynamic models, and explore the metabolic-vascular relationship during focal brain activation 

a) Assess system accuracy in human studies by 1) evaluating reproducibility of estimated baseline optical properties, and 2) comparing the fMRI and DOT co-localization, amplitude, and temporal changes of brain activation.

b) Measure the flow-volume relationship for hypercapnia and somatosensory stimulation to test an underlying assumption in the fMRI estimate of rCMRO2.

c) Validate our measure of rCMRO2 by confirming that stimulus induced rCMRO2 does not vary within a physiological range of hypercapnia

d) Explore the metabolic-vascular relationship during parametric somatosensory stimulation in humans.  

B. Background and Significance

B1. Understanding Functional Activation of the Brain

Our ability to observe functional activation of the human brain has progressed rapidly in recent years through the development and advancement of several noninvasive techniques, including EEG, MEG, PET, fMRI, and Diffuse Optical Tomography (DOT).  Concurrently, we have seen a rise in the number of studies using these techniques to gain a better understanding of how the brain processes stimuli.  Such studies have explored responses to functional activation at the neuronal, metabolic and vascular levels, and thus have provided a detailed picture of what happens in the brain in the wake of activation.

That picture remains incomplete, though.  EEG and MEG measure electrophysiological responses to activation with excellent temporal resolution, but offer relatively poor spatial resolution.  Therefore it is difficult to localize the signals within the head.  PET, fMRI, and DOT measure the metabolic and hemodynamic response to neuronal activation, and with improved spatial resolution, particularly fMRI which can offer better than 1 mm3 resolution.  However, improved spatial resolution comes at the expense of temporal resolution and loss of direct neuronal information, as the metabolic and vascular signals represent a reduction of the many facets of brain activity – for example, synaptic activation, synaptic inhibition, action potential of the neuron soma and subthreshold depolarization – to a single measure of either “metabolism” or “blood flow,” which limits the interpretability of the activation signal. Thus, functional activation studies are faced with the challenge to understand the relationships between the evoked neuronal, metabolic, and vascular responses to guide physiological interpretation of the measured signals.


The idea of a close relationship between cerebral blood flow (CBF) and neuronal activity was first discussed by Roy and Sherrington [1] and only relatively recently confirmed experimentally [2-4].  With the advent of BOLD fMRI in the early 1990’s [5-8], and its wide application to functional neuroimaging, there has been a greater need to understand the more general neuro-vascular relationship, that is, not just the CBF response to neuronal activity but also the response of hemoglobin oxygenation (as measured by BOLD) and cerebral blood volume (CBV).  The interplay between CBF, CBV, and oxygenation responses, generically known as hemodynamic responses, to neuronal activation has received much attention recently because of its direct relevance to the interpretation of fMRI signals [9-13].  Without an understanding of this interplay, it is not possible to discern the differing contributions of flow and oxygen consumption to the hemodynamic response as measured by BOLD fMRI, and thus differences between the effects of vascular plumbing and the cerebral metabolic rate of oxygen (CMRO2).  Distinguishing these differences will enable greater quantitative interpretation of hemodynamic signals for the neurosciences, making longitudinal and cross-subject studies more fruitful. It is also likely to have significant impact in diagnosis and treatment of neuro-diseases such as stroke, Alzheimer’s disease, and psychiatric disorders.
The nature of the coupling between neuronal activity and hemodynamic response is a subject of great debate [14-18]. Many fMRI studies have relied on a linear coupling model, where the hemodynamic signal is assumed to be proportional to a measure of neural activity. If a linear relationship were a satisfactory approximation, this would greatly simplify the analysis and interpretation of fMRI data [15]. Indeed, a number of recent studies have provided evidence in support of a linear coupling model, showing that hemodynamic signals correlate linearly with synchronized synaptic activity [18-21] as well as with neural firing rates [22] and single-cell activity [23, 24]. Contrary to these encouraging results, though, several recent studies indicate a more complex relationship.  Lauritzen et al have observed that neuronal activity can become fully developed without a CBF response [25], and at the other extreme their can be a CBF response with only sub-threshold neuronal activity [17]. Hyder et al. [26] found a non-linear relationship between BOLD signal and spiking activity in rats during fore-paw stimulation, that the evoked hemodynamic response varied with basal condition, but that the relative change in CMRO2 (rCMRO2) was proportional to the relative change in spiking activity despite variation in basal conditions.  These data suggest that a measure of CMRO2 will provide an important connection in understanding the neuro-vascular relationship, or more appropriately the neuro-metabolic-vascular relationship. 

The goal of our proposed project is to advance and validate Diffuse Optical Tomography (DOT) instrumentation and image reconstruction technology, integrated with MRI, to obtain quantitative images of rCMRO2 with improved accuracy and spatial-temporal resolution relative to current PET and fMRI methodologies.  We will then use this new methodology to explore the metabolic-vascular relationship during a graded median nerve stimulation task in an effort to gain greater insight into the physiological processes associated with brain activation.

B2. Imaging the Cerebral Metabolic Rate of Oxygen (CMRO2)

While it is generally accepted that regional values of CBF and CMRO2 are tightly coupled at rest [27], tight coupling has not been observed during activation.  Fox and Raichle [3, 4] were the first to measure the relationship of the relative change in CBF (rCBF) to rCMRO2 during brain activation. Using PET, they found that focal increases in CBF where roughly 6 times greater than that in CMRO2.  This observation of an “uncoupling” of rCBF and rCMRO2 has been confirmed by a number of other PET studies [28-34], and is consistent with the fMRI BOLD measurement during activation that indicates a reduction in oxygen extraction fraction suggesting a reduced rCMRO2 relative to rCBF [7, 35-38].  However, several authors have recently argued that rCBF and rCMRO2 are indeed “coupled” as larger changes in CBF are necessary to produce small changes in capillary-tissue pO2 gradients to support smaller changes in CMRO2 [9, 11].  More detailed exploration of this phenomenon with PET, however, is challenged by poor spatial-temporal resolution, and invasiveness of the procedure.


fMRI has advanced with the advent of flow and oxygenation measurements and a global hypercapnic calibration procedure to obtain measures of rCMRO2 [38-45], enabling more detailed study of the coupling of metabolic and vascular responses during activation [46].  The calculation of CMRO2 from hemodynamic parameters is given by the simple formula (1+rCMRO2) = (1+rCBF)(1+rCBVven)-1(1+rHbrven) where the subscript ‘ven’ indicates Hbr and CBV quantities in the venous vascular compartment [11, 47, 48].  The fMRI procedure for estimating rCMRO​2 utilizes a number of assumptions to obtain Hbr and CBV that require exploration.  A central issue for human studies is the inability to measure relative changes in CBV (rCBV) during activation, and thus a flow-volume relationship is assumed.  The Grubb relation CBV=CBF( with (=0.38, measured under steady state conditions in rhesus monkey [49], is generally assumed applicable during brain activation in humans. fMRI and optical studies in animals have shown that this relation may be reasonable during activation but with a range of 0.18 < ( < 0.36 [12, 48, 50].  It has been suggested that an error in ( will cancel in the estimate of rCMRO2 as the same assumption is made during the hypercapnia calibration [13].  However, this error cancellation will only work if the flow-volume relationship is the same for hypercapnia and activation, and studies are beginning to suggest that this is not the case [51, 52].  Certainly, it would be best to have simultaneous measures of rCBF and rCBV so that a reliance on model assumptions was reduced, particularly as efforts move towards transient measures of rCMRO2 during which the flow-volume relationship is dynamic and more complex as shown through models and experiments [10, 12, 48, 53].  Diffuse optical tomography may offer a solution to this problem by providing more quantitative experimental data for estimating rCMRO2, which will in turn guide further model development of neuro-metabolic-vascular coupling.

B3. Diffuse Optical Imaging of the Brain

Recent advances in our understanding of light migration through tissue [54-57], the resulting development of tomography algorithms (for a review see [58]), and subsequent experimental verification in phantom [59, 60], animal [61, 62], and human [63-65] systems have shown that imaging with diffuse light is in fact possible.  Diffuse optical tomography (DOT) at centimeter depths is afforded by the relatively small absorption spectra of water, oxygenated hemoglobin (HbO), and deoxygenated hemoglobin (Hbr), the three primary absorbers in tissue at near-infrared wavelengths (670-980 nm) [66].  Thus DOT offers the opportunity to quantitatively image three-dimensional spatial variations in total hemoglobin concentration (proportional to CBV by hematocrit) and oxygen saturation.
The most widely used methods for imaging incorporate a semi-infinite forward model[54, 67] and either back-projection[68, 69], or perturbation approaches[58]. Semi-infinite homogeneous medium models for brain imaging present several problems. The head has a layered structure of skin, muscle, bone, cerebral spinal fluid, and brain tissue. Algorithmic solutions have recently been developed to model these features[70]. Finite difference and finite element methods have been used to model the layered and boundary effects[70]. Both Monte Carlo and analytic extensions to the diffusion approximation have been used to model lower scattering regions such as the CSF[71, 72]. A second set of improvements involves strategies that use anatomical knowledge[61, 73, 74] to aid in the light modeling. For example, Pogue et al. used MRI segmentations of a rat head structures in combination with finite element modeling [61]. In addition, more sophisticated inverse methods are being pursued to account for these modeling obstacles. Advances in the inverse method include: analytic diffraction tomography approaches [75-78], perturbation approaches [59, 73, 79-82], the Taylor series expansion approach [83-88], gradient-based iterative techniques [89], elliptic systems method (ESM) [90, 91], and Bayesian conditioning [92, 93].  
Since the mid-1990s, an increasing number of researchers have used diffuse optical imaging for human functional brain studies. The former have employed the technique to study cerebral response to visual[94-99], auditory[100] and somatosensory[101-103] stimuli; other areas of investigation include the motor system  [104-106] and language [107]. The latter have addressed the prevention and treatment of seizures [108-111] and psychiatric concerns such as depression [112-114], Alzheimer’s disease [115-118] and schizophrenia [119, 120], as well as stroke rehabilitation [121-124].

Studies such as these have benefited from improved sensitivity in diffuse optical imaging.  However, there is still a need for improvements in resolution and quantitative accuracy. This grant will improve upon previous diffuse optical brain imaging by developing hybrid time-domain/continuous-wave instrumentation that will provide overlapping measurements for quantitative characterization of the optical properties.  Furthermore, because DOT has relatively low spatial resolution, the technique will also benefit from algorithms that use structural, anatomical guidance as priors in the image reconstruction process.  Such guidance can be obtained by combining DOT with structural and functional MRI. All of these advances will be made in our proposed project to achieve the first true DOT images of brain function in humans with spatial resolution and quantitative accuracy further enhanced by MRI and fMRI guidance.


Another limitation of DOT is penetration depth.  While the studies mentioned above indicate that diffuse optical measures currently have sensitivity to a wide range of motor, somatosensory, visual, and cognitive functions, the depth sensitivity prevents imaging deep brain structures.  We believe that the depth sensitivity of DOT has not yet been fully optimized, and in a future project anticipate the ability to improve depth sensitivity through the use of time-gated detection of pulsed lasers.

B4. Multi-Modality Imaging of CMRO2
In recent years, researchers have begun to combine modalities in order to improve imaging.  For example, DOT is useful in imaging functional changes but not in imaging anatomical structures (i.e., it has high temporal resolution and good hemodynamic specificity but low spatial resolution).  Consequently, it is difficult to locate images precisely within anatomical structures, and therefore to interpret the images.  Multi-modality imaging offers a solution to this problem by combining modalities with complementary strengths, such as MRI anatomical with DOT functional and fMRI rCBF with DOT rCBV and rHbr. Moreover, by integrating differing modalities for simultaneous measurements, the images are co-registered both spatially and temporally.  Thus, we avoid inherent problems of comparing images obtained at different times and under different conditions.

In this project we propose to integrate MRI and DOT to measure responses to functional activation of the human brain.  The combination of DOT with MRI anatomical guidance will allow for greater quantification of the hemodynamic response to activation and improve the spatial resolution of the DOT image, relative to DOT alone.  We will also use this multi-modal approach to improve our estimation of CMRO2 through the combination of an fMRI measure of rCBF and the DOT measures of rCBV and rHbr.


Anatomically guided DOT: We will achieve these goals by utilizing time-domain DOT (TD-DOT) [125-127] measurements guided by MRI to characterize the baseline and steady-state tissue optical properties and brain hemoglobin concentrations.  Continuous-wave DOT (CW-DOT) measurements will be utilized to image localized brain activation, because of the technique’s superior temporal resolution relative to TD-DOT. Through an fMRI spatial prior, these measurements should provide quantitative information about relative changes in HbT (rHbT) and Hbr (rHbr).  rHbT is equal to rCBV assuming hematocrit doesn’t change, and thus we use rCBV ad rHbT interchangeably. While it is likely that hematocrit changes during activation, the change is unlikely to dramatically impact our estimate of rCMRO2, particularly since rCMRO2 depends on rHbT rather than rCBV. These quantitative measures of rCBV and rHbr provided by DOT, are not easily obtained in humans by MRI.  

DOT/fMRI synthesized rCMRO2: Combined with the fMRI measure of rCBF, we will explore the variation of the flow-volume relationship during hypercapnia and during activation, enabling us to test an important assumption in the fMRI rCMRO2 measurement.  The DOT independent measures of rCBV and rHbr remove the dependence on assumptions for the flow-volume relationship and hypercapnia calibration of the BOLD signal and should thus provide a more accurate and robust measure of rCMRO2 during activation.  We will test the accuracy/robustness by confirming that we obtain a constant activation induced rCMRO2 at different levels of hypercapnia.  We will then explore the metabolic-vascular relationship for a parametric median nerve stimulus.  From this last experiment, we will explore the still controversial timing of rCMRO2 onset relative to that of rCBF and rCBV, and whether rCMRO2 is tightly coupled with rCBF through diffusion limited oxygen delivery [9]. We will gain more insight into the post-stimulus overshoot of rHbR as literature results suggest it may be due to delayed recovery of CBV [12], an undershoot of CBF, and/or a delayed recovery of CMRO2.

C. Preliminary Results

The main goal of this proposal is to non-invasively image CMRO2 changes in humans during brain activation. To achieve this goal, we need to combine DOT with fMRI to simultaneously measure percent changes of CBV and Hbr from DOT, and percent changes of CBF with ASL. To make DOT more quantitatively accurate, a large effort is required to improve the measure of baseline optical properties, the tomographic image reconstruction, and correction of partial volume effects. In this section, we present our theoretical and instrumentation advances toward meeting these needs, and preliminary results indicating partial solution. Our preliminary results of simultaneous ASL fMRI and DOT show the feasibility of our methodology for measuring rCMRO​2 in humans, but much more effort is required to improve the robustness and quantitative accuracy of the method, and validate its performance.

C1. Algorithms

In the past few years we have developed a number of forward and inverse algorithms for photon migration imaging in the head and in the breast.  These algorithms are contained in a Matlab Toolbox that we call PMI and are used routinely in our lab.  We provide this toolbox to external researchers to help in dissemination of this new technology.   We will continue to develop and modify this toolbox to address the aims of this proposal.  Accurate estimate of the head optical properties from experimental measurements requires accurate modeling of photon migration through the complex tissue structure of the head.  We are exploring the relative merits of the computationally expensive, but more accurate, transport equation versus the faster diffusion approximation. We have also been studying the improvement that anatomical guidance provides in the estimation of baseline optical properties of the brain and tomographic reconstruction of brain activation.  Our preliminary results suggest that integrated MRI and DOT measures of brain function offers the possibility of quantitative hemodynamic imaging.

C1a. Photon migration forward problem – Monte Carlo solution of the transport equation

Appropriate treatment of the complex, non-planar air-tissue and internal tissue boundaries is critical for accurate modeling of photon migration through the human head. This anatomical information can be provided by structural MRI images.  Given this boundary information, we can then solve the photon diffusion equation or radiative transport equation using numerical approaches such as the finite difference, finite element, and Monte Carlo methods.  We have implemented a Monte Carlo solution of the radiative transport equation [128].  This solution allows for spatially varying optical properties and a mis-match in the index of refraction between tissue and the surrounding air. This Monte Carlo code allows us to obtain results in a complex 3D head model with a signal-to-noise ratio greater than 100 at distances of up to 30 mm with a 1 mm2 detector and with 108 photons propagated within 5-10 hours of computer time on a Pentium III 1000 MHz CPU (faster with today’s newer desktop computers). Solutions for multiple source and detector positions are obtained in parallel on a parallel cluster of Linux computers with 24 nodes. The parallel computer architecture we have enables us to use the more accurate Monte Carlo methodology for routine analyses. Example results obtained with this Monte Carlo code can be found in papers by Boas et al. [128] and Strangman et al [129] (see Appendix B,H).

C1b. Photon migration forward problem – Finite-Difference solution of the diffusion equation

We use a Finite-Difference Time-Domain (FDTD) method to solve the diffusion approximation (DA) for a pulse of light propagating through a complex 3D head geometry. Details are given in the paper by Barnett et al. [93] with example results (see Appendix A). For a 2 mm voxel size, with 3.3 x 104 nodes in the required head volume, our current FDTD method takes about 8 seconds per source (on a 1GHz CPU) to simulate 2 ns of propagation time.

An important note is necessary to explain how we treat the cerebral spinal fluid (CSF). In recent years, research has shown that large fluence errors can result when the extremely low (s’ value in void-like regions is fed directly into the DA [56] (these errors were measured by comparison with transport equation solutions). We have chosen a different tactic, similar to that of Ripoll et al. [130]: by giving the CSF an effective (s’ for use within the DA, we have been able to approximate the physics much better than possible using the true (s’. Line-of-sight distances in the CSF are small, we believe of order l ~ 1-3 mm, due to highly irregular geometry and vasculature. We believe the optimal DA choice (which may vary from subject to subject) is a (s’ of order l/l. Our preliminary results suggest that the fluence field is not very sensitive to the exact (s’ chosen, when the full 3D MR head geometry is modeled. In contrast, most previous comparisons have used idealized 2D CSF geometries with long lines of sight [56, 131, 132], or 2D models taken from a single MR slice [56]. In this paper we fix (s,csf’ = 0.4 mm1. The largeness of this choice is in part influenced by numerical efficiency: the CPU time for our current FDTD scales inversely with the smallest (s’ in the system, which is always (s,csf’ in our case.

C1c. Comparison of Finite-Difference and Monte Carlo solutions for a 3D human head model

We have performed some initial comparisons of the finite-difference and Monte Carlo solution methods for our complex 3D head geometry. Qualitatively, the finite-difference solution agrees with the Monte Carlo solution.  If this holds for a quantitative comparison, then we will be able to use the much faster finite-difference solution of the diffusion equation for the analyses discussed in our methods.  Otherwise we will have to use the Monte Carlo solution, which takes significantly longer but is still manageable with our computer cluster.  Our initial quantitative comparison shows that the finite-difference solution over-estimates brain sensitivity relative to the Monte Carlo solution.  As described in the methods, we will explore the systematic error that this introduces in our estimate of the baseline and activation induced brain optical properties to ultimately decide whether to use the finite-difference solution of the diffusion approximation.
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C1d. MRI anatomical guidance in the characterization of baseline optical properties
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Given accurate modeling of photon migration through the head, we can now explore what improvement is possible in fitting baseline optical parameters when anatomical segmentation information becomes available. To date, most optical brain spectroscopy and imaging research has assumed that the head is homogeneous [133-137]. Here, we compare the results of estimating the brain optical properties from time-domain measurements when incorrectly assuming the head to be homogeneous versus using the correct anatomical information. These results, presented in the paper by Barnett et al. [93] (see Appendix A), demonstrate that treating the head as a homogeneous medium results in significant errors in the estimation of the brain optical properties (greater than 50% and non-linear with variation in the brain optical properties).  When the correct anatomical information is available, optical properties can be estimated with better than 10% accuracy with realistic measurement and model noise.  These results are summarized in Fig. 1.  For more details see the paper in Appendix A.  These results show the importance of using time-domain measurements with MRI anatomical guidance to accurately infer the baseline optical properties, which are necessary for correct estimation of changes in CMRO2.  While this simulation demonstrates the feasibility, a number of additional parameters must be considered to optimize the experimental system.  These will be addressed in our Methods.

C1e. Cortically constrained DOT of brain activation

Using the 3D segmented head shown in Fig. 3d with scalp, skull, CSF, grey, and white matter (optical properties used are same as in Appendix A,B,H), we can explore the ability of different arrangements of sources and detectors to accurately localize and characterize focal brain activation.  While a few studies have attempted tomographic brain imaging [61, 62, 65, 138], to date, the majority of DOT of brain activation experiments have used only measurements with nearest neighbor combinations of sources and detectors [63, 139, 140].  These geometries do not lend themselves to tomographic image reconstruction, which requires overlapping measurements, but are instead typically analyzed with interpolation or back-projection procedures [63, 68, 139] which are known to have large partial volume errors [129, 141] and other systematic errors owing to the mistreatment of the inverse problem.  To improve the spatial resolution and accuracy we need overlapping measurements to afford tomographic image reconstruction.  
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We are exploring a hexagonal arrangement of 15 sources and 32 detectors as shown in Fig. 2, which enables us to measure light from first and second nearest neighbor sources with a reasonable dynamic range requirement.  Using Monte Carlo simulations, we simulated the 114 measurements of the brain activation shown in Fig. 3, and created the linear imaging matrix A for absorption perturbations on a 1 mm3 cubic voxel lattice within the cortex.  The matrix A relates the absorption perturbation at each voxel in the vector x to the measured optical perturbation in the vector y, y = A x [58].  Considering voxels only within the cortex acts to constrain the image reconstruction to the cortex where we expected the brain activation to occur.  We also created an imaging matrix assuming that the measurements were made on the planar surface of a semi-infinite medium and that the absorption perturbation occurred in a 5 mm thick plane 15 to 20 mm below the surface, chosen to constrain the image reconstruction to the “cortex”.  In this way, we are able to compare images reconstructed using only the 62 nearest neighbor measurements versus the 114 first and second nearest neighbors.  We can also compare the improvement afforded by reconstructing the image given the correct anatomical information versus assuming a semi-infinite medium.  These results are shown in Fig. 3.  To facilitate comparison of the 3D cortically constrained head reconstruction with the planar semi-infinite reconstruction, we used a maximum radial intensity projection to flatten the cortical reconstruction onto a plane. Notice that the nearest neighbor measurement does not properly localize the position of the activation in either case.  The position is accurately obtained with the additional measurements.  The cortically constrained reconstruction has a higher spatially resolution and reconstructs the correct amplitude to within a factor of 2, whereas the semi-infinite reconstruction is off by a factor of 1000 (see Cheng et al [142] in Appendix C for a detailed discussion of this 1000 fold error).  We expect to improve further the quantitative accuracy of the cortically constrained reconstruction by optimizing the regularization and employing a spatial prior within the cortex, as can be supplied by fMRI.  The image reconstruction procedure described above assumes that the absorption change within the tissue produces a linear change in the optical measurement, and used measurement variance to regularize the inverse problem.  This linear approximation is reasonable given the small (typically <3%) signal changes that we observe for cortical activation.

C2. Instrumentation

Here we describe our initial results from developing the time-domain (TD) instrumentation for characterizing the baseline optical properties of the brain, and the continuous-wave (CW) instrumentation for measuring brain activation.  The results suggest that the TD instrumentation is adequate for our purposes, and that the CW instrumentation needs straight-forward extension to acquire overlapping measurements for improved tomographic imaging of brain function.

C2a. Time-Domain instrumentation
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Our time domain diffuse optical tomography system (TD-DOT) is built around a pulsed laser that can deliver light to 150 different source positions and a temporally gated image intensified CCD detector (LaVision) that can simultaneously image light from 315 detector fibers.  For our light source we use a mode-locked Ti:Sapphire laser (SpectraPhysics MaiTai, <100 fs pulse width), attenuated to a safe power level using crossed polarizers.  The laser is tunable from 750–850 nm with a spectral bandwidth of approximately 20 nm.  The light from the laser is optically multiplexed into one of 150, 200 (m source fibers.  The multiplexer design is based on a dual-axis galvonometer that switches between any two fiber outputs in ~1 ms (see Fig. 4a).  The 150 output fibers are fixed in a rectangular plate and are attached to the multiplexer via a kinematic mount. The electronic pulse train from the laser is first sent through a constant fraction discriminator (CFD) to correct for pulse-to-pulse amplitude variations.  The signal is then fed into an electronic delay box and is then used as the trigger to the gated image intensifier.  The delay box is computer controlled and allows us to set the relative delay between the laser and the image intensifier in 25 ps increments.  The gated image intensifier acts as a very fast (200–1000 ps) shutter passing only a “window” of the emerging light back to the CCD.  The 12-bit CCD integrates the signal from a few milliseconds to a few seconds, depending on the output intensity and the experimental constraints and then is stored to disk by the computer.  Attached to the image intensifier is a lens system that images a plate with 315 detector fibers on to the front of the image intensifier (which, in turn, is imaged by the CCD) (see Fig. 4b).  Using a CCD instead of an APD or a PMT allows us to collect data from all 315 detector fibers in parallel.  The CCD images are then post-processed to identify the signal at each of the detector fibers as a function of delay time, laser wavelength, and source position.  Data is generally collected by measuring the full temporal evolution of the pulse of light for each source position, then switching through all source positions, and finally switching source wavelength.  A full scan through 4 ns at 16 source positions with 4 wavelengths (750, 780, 800, and 830 nm) of light will take less than 8 minutes (less than the time of the simultaneously acquired anatomical MRI).


We have used this system to measure the temporal evolution of a pulse of 800 nm light as it traveled between a source and detector fiber separated 3 cm over the motor cortex.  The experimental results and theoretical fit to the data are shown in Fig. 5.  Assuming a semi-infinite homogeneous medium, the fit estimates a reduced scattering coefficient of 13.4 cm-1 and an absorption coefficient of 0.164 cm-1.  These data demonstrate that our TD-DOT system can obtain measurements from an adult human head in a reasonable amount of time with good SNR.

C2b. Current Continuous-Wave instrumentation 
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The multi-channel continuous wave (CW) optical imager that we used for the preliminary data collection (CW4 system, developed at the Photon Migration Lab NMR-Center, Massachusetts General Hospital, assembled by TechEn Inc.) has 18 lasers (intensities driven at 18 different frequencies) and 16 detectors.  The 18 lasers are divided into 9 lasers at 690 nm and 9 at 830 nm. A master clock generates the 18 distinct frequencies between 4 kHz and 7.4 kHz in approximately 200 Hz steps.  These frequencies are then used to drive the individual lasers with current stabilized square-wave modulation.  The detectors are avalanche photodiodes (APD’s, Hamamatsu C5460-01).  Following each APD module is a bandpass filter, a cut-on frequency of ~500 Hz to reduce 1/f noise and the 60 Hz room light signal, and a cut-off frequency of ~16 kHz to reduce the third harmonics of the square-wave signals.  After the bandpass filter is a programmable gain stage to match the signal levels with the acquisition level on the analog-to-digital converter within the computer (see Fig. 6 for a block diagram of the system).  Each detector is digitized at ~40 kHz. The individual source signals are then obtained by use of a digital bandpass filter – for example, a discrete Fourier transform or an infinite-impulse-response filter. The individual source signals are separated off-line by using an infinite-impulse-response filter with a 10-50 Hz band pass frequency, enabling us to produce optical images with a frame rate >10Hz.  This system has been extended to a 32 laser by 32 detector system that will be used in the proposed studies (we call this the CW5 system).


Example optical images of motor-sensory functional studies performed with our initial CW system are shown in the paper by Franceschini et al. [103] (see Appendix E).  This paper demonstrates that functional images of finger tapping, tactile, and median nerve stimulation can be obtained.  The results indicate that DOT can detect difference in amplitude and spatial extent of differing stimuli induced activations (see example results in Fig. 7).  The images produced by this system to date were reconstructed using a back-projection method.  We will advance the technology and methodology to collect overlapping optical measurements to afford tomographic image reconstruction.  The next sub-section shows our initial progress towards this goal.

C2c. Obtaining “tomographic” data with the Continuous-Wave instrument

With the current instrumentation, the dynamic range of the APD limits the extent to which we can have a denser grid. In our system all of the sources are on at the same time. Because of the strong exponential decay of light intensity within tissues, we lose sensitivity to the next closest sources when we optimize the detector gain for the close sources. To increase the dynamic range of the instrument we are planning a straightforward hardware modification, which will make the system a mix of frequency and time encoding multiplexing. A new control card will sequentially turn on four sets of lasers, and will synchronously alternate between four discrete programmable detector gain stages. In this way, by optimizing the arrangement of sources and detectors on the probe, the detector gain will alternate to detect close and far sources. 
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We have tested this idea on several subjects during rest and a motor task with our current instrument. We repeated the measurement with different groups of sources on and off, optimizing the gain of the detectors each time. For reasons described above in section C1e, we used the hexagonal probe geometry (see Fig. 8c) with 8 source and 15 detector positions. We switched on three source groups separately, and acquired signals from all 15 detectors after manually optimizing the gain. In this way we were able to measure signals with decent SNR>20 for source-detector pairs at both the closest (2.5 cm) and next nearest (4.2 cm) distances.  We performed a blocked finger tapping task for 20 s with a 20 s rest, repeated 10 times for each set of “on” sources.  A comparison of the backprojection image using only nearest neighbor measurements with the DOT image using 1st and 2nd nearest neighbor measurements is shown in Fig. 8a and b respectively for the 690 nm measurement.  The activated motor cortex is under source 5 where we see a decrease in the absorption coefficient due to a decreased Hbr concentration.  The increased absorption seen more medially (towards the left of the image), most likely results from increased blood volume in the sagital sinus.  Importantly, notice that the DOT reconstruction reveals the activation with a higher spatial resolution.  This rough preliminary result indicates that we can obtain overlapping measurements for DOT.  Further work is required to optimize the measurement and verify the accuracy.

C3. Simultaneous MRI and DOT of brain activation

In the past 3 years we have routinely performed simultaneous DOT and MRI measurements.  This is straight-forward to do by utilizing 10 m fiber optics that allow our optical instrumentation to be in the MRI control room while the optical signal is delivered to and received from the subject with out interfering the MRI signal.  The details of our MRI compatible optical probe and our planned extensions to the probe are described in the methods in section D2b. 

An example of simultaneously acquired raw optical and MRI signals are shown in Fig. 9 for a subject performing a 3 Hz finger tapping task (see Strangman et al. [143] in Appendix G for details). Optical data at 786 and 830nm for the source-detector pair located closest to the fMRI activation is displayed in optical density change (OD) units (natural log), with increases thereby indicating an increase in absorption. The MR timeseries—an average over 4 voxels localized to the superior parietal lobule—is plotted in percent-change units, scaled to match the amplitude of the optical data. (Actual peak percent change in BOLD signal was 5%.) The two signals are clearly related despite the potential for optical sensitivity to global changes in overlying tissues described by [71].

The lower portion of Fig. 9 provides additional temporal detail for the optical signal and highlights the fact that the apparent noise in the longer optical timeseries is actually cardiac pulsations (frequency ~1.1Hz) and hence physiological variation, not optical measurement noise. The oscillations with a period of approximately 10 sec may reflect Mayer waves [144, 145], although such low-frequency phenomena in humans have only recently been described in detail [146]. 

C4. Measurements of rCMRO2
C4a. Near Infrared Spectroscopy of rCMRO2 

Near Infrared Spectroscopy (NIRS) provides an approach to estimating rCMRO2 that is similar to the fMRI approach, in that rCMRO2 is estimated indirectly from hemodynamic parameters.  NIRS has an advantage over fMRI, thought, in that it provides a direct measure of oxygenated hemoglobin (HbO2), deoxygenated hemoglobin (Hbr), and total hemoglobin concentration (HbT, proportional to CBV) [136].  The temporal resolution of NIRS can be better than 10 ms enabling a more accurate characterization of transient phenomena.  However, it will be difficult to use NIRS to measure rCBF during cerebral activation, as bolus tracking methods must be employed [147, 148] which are poor for transient measurements.  Thus, a NIRS estimate of rCMRO2 requires an assumption to estimate rCBF from a measure of rCBV, opposite to the requirement of fMRI to estimate rCBV from rCBF.  
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Previous optical studies have estimated rCMRO2 in animals by thinning or removing the skull to obtain direct visualization of the cerebral vasculature oxygenation and volume and enable laser Doppler measurements of rCBF [48, 50, 51, 53].  We show that NIRS can be used to estimate rCMRO2 non-invasively during cerebral activation in humans.  We do this with a motor finger-tapping stimulus with rapid presentation of event-like stimuli.  We use the Windkessel model [12] to provide a relationship between rCBF and rCBV.  
Figure 10 shows the average time courses for rHbr, rHbO2, and rHbT from all 1440 trials (or events) of the motor task across 8 subjects.  The data shows the typical hemodynamic response pattern, with a task related increase in HbO2 and a decrease in the relative concentration of Hbr. Note, however, that the post-stimulus overshoot in Hbr is not accounted for by a delayed recovery in HbT as suggested in [12]. Without presenting here the details of the 13 parameter non-linear model relating rCMRO2 to rHbT and rHbR, we describe the results of the optimal (2 fit to the first 12 seconds of the experimental rHbT data (see section D3f for more details).  The optimal fit has a reduced (2( = 1.0.  The fit is shown by the lines in Fig. 10.  In the fit, we consider only the first 12 seconds so as to avoid issues with post-stimulus over- and under-shoots of the hemodynamic parameters.  The peak rCBF is 22% while the peak rCMRO2 is 10% (a flow-consumption ratio of 2.2). 

We can estimate the uncertainty in each model parameter by varying the parameter until the reduced (2( is increased by 1, while minimizing (2( by fitting the remaining parameters.  Doing so, we find that several of the model parameters are not bounded, while most of the rest have large uncertainties owing to the large number of degrees of freedom (result not shown).  This is an intrinsic limitation to estimating rCMRO2 with incomplete hemodynamic information. The wide range of acceptable values for the fitting parameters produces significant variation in rCBF and thus rCMRO2.  The flow-consumption ratio of the percent changes rCBF(%) / rCMRO2(%), however, has a much reduced variation, particularly when the model parameters are constrained to physiologically relevant values.

From this initial exploration of measuring CMRO2 non-invasively with optical methods, we have learned that better knowledge of the volume-flow relationship is required to obtain a tighter constraint on the flow-consumption ratio.  If we have an independent measure of flow, as will be provided by ASL fMRI, then we should be able to quantify the percent change in CMRO2. Finally, to extend the methodology to accurately measure transient changes in CMRO2, the consumption-hemodynamic modeling needs to be extended from steady-state conditions to dynamic as described by Zheng et al. [51].  These advances will be explored in the proposed project.

C4b. Combined NIRS & MRI measure of rCMRO2
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Diffuse optical tomography (DOT) and arterial spin labeling (ASL) with MRI offer complementary views of the physiological events accompanying brain activation.  We have used our MRI-compatible optical system to perform simultaneous DOT and ASL during a sensorimotor task in healthy human volunteers. In this preliminary study 8 light sources and 8 optical detectors were coupled to 10 meter optical fibers. The probe was secured over the left hemisphere of each subject in the approximate location of the central sulcus. Positioning was verified in T1-weighted MR scans based on MR-visible gel markers attached to the fibers. The subject lay flat on the MRI scanner bed and the head coil was positioned around the subject’s head.  As a stimulus to obtain a reliable large activation of the contralateral motor cortex we used a finger-tapping paradigm. We instructed subjects to touch their right hand thumb with their index and middle fingers at a self-paced speed. The protocol consisted on alternating 30 s stimulation periods with 90 s rest periods, during 12 trials.  DOT and ASL signals were recorded simultaneously in these runs. Visual cues (stop and go) projected in the magnet instructed the subject when to begin and end each task period. For the data analysis, we considered only the source-detector pairs at the minimum distance (3 cm) – that is, 14 couples in the right hemisphere, for an imaged area of 5.6 X 6.0 cm2. Following acquisition, the optical data were band pass filtered (0.167-0.5Hz) to remove extraneous physiological signals and block averaged to depict the task-related response seen by each of the 14 source/detector pairs at both wavelengths. ASL was carried out using a Siemens Trio MR scanner (2.89T) using the FAIR labeling geometry [39] with Q2TIPS saturation [149] to impose a controlled label duration. A post-label delay of 1500ms and a label duration of 900ms were used, with repetition and (gradient) echo times of 3s and 20ms, respectively. EPI was used to image five 7mm slices with 3.75mm in-plane spatial resolution. Activation images were generated by fitting a linear model to the data [150] and dividing the estimated effect size by the residual standard error. The locations of statistically significant ASL foci were then compared with the pattern of DOT activation, and block-averaged signals for ASL and DOT within the activated region were superimposed. In the three subjects studied so far, we have found good spatial and temporal correspondence between the DOT and ASL signals. Figure 11a shows an ASL-based activation map for one subject superimposed on their T1-weighed structural image showing the location of fiducial markers attached to the DOT array. Figure 11b shows a plot of perfusion (solid black) measured with ASL, superimposed on scaled plots of oxygenated (dashed red) and deoxygenated (dash-dot blue) hemoglobin from the DOT data corresponding to the ASL activation focus. An increasing signal trend during the 30s task interval is seen in both the oxy-hemoglobin and perfusion signals. 

These data indicate the feasibility of simultaneously measuring rCBF, rCBV, and rHbr with combined fMRI and DOT methods, a first step towards improved measures of rCMRO2.  There are several limitations that we aim to overcome in our proposed project.  Briefly: (1) the fMRI measure of (CBF has a poor temporal resolution; (2) the baseline hemoglobin concentrations have not been measured; (3) there is a large partial volume error in the optical image; and (4) true optical tomography has not been utilized because of instrumentation limitations. All of these issues, plus dynamic modeling of the CMRO2 relationship to the hemodynamic parameters, will be addressed in our Methods.

D. Methods
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Quantitative characterization of the relative change in CMRO2 (rCMRO2) due to brain activation requires accurate measures of the relative change in cerebral blood volume (rCBV), deoxy-hemoglobin (rHbr), and cerebral blood flow (rCBF).  While fMRI provides a measure of the percent change in CBF, diffuse optical methods presently provide estimates of absolute changes in total hemoglobin (HbT, proportional to CBV) and deoxy-hemoglobin concentrations with systematic partial volume errors.  An estimate of the percent change in the concentrations requires an estimate of the baseline concentrations and reduction of partial volume errors.  We will obtain an estimate of these baseline brain concentrations from time-domain DOT (TD-DOT) measurements that are collected simultaneously with anatomical MRI.  The segmented anatomical MRI will enable us to more accurately characterize the baseline concentrations.  Partial volume effects in the optical characterization of the concentration changes will be diminished by constraining the continuous-wave DOT (CW-DOT) image to the cortex as identified in the anatomical MRI.  The partial volume effect may be diminished further by providing the fMRI localization of the activation as a spatial prior in the CW-DOT image reconstruction.  Following this general procedure, the MRI guided DOT should provide accurate estimates of the absolute and percent HbT and Hbr evoked responses.  


This procedure will be accomplished by combining time-domain and continuous-wave optical instrumentation onto a unified fiber optic head probe that acquires measurements from the human subject during simultaneous anatomical and functional MRI.  The algorithm and instrumentation advancements required to achieve this goal are described in sections D1 and D2.  The subsequent validation is described in sections D3b, D3c, and D3e.  And finally, we will explore rCMRO​2, rCBV, rCBF, and rHbr relationships during brain activation in sections D3d and D3g to gain new insight into the metabolic-vascular relationship during and response to brain activation.

D1. Aim 1: Algorithms for MRI guided Diffuse Optical Tomography

D1a. Test accuracy of Diffusion Approximation for photon migration within the head

In the preliminary results we showed that the diffusion approximation qualitatively agrees with the more accurate transport equation for photon migration through the complex head geometry, but that there are quantitative differences with respect to the relative depth sensitivity, as the diffusion approximation tends to over estimate the depth sensitivity.  While this quantitative difference appears to be significant, it is worth quantifying the systematic error that this would produce on estimating the tissue optical properties and imaging brain activation as the diffusion approximation would provide a significant acceleration in the analysis of our experimental data (less than 3 minutes per forward calculation versus more than 3 hours).  We will determine the magnitude of this systematic error by simulating our compliment of time-domain and continuous-wave measurements using our Monte Carlo solution of the transport equation, and then analyze the data with the diffusion approximation using the algorithms and probe geometries presented in the Preliminary Results and below in the Methods.  If the estimate of the baseline or activation induced hemoglobin parameters (total hemoglobin and deoxy-hemoglobin concentration) has a systematic error greater than 10%, then we will have to use the Monte Carlo solution in our final analyses.  If the systematic error is less than 50%, we may be able to develop a hybrid method whereby the diffuse approximation is used to initiate the estimate of the optical properties and then the transport equation is used to find the final optimal solution.

D1b. Determine the optimal Time-Domain measurement protocol and probe geometry for characterizing the baseline optical properties of the head

As we showed through simulations in the preliminary results (Section C1d), anatomical information provided by MRI can be used to obtain brain and overlying tissue optical properties with an accuracy better than 10%.  This was done with a geometry of 2 sources and 4 detectors with only 2x106 photons detected across all measurement channels, as can be accomplished in less than 10 seconds with our instrumentation.  While this simulation demonstrates the feasibility, a number of additional parameters must be considered to optimize the experimental system.  These are listed below.  We will run the same simulation studies as described in Section C1d and (Appendix A[93]) but considering these additional parameters to ascertain an appropriate probe geometry and measurement protocol to provide sufficient accuracy in the estimate of the tissue optical properties.

1) The source and detector amplitudes will not be calibrated because of unknown attenuation effects caused by the hair and skin pigmentation. This is an issue that we have dealt with successfully in the past [151] by simultaneously fitting for the individual source and detector amplitudes and the tissue optical properties.  The exact same strategy can be applied to our time-domain data and can also be applied to correcting for errors in the positioning of the optodes [152] (Appendix F).

2) The instrument response function must be incorporated into the theoretical model of the experimental data. We have found that the instrument response function is stable over hours and can thus be measured before and after our subject measurements for calibration of the experimental data. None-the-less, we have found that the temporal delay of the laser pulse can vary up to 100 ps.  Thus, it is necessary for us to introduce a system time delay (To) calibration factor into the fit of the experimental data.  A constrained time-delay factor will be incorporated into our non-linear fit for each source.

3) Ultimately we are primarily interested in the total hemoglobin concentration and oxygen saturation.  Rather than analyzing the measurements at each wavelength separately, it is advantageous to fit all measurements at all wavelengths simultaneously to directly determine the chromophores of interest and scattering power [153, 154].  Doing so improves the accuracy of the chromophore concentrations by forcing the model fit to be spectrally consistent with the experimental data.  It is straight-forward to modify our non-linear fitting scheme to infer the concentrations and scattering power directly from multi-wavelength experimental data.

4) Finally, we wish to measure over a large area of the head and thus must determine an optimal geometry of sources and detectors that spans a large area while simultaneously allowing us to accurately characterize the tissue properties.  For simplicity in probe design, it would be easiest to co-locate the time-domain fiber optics with the continuous-wave fiber optics as shown in Fig. 13.  If our simulation studies, incorporating the above additional parameters, indicate accurate estimate of the baseline properties, then we are done.  Otherwise, we will have to investigate alternative probe geometries as indicated in section D2b that still lend themselves to fabrication.

D1c. Optimize the cortically constrained image reconstruction algorithms

In the preliminary results we demonstrated that overlapping measurements significantly improve the localization of brain activation and that a cortical constraint significantly improves the quantitative accuracy.  However, it is desirable to further improve the quantitative accuracy.  We can further improve the accuracy by improving the depth accuracy of the diffuse optical image, by providing a spatial prior within the cortex, and by incorporating a spectral model into the image reconstruction.  Image improvement will be assessed objectively from the quantitative accuracy, the contrast to noise ratio, and center of mass localization errors.  For each of these advancements, we will also test the sensitivity to systematic errors in the baseline tissue optical properties as we have done previously [142](Appendix C).


We will explore improving the depth accuracy through depth dependent regularization within the cortex.  Rather than using an assumed function to model depth dependent regularization as described by Pogue et al [88], our regularization is calculated directly from the overall measurement sensitivity to each voxel. The overall sensitivity to each voxel is found from the norm of the corresponding column in the image matrix A, and thus our depth dependent regularization is obtained by column normalizing the image matrix with the diagonal matrix D, y = ADD-1x.  This leads to the image given by 
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where C is the measurement co-variance matrix.  We set a threshold for the voxel normalization to prevent over-emphasizing voxels for which we only have weak sensitivity. The regularization parameter ( is found by an L-Curve analysis [155-157].  This spatial regularization acts to place equal emphasis on all voxels and provides improved depth accuracy for functional brain imaging (results not shown). Recall that this regularization is being done in addition to the cortical constraint which is employed by only considering in A voxels from the cortex.


We will obtain additional improvement in image accuracy by utilizing the fMRI image of activation to further constrain the optical image within the cortex.  Rather than using a hard structural constraint within the cortex, we will use the fMRI information as a statistical prior in the optical image reconstruction.  We have used this approach previously for diffuse optical breast imaging with dramatic improvement (manuscript submitted to Applied Optics), and expect similar improvement for brain imaging as one of us has shown for constraining MEG source localization with fMRI data [158, 159].  We will bias the image reconstruction to the region identified by fMRI through scaling of the system matrix A by the diagonal matrix S,
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where C is the measurement co-variance matrix. Each element along the diagonal of S corresponds to another voxel within the optical image and the value will be proportional to the percent change in the fMRI ASL signal at that voxel plus an offset value so as not to zero out voxels without ASL signal.  The proportionality and offset factor will be common to all voxels and will be chosen objectively by maximizing the image contrast to noise ratio.  We independently optimize the regularization parameter ( by an L-Curve analysis [155-157]. We will also explore the combination of this spatial-prior with depth dependent regularization, and recall that this is all in addition to the cortical constraint.


Finally, we will incorporate a spectral prior into the optical image reconstruction to further improve the image accuracy.  As we described above for characterizing the baseline optical properties, instead of imaging the change in absorption at each wavelength independently, we will reconstruct an image of the concentration changes directly from the multi-wavelength measurements, as has been done by Hillman and Arridge [154]. In our breast imaging project, we have found direct concentration reconstruction improves the CNR by a factor of 4 or more (manuscript in preparation). 

D1d. Automatic tissue segmentation from anatomical MRI

Our segmentation of the anatomical MRI is based on an extension of methods developed by Dale and Sereno [160], Dale et al. [159], and Fischl et al [161].  Under our P41-RR14075, Dale and Fischl have implemented a multi-flip angle MRI pulse sequence which provides intrinsic T1 and proton density (PD) maps with 3D isotropic 1mm3 resolution.  We have used these T1 and PD anatomical maps to produce the tissue segmentation shown in Fig. 3d using a multi-spectral extension of the probabilistic segmentation approach described in Fischl et al. [161].  We will incorporate advances as Dale and Fischl continue to improve their methodology through the P41 and collaborating grants. 

D2. Aim 2: Diffuse Optical Tomography instrumentation advancement and development of Event-Related Arterial Spin Labeled fMRI

D2a. Advance the continuous-wave instrumentation to permit overlapping measurements on the head
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In our current CW system (Fig. 12) all 32 sources are on and received by the 32 detectors simultaneously. Due to the strong exponential decay of light intensity within tissues, optimizing the detector gains for the nearest sources reduces sensitivity to the next nearest sources. In the Preliminary Data Section we have shown that we can detect both first and second neighbor sources by alternately turning on and off sets of sources and for each set re-optimize the detector gains. To prove the principle in the Preliminary Data, we time shared the sources and adjusted the detector gains manually. In a functional activation experiment we had to repeat the protocol multiple times, one for each set of ‘on’ sources. We need to improve the speed of this process by integrating the source time-sharing into the hardware design. We are planning a hardware modification, which will make the system a mix of frequency and time encoding multiplexing. In the current instrument the 32 lasers are frequency encoded by steps of approximately 200 Hz and the 32 detectors acquired in parallel. The individual source signals are obtained off-line by using an infinite-impulse-response filter. The 32 lasers will be divided between 16 at 750 nm and 16 at 830 nm.  With the help of TechEn (who has built our previous imaging systems), we will custom build a new control card which will sequentially turn on one of four sets of lasers and synchronously alternate between discrete programmable detector gain stages. In this way, by optimizing the arrangement of sources and detectors on the probe, the detector gain will alternate to detect first and second neighbor sources. We predict we will be able to turn sources on and off and synchronously change detector gains every 40 ms to obtain a complete measurement in 160 ms, still sufficient for resolving intrinsic physiological variation in the data. The duty-cycle of the system will be 25% of the one we currently have, but we can compensate for this by increasing the peak laser intensity while maintaining average laser power and staying within laser exposure safety standards. 

We will write the control software and test the performance of the new hardware in solid phantoms to verify that the performance is the same as our current system. The phantoms are made of RTV silicone and have different concentrations of black India ink to vary absorption and scattering optical properties. With these phantom measurements we will characterize the performance of the system. We will compare the results with and without time sharing the sources and switching the detector gains to verify the expected noise properties and the expected improvement in SNR for second neighbor source-detector pairs.

D2b. Build a fiber optic probe to integrate the time-domain and continuous-wave systems
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For the CW and TD systems, sources and detectors will be fiber optic coupled with lightweight and flexible fibers custom-made for us by an outside company (Fiber Optic Tech) that has made fiber bundles for our other applications including optical imaging of the human head and breast inside the MRI scanner [143]. For the TD system graded index fibers must be used to minimize temporal dispersion over the long fiber length. Because each individual fiber must be approximately 10 m in length to reach into the magnet, any appreciable temporal dispersion in the fiber would preclude time-domain measurements. Since the low dispersion graded index fibers are most readily available with a core diameter of only 62.5 m, we will create bundles consisting of 7 of these fibers for each detector element to collect more light. The source fibers for the TD system will be made of individual 62.5 m graded index fibers which will deliver the Ti:Saphire pulsed light from the fiber optic multiplexer (see Fig. 4a). Each of the 32 sources of the CW system will be coupled with individual fused-silica multimode 400 m core diameter fibers terminated with an SMA connector at the instrument end, and grouped in sets of two fibers (one for each wavelength) at the probe end, thus delivering the light to 16 unique positions on the probe. The detector fibers are made of glass fiber bundles with a maximum diameter of 3 mm to allow each bundle to fit in a SMA connector at the instrument side. At the probe end, for each source and detector position we will combine corresponding fibers from the CW and TD instruments in a single fiber bundle to limit the number of fibers we need to adjust on the subjects’ head.  The fiber bundles at the probe end will be terminated with a 90-degree bend, and then hosted in custom-made fiber plugs so that they can lie flat against the subject’s head, and be securely held in position on the optical probe. Figure 13 shows a schematic of the detector and source fibers.  This design is important for simultaneous DOT and MRI, to limit the bulkiness of the optical probe and allow room for the fMRI coil. The plugs securely hold source and detector fibers in contact with the subject’s skin by means of a light spring-loaded pressure. Each plug hosts a custom made vitamin-e ring to act as a fiducial marker and permit localization of the fibers on the MRI image.

We plan to arrange the 32 detector and 16 source fiber bundles of the CW-TD systems in the same hexagonal pattern tested in the Preliminary Data Section. This pattern provides overlapping measurements which improves the uniformity of spatial sensitivity and thus produces better quality DOT images. By changing the dimension of the hexagons we will cover smaller or larger brain areas with a more or less dense packing ratio of optodes.  We plan on a nearest neighbor spacing of 2.5 cm giving a second nearest neighbor source-detector spacing of 4.2 cm.  If simulation studies and experimental experience suggests otherwise, we may increase or decrease these distances. The fiber plugs will be kept in place by plastic fiber holders connected by elastic bands to allow maximum flexibility. Velcro straps attached to a Velcro band around the subject’s head, will secure the probe in position. This design will allow the probe to adapt to different head shapes, while still maintaining the desired probe geometry. The fibers, plugs, and probe will be made of only plastic and glass materials to allow simultaneous measurements with MRI.  


If time-domain (TD) simulations indicate that we need more TD measurements, we will increase the number of TD detectors by adding detectors around each source at a distance of 1.25 cm.  These detector fibers will have a smaller collection area so as not to saturate the ICCD whose gain is optimized for the further distant detectors.

D2c. Perform a phantom study to evaluate integrated Time-Domain and Continuous-Wave system performance

To evaluate the system performance, the source detector array to be used on the human head (see Fig. 2) will be used to quantify a layered blood tissue phantom. The probe will be place on a two layer slab with a spherical inclusion in the deepest layer through which a blood / Intralipid [162-164] solution will be pumped.  This simple phantom will be used to simulate a focal change in total hemoglobin concentration and oxygen saturation within a localized region in the brain beneath the skull.  The hemoglobin concentrations inside and outside of the sphere will be independently controlled.  The ability of the time-domain system to characterize the baseline hemoglobin concentrations will be tested over a range of values.  The ability of the continuous-wave system to then quantify the change in the hemoglobin concentrations within the sphere will be tested over a range of values.  The hemoglobin concentrations will be independently measured using a spectrometer (Ocean Optics).  The oxygenation of the hemoglobin will be altered through alternately bubbling oxygen through the solution and then consuming the oxygen with yeast [165].  We expect the imaging system to estimate the hemoglobin concentrations with an accuracy better than 10%.  These phantom studies will help us identify and fix any systematic errors missed during system characterization and calibration.


After these phantom studies, and before our combined MRI-DOT experiments, we will test the time-domain and continuous-wave instrumentation on 5 human subjects each to fine-tune our measurement protocol sequence and fiber optic probe to produce a sufficient signal-to-noise ratio in the desired time frame.

D2d. Event-Related ASL and BOLD
In the proposed experiments it will be necessary to obtain high temporal-resolution estimates of both perfusion and optical signal changes.  While optical measurements are typically performed at a high sampling rate (>10Hz), conventional ASL methods provide considerably lower temporal resolution.  With typical acquisition parameters, one complete perfusion scan is acquired every four to six seconds.  To obtain a depiction of the evoked response at higher time resolution, we will employ the acquisition and analysis methods described by Liu et al. [166].  In this approach, label and control scans are interleaved as in a normal perfusion imaging sequence, while short (impulsive) stimuli are presented frequently and at random intervals. Standard GLM solution methods are then used to estimate the hemodynamic response function (HRF) independently for the label and control time series.  Subtraction of the control HRF from the label HRF yields the flow-specific component of the response.  This approach will provide us with an estimate of the event-related perfusion and BOLD responses sampled at 1Hz, which is adequate to capture all features of the waveform given its smoothness. Acquisition during presentation of blocked stimuli is the same, however the analysis will follow that of Worsley et al [150] and provide ASL and BOLD samples every 4 secs.

All arterial spin-labeling measurements will be performed using multi-slice EPI with PICORE labeling geometry [167] with Q2TIPS control of label duration [149] to maintain a quantitative relationship between ASL signal and blood flow during global flow changes.  We will acquire 6 slices of 5mm thickness with a 1mm gap, on a 64x64 matrix with 3.5mm in-plane resolution.  A TR of 2 seconds with post-label delay of 1.4 seconds will be used, with a Q2TIPS-imposed label duration of 700ms.  Measurements will be performed at 3Tesla using a Siemens Trio MRI system.

D3. Aim 3: Assess our system performance for measuring hemoglobin concentrations and rCMRO​2, test hemodynamic models, and explore the metabolic-vascular relationship during focal brain activation

D3a. Human Subject Experimental Protocol

For the optical study without MRI, participants will lay flat on a recliner chair in a dedicated behavioral testing room as described in Franceschini et al. [103] (Appendix E). For simultaneous DOT/MRI measurements the experiments will take place in the 3 Tesla magnet room. After the subject understands the experimental instructions, a probe holding the fiber optics (“optodes”) will be positioned on the subject’s head by the experimenter. In each subject, the position of each source and detector with respect to fiduciary points (nose, nasion, and periauricular points) will be digitized with a 3D magnetic digitizer (Polhemus).
Once the subject is positioned inside the bore of the magnet, an anatomical MRI will be obtained using the multi-spectral scan developed by Dale and Fischl et al. for 3D tissue segmentation [161, 168].  This scan will take 24 minutes (8 minutes for each of 3 flip angles), during which time we will simultaneously acquire 3 sets of time-domain optical data following the 8 minute procedure described above in section C2a.  Following this baseline anatomical scan, we will then proceed with fMRI and DOT measurements during hypercapnia and median nerve stimulation.  The general hypercapnia and median nerve protocols are described here. The specific measurement sequence for each task is described in the corresponding section.

Hypercapnia is routinely used to calibrate fMRI data for estimating rCMRO2 and quantifying the percent change in Hbr from the BOLD signal.  We will following the calibration procedure as outlined by Hoge et al [38] (Appendix D). Hypercapnia will be induced by introducing small amounts of CO​2 into the air breathed by subjects. During all phases of these experiments, participants will breathe gases mixed with a blending console and delivered via tubing to a face mask placed over the subject's mouth. During baseline phases the gas composition will be comparable to that of atmospheric air (21%O2 balance N2).  Cerebral blood flow will be increased temporarily by adding a maximum of 7% CO2 into the gas mixture, as needed to produce no more than a 10mmHg increase in end-tidal CO2 (ETCO2).  

We will use electrical stimulation of the median nerve for somatosensory cortical activation. Electrical stimulation will be obtained by repeatedly applying 0.2 ms-long pulses to either the right or the left wrist with carbon electrodes. The electrodes will be connected to an electric current stimulator (Grass stimulator, Astro-Med, Inc, Mod. S88K) outside the magnet room. This system is compatible for measurements in the magnet [169]. The Grass stimulator will be controlled by a computer (e.g., Pentium III 450 MHz portable computer) which sends a low voltage (~5V) control signal to the Grass stimulator. The Grass stimulator acts as a pulse generator, which generates trains of pulses at an adjustable rate, duration, and amplitude. The current will be adjusted to the motor threshold.  We will use blocked and event-related experimental designs.  The blocked design will present the stimulus at 5 Hz for 30 secs followed by a 30 second rest period, repeated 5 times over a 6 minute run.  For the fast, randomized event-related stimulus presentation experiments, we will use optimized stimulus sequences as described in Dale [170] that interleaves 5 levels of 2 seconds of median nerve stimulation (0%, 25%, 50%, 75%, and 100% motor threshold) in a 10 minute run with a mean inter stimulus interval of 2 seconds [171].  Finite-impulse response estimation and statistical analysis will be done as described in Burock et al. [172]. During the activation studies, an auxiliary analog input computer card will acquire signals from the Grass stimulator, fMRI pulse sequence, pulse-oximeter, respirometer, and end tidal CO2, synchronized with the optical data.  If the median nerve stimulus proves difficult to measure with fMRI and/or DOT, we will utilize a more robust finger tapping paradigm with 1, 2, and 3 Hz tapping rates [46].

D3b. Reproducibility of estimating baseline optical properties

There are a number of random and systematic errors that can undermine the accuracy of our estimate of the baseline optical properties of the head and ultimately the change in CMRO2 associated with brain activation.  In addition to 1) random measurement error arising from photon statistics and electronic noise in the detector, there can be 2) model error in our tissue segmentation from the anatomical MRI and 3) the assumption that the optical properties are uniform within a tissue class, and there can be 4) model error in the localization of the fiber optic positions with the MRI.  While our probe geometry and measurement protocol will be optimized considering such model errors, we will none-the-less verify the effect that such errors have on the accuracy of our experimental estimate of the baseline optical properties.  These analyses will be performed on baseline anatomical MRI and time-domain optical data collected from 5 subjects.  To test reproducibility, each subject will be scanned on two separate sessions 3 times each.  By running subjects on 2 different days, we can test the variability in estimating the baseline optical properties from TD-DOT data collected on day A and analyzed with MRI anatomical from day A versus day B.  If this variability is small, we are then in the position of not having to repeat 25 minute anatomical MRI scans on subjects for whom we already have an anatomical image, but we will still have to repeat the 8 minute time-domain measurement as baseline optical properties are likely to change significantly from day to day.

1) The effect of random measurement error on the estimate of the optical properties is straight-forward to determine from error propagation within the non-linear estimate as we have done with our Bayesian inference model on simulated data (section C1d, Appendix A).  

2) Tissue segmentation of anatomical MRI will introduce model variation as the exact voxel-by-voxel classification depends on image thresholds.  Varying the thresholds will alter the exact boundaries between different tissue classes.  In addition, if we scan a subject and then repeat the MRI scan, the image values will vary voxel-by-voxel so that even if we use the same image thresholds from scan to scan the classification will change. For each individual scan, we will determine the variation in the estimated optical properties due to variation of the image thresholds.  For each subject, we will then estimate variation from scan to scan using the same image thresholds.  These estimated model errors can then be incorporated into our Bayesian inference model (as mentioned in [93], Appendix A).

3) The validity of the assumption that optical properties are uniform within a tissue class (e.g. skull or grey matter) will be tested by using sub-sets of sources and detectors to estimate the optical properties.  If the variation across all sub-sets of sources and detectors is significantly greater than the uncertainty in the estimate for any given sub-set, it will suggest a significant variation in the optical properties within a tissue class.  We expect that the optical properties will vary spatially within a tissue class, but do not know whether the variation will be significant.  If the variation is significant, then our head model will be adapted to incorporate this spatial variation.

4) Localization of the fiber optic fiducials within the MRI is likely to have an uncertainty of up to 3 mm.  The effect of this uncertainty on the determination of the optical properties will be explored in the simulation studies.  Those findings will be verified in the human subject experiments by performing independent fits of the experimental data with slightly different fiber positions.  We expect to find agreement between the theoretical and experimental studies, and that we can obtain reasonable estimates of the optical properties despite this model error.  If necessary, we can incorporate calibration of the optode positions in our non-linear fit as we have described in Stott et al. [152] (Appendix F).

D3c. Comparison of fMRI and DOT localization and measured temporal variation of brain activation

As existing models of the BOLD signal [10, 38, 173, 174] imply the BOLD contrast arises from magnetic disturbances caused by Hbr, we expect BOLD fMRI and DOT of Hbr to be strongly correlated. This provides an approach for us to validate our quantitative DOT measures of brain activation. While comparisons of fMRI and DOT measures of brain activation have been compared in the past [105, 137, 143, 175-177], none have compared the relative magnitude of the temporal changes with optical spatial localization in humans better than 3 cm.  For the most part, these comparisons have been made with noisy fMRI and optical data.  There is no study that has performed a spatial comparison with a resolution better than the source-detector separation. With our DOT approach we can perform a study of the spatial comparison of fMRI and DOT with superior resolution and contrast-to-noise ratio. Our overlapping continuous-wave measurements, combined with the MRI cortical constraint, will enable us to characterize cortical activation with DOT with unprecedented resolution and accuracy.  In addition, determination of the baseline properties from the time-domain measurements will enable us to, from the optical data, determine the percent change in deoxy-hemoglobin for direct magnitude comparison with BOLD fMRI calibrated by hypercapnia.  


Our hypothesis is that the cortically constrained DOT Hbr image will be co-located with the BOLD image and that the temporal magnitude characteristics of the two signals will agree. This hypothesis will be tested on 10 subjects with an event-related median nerve somatosensory stimulation. After the anatomical MRI and TD-DOT, the BOLD signal will be calibrated by a brief 3 minute hypercapnia measured during a 6 minute run (10 mmHg increase in pCO2). This run will be repeated 3 times for improved statistics. The stimulus will then be recorded by simultaneous BOLD fMRI and CW-DOT.  The 10 minute event-related runs (as described above) will be repeated 3 times.  We expect to find good spatial-temporal agreement, but if the magnitude of the percent change in the calibrated BOLD and deoxy-hemoglobin signals are significantly different considering DOT errors identified in section D1c and partial volume effects, then we will test the following explanations: 1) the likelihood of differing vascular weighting of the BOLD and DOT measures; 2) contribution of stimulus correlated extra-cranial signals, and 3) calibration of the BOLD signal for determining rHbr.    

1) The gross spatial sensitivity of the two techniques would seem to be reasonably matched and hence an unlikely source of signal discrepancies [143]. BOLD is, however, almost exclusively sensitive to the venous compartments [52], while optical recordings will always be sensitive to arterial, capillary, and venous compartments. For Hbr changes, optical recordings will be sensitive to the venous and capillary compartments, because that is where Hbr concentration changes occur. Thus, a mismatch in spatial sensitivities of the two techniques may exist—depending on the contribution of the capillary compartment to optical changes.  Differences in the relative contributions of capillary and venous compartments will be considered in the context of vascular modeling as described further in section D3f.

2) Systemic hemodynamic variation correlated with stimulus presentation has been observed by Franceschini et al. [103, 139, 178] and Obrig et al [146], and could lead to a quantitative difference between CW-DOT and fMRI estimates of cortical activation.  To confirm that extra-cranial signals are not contributing to the CW-DOT estimate, we will perform a time-domain measurement of brain activation to resolve in depth the absorption changes as Steinbrink et al [179] have done for tracer kinetics.  We have confirmed that our time-domain instrument can measure brain activation (results not shown).

3) The calibration of the BOLD signal is controversial as it depends on an assumed power-law flow-volume relationship.  If the assumed relationship is wrong, it will produce a systematic error in our BOLD estimate of rHbr.  The assumed relationship will be tested in the next task. 

D3d. Comparing the flow-volume relationship for hypercapnia and brain activation

One of the main assumptions in the fMRI estimate of rCMRO2 is the relation between rCBF and rCBV.  Researchers most often assume a power-law relation of the form rCBV = rCBF( as described by Grubb et al. [49], with an exponent that varies from 0.18 < ( < 0.36 [12, 48, 50].  The exact value chosen for ( is likely to vary across species and cortical regions [180], and can have a significant effect on the estimate of rCMRO2. However, the introduced systematic error is partially reduced by the same systematic error occurring during the hypercapnia calibration of the fMRI BOLD signal [13].  This error cancellation occurs assuming that ( is the same during hypercapnia and brain activation.  It has been shown in animal studies that this assumption is not valid [51], but an exploration in humans has not been performed because of technological limitations. 

With our simultaneous measure of rCBF and rCBV during hypercapnia and brain activation, we will test the validity of this assumption in 10 human subjects. After the anatomical MRI and TD-DOT, we will perform simultaneous fMRI ASL and TD-DOT during graded hypercapnia.  The TD-DOT data will be collected at 800 nm only for characterizing rHbT in less than 2 min (as opposed to 8 minutes for a 4 wavelength scan).  We will increase inspired CO2 to 3 random levels, holding at each level for 5 minutes [38, 40] allowing for stabilization of the hemodynamic parameters.  The TD-DOT data will be analyzed in the same manner as the baseline anatomical data to determine changes in CBV.  After the hypercapnia, we will then perform CW-DOT and simultaneous fMRI ASL of median nerve stimulation using the block paradigm.  We will present 3 stimulus levels, 50%, 75%, and 100% of motor threshold, one at a time in each 6 minute run.  The session will consist of 6 stimulus runs so that each stimulus level is presented in 2 runs for a total of 10 blocks for each stimulus level.  From these data, we will determine the average rCBF and rCBV for each hypercapnia level and stimulus level.  We will then plot rCBF versus rCBV for hypercapnia and separately for the stimulus.  From each curve, we can then determine the value of ( and whether their means are significantly different.

D3e. Assess the validity of our measure of rCMRO2
We expect to find that ( differs between hypercapnia and activation.  While this would present a problem for the present MRI methodology for estimating activation induced rCMRO2, it does not present a problem for our integrated MRI-DOT measure since we are able to measure flow and volume changes independently.  None-the-less, our measure of rCMRO2 is still prone to error arising from remaining assumptions in the model, principally in the assumptions of relative vascular compartmental changes during activation.  These assumptions are important since the model for calculating rCMRO2 depends on change in CBV and Hbr in the venous compartment, and our optical measure is an average across vascular compartments.  The Windkessel model for vascular dynamics combined with a model of oxygen extraction provides a framework for predicting CBV and Hbr changes in the arterial, capillary, and venous compartments [9-12, 51].  As described below, this is the framework on which we rely for estimating rCMRO2.  To test the accuracy of this framework, we will estimate rCMRO2 response to median nerve stimulation at 3 different levels of hypercapnia.  The level of hypercapnia alters the baseline CBF and CBV, but should not alter the metabolic response to median nerve stimulation.  If our vascular modeling is sufficiently accurate, then our stimulus induced rCMRO2 estimate at different levels of hypercapnia should be the same.  If we find significant differences, then we will have to explore modifications to the vascular modeling and consider the possibility that physiological levels of hypercapnia can modify the activation induced rCMRO​2 [181]. 


This study will be performed on 10 subjects. After the anatomical MRI and TD-DOT, we will perform simultaneous fMRI ASL and CW-DOT during blocked runs of median nerve stimulation at 100% motor threshold.  Two 6 minutes runs will be measured at each of 4 levels of end-tidal CO2 (ETCO2).  The block averaged hemodynamic changes at each level of ETCO2 will then be analyzed to determine rCMRO2 as described below.

D3f. Calculation of rCMRO2
The cerebral metabolic rate of oxygen (i.e. oxygen consumption) is simply given by the difference of oxygen flowing into and out of a region.  Under steady-state conditions this can be written as
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where SaO2 and SvO2 are the arterial and venous oxygen saturation respectively, and [HbR]v and [HbT]v indicate the deoxy-hemoglobin and total hemoglobin concentrations in the venous compartment respectively.  If we further assume that SaO2=1 (for notational simplicity, but not a necessary assumption), rCMRO2 is then given by 
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with the assumption that SaO2 is a constant, and the Ratio Method [48, 53, 182] was used to relate the changes in venous compartment hemoglobin concentrations to the hemoglobin concentration changes across all vascular compartments.  The ( factors relate the fractional hemoglobin changes in the venous compartment to that across all vascular compartments.  We will measure all parameters on the right hand side of eq. (2) except for (​R and (T.  The ( factors will come from model assumptions relating CBF and CBV changes.  To begin with, as Hbr predominantly resides in the venous compartment and the venous side of the capillaries, we can reasonably assume that (​R ( 1.


The Windkessel model relates rCBF to rCBV [12].  Briefly, the Windkessel model uses conservation of mass to relate the changes in CBV to changes in the flow of blood IN and OUT of the regional arterial, capillary, and venous compartments.  The model posits that flow into the region is largely determined by vasomotor control of arterioles and that the capillaries and veins passively respond to arterial pressure changes.  This model can be coupled to models of oxygen extraction [9, 11, 51]. The resulting differential equations then provide a physical model of vascular response to arterial pressure and resistance changes that predicts the percent changes in arterial, capillary, and venial volume and oxygenation changes during activation.  These predictions, weighted by the vascular sensitivity of our fMRI and DOT measures, can then be compared against our experiments through a non-linear optimization of the model parameters.  This fit will result in an estimate of rCMRO2 that has accounted for differences in the vascular compartments.  Given that we have simultaneous measures of rCBF and rHbT, we expect the model fit to be highly constrained in estimation of the model parameters as opposed to what we found in Section C4a when we only had a measure of rHbT.

D3g. Measure the metabolic-vascular relationship during parametric event-related median nerve stimulation 

Through the previous tasks, we will have developed the technology and methodology to quantify changes in rCBF, rCBV, and rHbR from integrated MRI and DOT measurements.  We will have performed experiments to better understand the flow-volume relationship during hypercapnia and brain activation.  And we will have gained confidence in our combined MRI-DOT measure of rCMRO2 during median nerve stimulation.  As a first application of this new methodology, we will explore the metabolic-vascular relationship during a parametric median nerve stimulation in which we apply 5 levels of stimulus current amplitude from 0% to 100% motor threshold in even intervals.  Through collaboration with Anders Dale’s R01 application “Methods for Dynamic Imaging of Human Brain Function,” we may further have the opportunity to measure the neuro-vascular relationship for the same stimuli to obtain a full picture of the neuro-metabolic-vascular relationship.  Prior work has shown that the BOLD signal increases linearly with increasing median nerve stimulus amplitude in SI [169]. During a finger tapping task, the BOLD signal showed little increase with tapping frequency, but rCBF and rCMRO2 showed a linear increase [46].  We expect to find a similar linear increase in rCMRO2 for increasing median nerve stimulus amplitude in proportion to electrical activity which has previously been shown to increase linearly with stimulus amplitude [183]. 


The following experimental procedure will be performed on 15 subjects. After obtaining the anatomical MRI and TD-DOT, we will perform the functional study by presenting the 5 amplitude levels of median nerve stimulation in a random interleaved sequence following the procedure of Dale [170].  The simultaneous fMRI and CW-DOT measurements will be made during four 10 minute runs.  After calculating rCMRO2, we will analyze the relative temporal dynamics of rCMRO2, rCBF, rCBV, and rHbr. From the relatively high temporal resolution measurement (limited by the 1 s fMRI resolution), we hope to address the controversial question of whether CMRO2 increases before CBF to account for the early “dip” [184, 185], is tightly coupled to CBF [9], or perhaps is even delayed relative to CBF.  We will test if the relative changes in CBF and CMRO2 are consistent with the notion of CBF:CMRO2 coupling through diffusion limited oxygen delivery [9, 11, 51]. Looking at the post-stimulus behavior of Hbr we can test if the expected overshoot in Hbr (as observed in Fig. 10) is explained by a delayed recovery in CBV [12], an undershoot in CBF, or perhaps a delayed recovery of CMRO2.  Finally, we can test if, for our range of stimulation parameters, there is a linear relationship between the peak rCMRO2 and peak values of the hemodynamic parameters.  

We expect that the integrated methodology developed in this project will provide robust measures of rCMRO2, and that the methodology will subsequently evolve to have impact on functional neuroimaging from studies of neuro-metabolic-vascular coupling in normal and diseased subjects, to providing a more quantitative measure of brain activation to facilitate future longitudinal and across subject studies.

E. Human Subjects Research

1. Protection of Human Subjects

1.1 Risks to Subjects

The following applies to the primary research site: NMR Center @ MGH

The subjects will be imaged with the optical device (TD and CW5 imagers) in a 3Tesla full body magnet, to obtain simultaneous MRI-DOT data. A few subjects will be measured with the optical systems alone.  The procedures specific to each of the imaging modalities – as well as the characteristics of the subject populations and inclusion and exclusion criteria – are described below.

1.1.1 Human Subjects Involvement and Characteristics

Proposed Involvement of Human Subjects

Given that the protocols are exploratory in nature, any given subject may participate in more than one of a variety of tasks.  These tasks will be selected from existing brain imaging tasks, to afford comparisons with validated findings on hemoglobin, CBV, CBF, and CMRO2 changes.  However, the essence of all of these tasks will be similar.

Hypercapnia: We will use hypercapnia to vary systemic blood flow and blood volume. Hypercapnia will be induced by injecting small amounts of CO2 into the air breathed by subjects.  During all phases of these experiments, participants will breathe gases mixed with a blending console and delivered via tubing to a facemask placed over the subject's mouth. During baseline phases the gas composition will be comparable to that of atmospheric air (21%O2 balance N2).  Cerebral blood flow will be increased temporarily by adding a maximum of 7% CO2 into the gas mixture, as needed to produce no more than a 10mmHg increase in end-tidal CO2 (ETCO2). Since carbon dioxide can produce the sensation of breathlessness, subjects will be informed prior to switching gases and at intervals during the carbon dioxide delivery. Subjects will reflexively undergo a moderate increase in breathing rate, a normal reaction that will abolish feelings of breathlessness. The proposed levels of hypercapnia are mild and should have no harmful effects on the healthy volunteers enrolled in this study. The feelings of increased respiratory drive are comparable to those experienced during a mild increase in physical activity such as walking vs. sitting. Nonetheless we will monitor arterial oxygen saturation during all phases of the experiment and will intervene immediately should readings fall below 95%.

Median nerve electrical stimulation: We will use electrical stimulation of the median nerve for somatosensory cortical activation. Electrical stimulation will be obtained by repeatedly applying 0.2 ms-long pulses to either the right or the left wrist with carbon electrodes. The electrodes will be connected to an electric current stimulator (Grass stimulator, Astro-Med, Inc, Mod. S88K) outside the magnet room. This system is compatible for measurements in the magnet. The Grass stimulator will be controlled by a computer (e.g., Pentium III 450 MHz portable computer) which sends a low voltage (~5V) control signal to the Grass stimulator. The Grass stimulator acts as a pulse generator, which generates trains of pulses at an adjustable rate, duration, and amplitude. The current will be adjusted to the motor threshold.  We will use blocked and event-related experimental designs. An experiment will consist of a series of up to 10 runs, 5-10 min in duration (fewer runs of longer duration, or more runs of shorter duration, depending on the task difficulty).  Each run will consist of either (a) 2-10 blocks of task-alternation (blocking paradigm), or (b) continuous, random task performance (event-related paradigm). In some cases we will parametrically change the amplitude of the stimuli to correlate amplitude response changes measured with different modalities.
The total experiment time will not exceed 2 hours, including debriefing, positioning of the optodes, data acquisition time, and optode removal. This period of time will also include preparation of the subject to be simultaneously imaged by MRI. Subjects will have the option to quit the experiment at any time if they are uncomfortable or for any other reason. During the activation studies, an auxiliary analog input computer card will acquire signals from the Grass stimulator, fMRI pulse sequence, pulse-oximeter, respirometer, and end tidal CO2, synchronized with the optical data.  
Diffuse Optical Tomography

Diffuse Optical Tomography (DOT) will be performed either in the optical behavioral testing room or in the MRI room. First, the subject will be debriefed on the nature of the study and of the experimental paradigms. Then, a probe holding the fiber optics (“optodes”) will be positioned on the subject’s head by the experimenter.  The probe is not constricting.  Hair and spatially non-uniform pigmentation of the scalp will perturb amplitude measurements and potentially prevent accurate reconstruction of oxygen saturation levels.  Thus, after initial positioning, the probe may need to be shifted slightly until adequate signal is obtained through all detector fibers.  The fibers will be 1-3mm in diameter, allowing them to be easily wiggled through the hair to make optical contact with the scalp. In subjects whose scalp or hair do not permit accurate optical measurements, the study will be terminated. In some cases, hair will be parted in order to achieve better optical contact.  After placement of the optical fibers, those subjects who will be participating in the simultaneous MRI study will be prepared for the MRI procedures as described in more detail below. After the experimental runs, the optical probe will be removed.

The optical imaging systems we plan to use for this project consist of a TD and a CW5 imager, both of which are described in the Preliminary Data and Method sections. The optical probes will be made in the same way as described in the Method section and similar to the one shown in Fig. 8. After positioning the optical probe, the location of sources and detectors on the subject’s scalp will be recorded with 3D magnetic digitizer (Polhemus), as will be the shape of the subject’s head.

MRI

Screening Evaluation

All subjects will be asked to complete a written questionnaire concerning their medical and surgical histories.  The purpose of this questionnaire is to establish that 1) the subjects are compatible with MRI (do not have implanted surgical devices or other bodily medal), 2) the subjects are not pregnant, and 3) the subjects are healthy and have no history of neurological injury.

Anatomic and Functional MRI

Anatomic and functional MRI will be applied during this study. Most experimental studies will be performed at a field strength of 3 Tesla.  This field provides a higher signal-to-noise ratio and is better than 1.5 Tesla for all of the MRI measurements proposed here (anatomical, BOLD and CBF signals).  However, preliminary optimization studies may be performed at 1.5 Tesla.

We will immobilize subjects’ heads, since it is important to reduce motion artifacts to obtain high quality data.  Earplugs and padding will significantly reduce the intensity of the MRI sounds that reach subjects’ ears.  Subjects will be in communication with investigators at all times.  Anatomical MRI will be obtained using the multi-spectral scan developed by Dale and Fischl et al. for 3D tissue segmentation.  This scan will take 24 minutes (8 minutes for each of 3 flip angles). After the high resolution structural images, fMRI data will be acquired during hypercapnia and /or electrical median nerve stimulation. The functional data include MRI measurements of BOLD signal and ASL measurement of CBF.

1.1.2 Characteristics of the Subject Population and Inclusion and Exclusion Criteria

The study will include 60 normal, adult volunteers who meet the inclusion and exclusion criteria outlines below.

Inclusion criteria:


Have no history of neurological trauma or neurological or psychiatric disorders.

Between the ages of 18 and 64.

Are able and willing to give a written and dated informed consent.

Exclusion criteria:

Are extremely agitated and are not able to keep the head still for a period of 200 consecutive seconds.

Additional Exclusion criteria for optical study:

In subjects whose scalp or hair do not permit accurate optical measurements, the study will be terminated.

Additional Exclusion criteria for MRI study:

Subjects has surgical implants or non-fixed metallic particles.

Subject is pregnant.

Subject is prone to claustrophobia

Withdrawal Criteria:

Subjects may withdraw at any time if they are experiencing discomfort or for any other reason.  Follow-up is not necessary because the study does not involve treatments or medications of any sort.

1.1.3 Sources of Materials

The source of the data obtained non-invasively from the individually identifiable human subjects will be optical signals or magnetic resonance imaging signals recorded at multiple points on the subjects’ heads.

1.1.4 Potential Risks

Diffuse Optical Tomography

DOT is a new investigational tool and, though no adverse effects have been reported, it is possible that effects not yet reported may occur.  The laser light used to make the measurements has very low power (less than 4mW/mm2 at 800nm) – below the ANSI limit for long-term exposure to infrared light.  The intensity used to monitor cerebral perfusion parameters will be considerably less than the amount of light the brain would receive during an outdoor walk on a sunny day, and therefore is considered to be harmless.  Thus far, no hazard to patient, staff or third party has been observed.  Should any adverse effects be observed during the study, they will be immediately reported to the Human Research Committee (HRC) at the Massachusetts General Hospital.

The laser diodes we employ in our devices are coupled to optical fibers (0.2 cm in core diameter) that deliver the light to the head of the subject. The optical power delivered to the skin of the subject is P ~ 5 mW. Since this power is distributed over an area A = (0.2/2)2 cm2, the optical fluence at the skin is P / A ~ 0.16 W/cm2. This value is smaller than the maximum permissible exposure (MPE) for skin exposure to a laser beam, as indicated by the American National Standards Institute (see ANSI Standard Z136.1-1993, Table I). In fact, the MPE indicated by the ANSI standards for skin exposure ranges from 0.2 W/cm2 at 630 nm to 0.4 W/cm2 at 850 nm.

MRI

There are no known risks associated with MRI for those people we ask to join the study.  Subjects will be screened for metal implants, clips on blood vessels and other significant risk factors.  The 1.5 Tesla system is approved by the FDA, but the 3 Tesla scanner has not yet been approved for this manufacturer (Siemens), although a 3 Tesla scanner has been approved for at least one other manufacturer (GE).  In our studies, all operating parameters (magnetic field, RF power, gradient slew rate, and acoustic noise) will be within the levels determined by the FDA to represent nonsignificant risk.

Potential discomforts are associated with the length of the MRI.  These include head immobilization (padding will be used to minimize this), scanner noise for MRI (earplugs will reduce this), and claustrophobia (patients will be screened and can exit the scanner if this is a problem). In addition, subjects may experience discomfort or a sense of panic while breathing carbon dioxide through a mask.  If this happens, then the experiment will be stopped immediately and the subject removed from the MRI scanner.

1.2. Adequacy of Protection Against Risks

1.2.1 Recruitment and Informed Consent

Normal, adult volunteers will be recruited for optical scanning with posters at the MGH, as well as at Tufts, Harvard and other colleges and universities; with advertisements on the MGH and NMR Center online bulletin board systems; and by word of mouth. Once subjects are enrolled to the study, they may be asked to participate on more than one occasion, to help determine the repeatability of the MRI/DOT measurements and to test the subjects under different protocols.  It will be made clear to the subject that the initial consent does not imply future consent.  However, if a subject consents to participate more than once, he or she will be re-introduced to the originally signed consent form, instead of generating a new one.

Each subject will receive information describing the details of his or her involvement in the study.  Prior to the procedure, each participant will be asked to sign a written informed consent form, approved by the HRC at the Massachusetts General Hospital.  It will be made clear to the subject that he or she can stop the procedure at any time if he or she is uncomfortable or for any other reason.

The studies do not involve the administration of any treatments and/or medications.  Therefore, any guidelines concerning these – including guidelines pertaining to route of administration, dosage and treatment periods – do not apply.

Subjects participating in the DOT study alone will receive remuneration of $25 as well as $10 to cover the cost of parking during the experiment. Subject participating in the simultaneous DOI/MRI will receive $100.

1.2.2 Protection Against Risk

There are no known physical risks associated with diffuse optical tomography (DOT). However, should any adverse effects be observed during any of the studies, they will be immediately reported to the Human Research Committee at the Massachusetts General Hospital.

Confidentiality will be ensured by assigning anonymous subject identification codes to each subject.  The subject screening log, which lists the names corresponding to the subject identification codes, will be kept in a locked drawer in the principal investigator’s office.

1.3. Potential Benefits of the Proposed Research to the Subjects and Others

There are no direct benefits to subjects participating in this study.  However, the development of improved neuro-imaging techniques and improved understandings of neuro-metabolic-vascular coupling will likely contribute to improved diagnosis, treatment and prevention of mental illness and other neurologically based brain disorders.  Because there are no known or foreseeable risks to the subjects, it is reasonable to ask them to participate in the study without direct, personal benefit.

1.4. Importance of the Knowledge to be Gained

The development of improved metabolic-imaging techniques and improved understandings of metabolic-vascular coupling will likely contribute to an improved understanding of brain activation and ultimately to the diagnosis, treatment and prevention of mental illness and other neurologically based brain disorders

2 Inclusion of Women

We plan to perform measurements on males and females without gender discrimination.

3. Inclusion of Minorities

We plan to enroll as human subjects members of minority groups and their subpopulations as indicated in the Targeted/Planned Enrollment Table included in this project.

4. Inclusion of Children

Children will not be included in this project. 

4.1 Justifications for Exclusion of Children

We will exclude children from this study because (1) the instrument we are developing is optimized for the anatomical structure of the head of an adult human subject, and (2) in this project we are interested in the metabolic-vascular mechanisms of the mature brain, as opposed to the developing brain.

F. Vertebrate Animals

N/A
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Fig. 2. Probe geometry with hexagonal pattern. The smaller source-detector distance is 2.5 cm and the next nearest neighbors is 4.2 cm.
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Fig. 3. (a) localization of true simulated activation relative to optodes; (b) first neighbor planar reconstruction; (c) first and second neighbor planar reconstruction. (d) Coronal slice of the anatomical MRI segmented human head: the five tissue types are shown in different colors: scalp blue, skull light blue, cerebral spinal fluid yellow, and gray/white matter red and brown, respectively. The focal activation in the cortex is superimposed and marked with a circle; (e) first, (f) first and second neighbor reconstruction with anatomical cortical constraint.
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Fig. 4. (a) photo of the galvanometer multiplexer. (b) design of the constructed lens system.
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Fig. 5. A pulse of light broaden by traveling through the scalp, skull, and brain of a human subject (circles) fit by a theoretical model (line).
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Fig. 6. Block diagram of the multi-channel continuous-wave optical imager CW4. 
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Fig. 7. Block averaged deoxy-hemoglobin maps on subject #2 10s after the onset of the stimulation during right hand stimulation. Left column: finger opposition; center column: finger tactile; right column: median nerve stimulation.
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Fig. 8. (a) backprojection; (b) tomographic reconstruction; (c) picture of the probe on the subject’s head.





�


Fig. 9. Top: Raw optical and MR timeseries for an entire 275 sec experimental run (3 Hz, subject 1) for the source-detector pair over a region of activation. Bottom: An expanded timebase for 75 sec of the run showing the temporal details of the optical signal.





�





Fig. 10. Windkessel model fit to the change in total hemoglobin, HbT, and the associated change in CBF.  The change in CMRO2 is then calculated from the changes in HbT, CBF, and HbR.  The ratio of peak change in CBF to peak change in CMRO2 is 2.2.
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Fig. 11. (a) ASL-based activation map for one subject superimposed on itsT1-weighed structural image showing the location of fiducial markers attached to the DOT array. (b) Time series plots for a subject performing right-hand finger tapping. Optical signals from the optode sampling the region closest to the significant fMRI activation region. The red curve shows HbO2 changes, the blue curve shows Hbr changes. The black curve shows the fMRI signal averaged across all significantly activated pixels within contralateral (left) primary motor cortex. The green bar indicates the period of motor activity.
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Fig. 1. (a)Anatomical head model used for simulations (b)Determination of brain optical properties assuming homogeneous  (c)Much more accurate determination of the optical properties when structural information is provided.  Solid lines indicate the correct result.
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Fig. 12. Photograph of the CW5 imaging system with 32 lasers and 32 detectors.
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Fig. 13. Schematic of the TD-CW integrated fiber optics.
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