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ABSTRACT

We report on the first three-dimensional, volumetric, tomographic localization of changes in the concentration of
oxyhemoglobin and deoxyhemoglobin in the brain. To this end we have developed a model-based iterative image
reconstruction scheme that employs adjoint differentiation methods to minimize the difference between measured and
predicted data. To illustrate the performance of the technique, the three-dimensional distribution of changes in the
concentration of oxyhemoglobin and deoxyhemoglobin during a Valsalva maneuver are visualized. The observed results
are consistent with previously reported effects concerning optical responses to hemodynamic perturbations.
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1. INTRODUCTION

Several groups are currently pursuing the possibility of imaging the brain with diffuse optical tomography (DOT) [1-15].
Applications range from functional imaging [2-4,7,14] to the detection of hematomas [6,15].  For example, Benaron et
al. studied physiological changes in brain oxygenation in male adults during mixed motor and sensory cortex activation
[1]. Hoshi et al. [2] obtained quantitative images of hemoglobin concentration changes associated with neuronal
activation in the human brain during a forward (DF) and backward (DB) digit span task, which assesses verbal working
memory. Watanabe et al. have developed an optical system for obtaining 2-dimensional maps pinpointing the location of
epileptic foci [3], and Franceschini et al. have reported on imaging arterial pulsation and motor activation in healthy
human subjects [4]. These and other works clearly have established that near-infrared light can be used to probe the
brain for changes in blood oxygenation and blood volume.

In most of the currently established protocols, either a single source and a single detector is used to perform point
measurements, or an array of sources and detectors with a fixed geometry is employed to obtain topographic maps.
These maps project the cortical response during various protocols together with the superficial vascular changes onto a
two-dimensional surface map. Results are usually obtained by back-projecting measured light intensities between
corresponding source-detector pairs multiplied by the appropriate pathlength factor to obtain the change in the
absorption coefficients along the path [2,4].

The goal of this work is to go beyond topographic maps and obtain three-dimensional, volumetric reconstructions of the
changes in optical properties inside a human head. To this end we have developed a model-based iterative image
reconstruction (MOBIIR) scheme that uses a finite-element formulation of the three-dimensional, time-independent
diffusion equation as a forward model. To illustrate the performance of this approach we demonstrate a volumetric
reconstruction of the vascular reactivity in the brain during a Valsalva maneuver.
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2. METHODS

2.1 Image Reconstruction Algorithm

In this work the 3-dimensional reconstruction of the optical properties in the human head was achieved using a model-
based iterative image reconstruction (MOBIIR) scheme [16-19].  Our MOBIIR scheme comprises three major parts: (1)
a forward model that predicts the detector readings based on a given spatial distribution of optical properties, (2) an
objective function Φ that compares predicted with measured signals, and (3) an updating scheme that uses the gradient
of the objective function with respect to the optical properties to provide a means of updating the optical parameters for
subsequent forward calculations.

The forward model that we employ is the time-independent diffusion equation with Robin boundary conditions along all
exterior surfaces. The finite element forward model is similar to works that have already been described by other groups
[20,21]. The domain Ω is divided into P elements, joined at N vertex nodes.  The solution is approximated by a piece-
wise function spanned by a set of linear basis functions.  The solution is obtained by sparse matrix inversion using the
preconditioned conjugate gradient method [22].  Two added features allow for internal mesh refinement and multigrid
capabilities [23].

The objective function that determines the goodness-of-fit between measured data, M, and predicted detector data, P, has
consistently been defined by many groups as
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where s, d refer to sources and detectors, respectively and σ is the standard deviation [16-19]. However, in order to deal
with data generated via a difference  measurement approach, the objective function must be modified.  In a
difference  measurement approach one is unable to determine the absolute detector readings for a single time point and

hence must compare the change in detector readings between two states; a pre and post perturbation state.  This method
has two main advantages: first, it is less sensitive to boundary effects and second; it is less sensitive to the initial guess
chosen for the background medium [24]. Its major disadvantage is that one cannot determine the true distribution of
optical properties, only the change in the absorption coefficient, µa, the reduced scattering coefficient µs’, or the diffusion
coefficient, D = c/3(µa + µs’) from baseline.  However, many groups have used this approach for localizing brain activity
and for determining general trends in the oxygenation state [1,8,25].

 To deal with difference data, we have adapted an approach first proposed by Y. Pei et al. [24], and modified the
objective function defined in Eq. (1) to yield
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Here the relative changes )/( ,,
ref

ds
pert

ds MM  are multiplied with the predicted detector readings Ps,d obtained from an initial

distribution ξ0 := (µa,0 , D0) of the optical properties (typically assumed to be homogeneous).  In subsequent iterations a
distribution ξ:= (µa , D)   is sought that produces the prediction Ps,d(ξ) that most closely matches )/( ,,

ref
ds

pert
ds MM Ps,d(ξ0).

The resulting distribution ξ  is then a spatial representation of the differences in optical properties that led to the
differences measured between Ms d

pert
, and Ms d

ref
, .   Generally, one can look at the difference between rest Ms d

ref
,  and
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corresponding time points Ms d
pert t
,

( )  during a perturbation, where s and d refer to sums over all sources and detectors,

respectively.

The image reconstruction process is started with an initial guess of optical properties, in our case ξ0 = (µa = 0.1 cm-1, D =
1.0 cm2ns-1) . Using this initial guess the detector readings Ps,d(ξ0) are calculated with the finite element forward solver
over the domain of interest, and the value of the objective function is determined. To update the initial distribution of
optical properties, one must calculate the gradient of the objective function with respect to all optical properties
∂ ∂µ ∂ ∂Θ Θ/ , /a D( ).  This gradient defines a direction  of minimum descent, which is then used in a multidimensional

conjugate gradient descent algorithm that minimizes the objective function [16, 17].

The calculation of the gradient was performed using the technique of adjoint differentiation [16, 17, 18, 26, and 27]. In
particular we adapted an approach by Roy et al [18]. In this case, the computational burden for the gradient calculation is
on the order of one forward calculation. The objective function and gradient algorithm is incorporated in a
multidimensional conjugate gradient descent algorithm where typically 15-30 iterations with different gradients are
necessary before convergence is achieved.

2.2 Determination of surface coordinates and mesh generation

For model-based optical tomographic imaging reconstructions one has to determine the surface geometry and source-
detector locations. To achieve this we employed the techniques of photogrammetry [28, 29, 30].  To determine the 3-D
coordinates of the surface of the forehead as well as all source-detector locations we placed circular reflective markers
on the head.  These markers, because of their circular shape, have the advantage of allowing sub-pixel precision when
used in combination with the centroid-locating algorithm.  Because the surface of the forehead can be approximated as a
smooth surfaced contour, it is acceptable to place a sparse distribution of points over the surface of the head and use non-
uniform B-splines (Nurbs) [31] to connect them.  Other approaches, such as the use of holographic imaging or laser
surface scanning devices are also feasible. However, the technical complexity paired with their high costs make them
less practical and appealing in a day-to-day clinical setting. 

Once all markers were placed on the surface of the head, the area of interest was photographed from different angles
with a digital camera (SONY Mavika FD-90).   These images of the head were then transferred to a desktop computer
for analysis with the commercially available Photogrammetry software package (Photomodeler, Eos Systems Inc.,
Vancouver, Canada).  After the targets in the photographs were marked and referenced we processed the images using
the bundle adjustment algorithm,  which computed all 3D coordinates of all referenced points.  The resulting
coordinates on average have an accuracy of 0.023 cm with a standard deviation of 0.004; however, this is dependent on
the number of points referenced and on the maximum angle between the multiple camera positions [30].

Having generated the surface coordinates of the human head, the boundary of our domain, it was necessary to build the
corresponding volume.  To this end, the coordinates of the surface points obtained using the photogrammetric approach
were exported to a volumetric mesh generator.  For this procedure, we used the CAD style volume generator GID
software package (GID, CIMNE Inter. Center for Num. Methods, Barcelona, Spain).  This package allowed us to
manually extend the surface in the z direction by 4.0 cm and build the corresponding volume mesh, which are required
for the reconstruction. Since computational time depends on the number of mesh nodes, we limited the volume to a 4.0
cm zone beneath the surface of interest, and not to the entire head.  We found that larger volumes are not necessary to
consider, since their influence on the reconstruction results is negligible.  More details on the photogrammetry approach
and the mesh generation can be found in reference [32].

2.4 Instrumentation and data acquisition

Measurements on the human forehead are performed with the dynamic near-infrared optical tomography instrument,
recently developed by Schmitz et al. [33,34].  This instrument operates in continuous-wave mode.  A beam from each
laser diode is coupled into a set of source fiber bundles. Two laser diodes one of 760nm and the other of 830nm are
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modulated at 5KHz and 7KHz, respectively.  The demodulated signal allows for the simultaneous measurement of the
intensity at all detectors for a given source position at both wavelengths.  Having this dual-wavelength capability allows
for the elucidation of both oxyhemoglobin and deoxyhemoglobin, as will be described further in section 2.5.  For the
measurements presented in this work we used 4 sources and 15 detectors, resulting in 60 source-detector combinations.
Three tomographic data sets, involving all 60 source-detector pairs, were acquired per second.

2.5 Experimental Protocol

The experiment was designed to look at functional hemodynamic changes in the forehead of a single patient induced by
a Valsalva maneuver.  For the measurement the patient was placed in the supine position. Three epochs consisting of
Valsalva maneuvers with one-minute rest periods interspersed were performed.  During the Valsalva maneuver a forced
expiration against a closed glottis demonstrates the effects of changes in intrathoracic pressure on blood pressure, and
the brain s autoregulatory response to decreased vascular perfusion pressure in cerebral vessels [35].

Fig. 1: Placement of sources and detectors on forehead. The 15 source/detector position are indicated by the encircled
numbers. Other round dots indicate reference points used for the photogrammetric surface determination. The lighter shaded
area depicts the outer surface of the finite-element mesh, which was used for the volumetric image reconstruction.

Figure 1 shows the locations of the sources and detectors on the forehead. A three-tiered band was used to secure 3 sets
of 5 optodes per tier to the left forehead.  Each optode consisted of a co-located source and detector, and all
measurements were performed simultaneously at 760nm and 830 nm.  Assuming that the primary influences on the
changes in the absorption coefficients at each wavelength are a linear combination of oxyhemoglobin and
deoxyhemoglobin, one arrives at [36,37]

Δ Δ Δµ ε ελ λ λ
a HbO HbHbO HbO= +[ ] [ ].                                 (3)

By simultaneously solving a set of algebraic equations at the disparate wavelengths (λ1,   λ2,   ...  λN), it is possible to
calculate the true concentrations of the, n, chromophores of interest.  For the case of two chromophores consisting of
oxyhemoglobin and deoxyhemoglobin the set of equations are:

Δ
Δ Δ
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where λ indicates the wavelength, εHb and εHbO are the known extinction coefficients for deoxyhemoglobin and
oxyhemoglobin at the given wavelengths [37], respectively.  The Δµa’s in Eqs. 4 and 5, at each of the two wavelengths,
are the calculated changes in the absorption coefficients at each node of the mesh determined using the reconstruction
algorithm.  The reconstruction algorithm accounts for the path length between given source detector positions and
reconstructs the predicted Δµa’s   at each node.  By solving Eqs. (4) and. (5) the changes in oxyhemoglobin, Δ[HbO]meas,
and deoxyhemoglobin, Δ[Hb]meas, can be determined.

3. RESULTS

A trace of the measured output produced by the optical image system for the three Valsalva epochs is shown in Fig. 2.
Displayed are fifteen traces of the normalized (to the rest period) and smoothed measured intensity profile during the
three consecutive Valsalva maneuvers for source position three at a wavelength of 760nm.

Fig. 2: Time series of 15 detector readings during three successive Valsalva maneuvers. The source was located at position three
(see Fig. 1). Each Valsalva maneuver was followed by a rest period.  The measurements displayed were performed with near-
infrared light at λ = 760nm.

It can be seen that the Valsalva maneuver protocol is very reproducible from epoch to epoch, and a strong signal drop in
all detectors can be observed. At the peak of the Valsalva maneuver the measurement intensities changed with respect to
the rest period by up to 40%.

To enhance the signal to noise ratio a median filter given by

     x xi k
k i

k i
=

= −

= +
∑1

2δ δ

δ
 (6)
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was used to smooth the intensity profile. This median filter sets the value at a given point to the average value of its δ
neighbors.  In this work we chose δ  = 2, which produced a smooth function without much distortion in the overall
intensity profile (Fig. 3). For our three-dimensional reconstructions we focused on the data during the first of the three
epochs, which are displayed in Fig. 3. At t = 10 seconds the Valsalva maneuver began. Initially an increase in signal was
observed, which returned to baseline within 10-15 seconds. Then the signal decreased steadily and approached a
minimum at t = 65 seconds at which point the Valsalva maneuver was stopped. The signal rapidly recovers and
eventually returns to base line.

Figure 3: Median-filtered time series for first Valsalva maneuver epoch seen in Fig. 2.

For the difference  reconstruction we used the ratio of the data at the time points T1, T2, and T3, with respect to data at
time point t = 0 (Fig. 3). We chose these points because during this period the signal undergoes strong changes and
strong effects in the expected hemodynamics.  Figures 4-6 show the three-dimensional distribution of the reconstructed
values for changes in deoxyhemoglobin (Hb) and oxyhemoglobin (HbO2) at all three time points. All reconstructions
were stopped after 25 iterations. At this point no further changes in the reconstructed distributions were observed. The
25 iterations for each image took approximately 4 hours on a Pentium III 550Mhz processor. Displayed are volumetric
reconstructions for three different views: frontal (standing in front of body and looking towards the face), side (standing
next to body and looking towards the right ear), and aerial (looking from top of the head down towards the body). The
different colors (shadings) represent isosurfaces of constant oxyhemoglobin and deoxyhemoglobin concentration
changes relative to the reference point at t = 0.

In Fig. 4 (corresponding to time point T1) small increases in both Hb  and HbO2 at two discrete locations can be
observed. The increase in HbO2 is about 3 times larger than the increase in Hb (~0.01mM versus 0.003mM). In Fig. 5
(time T2) the two separate regions in the Hb image have merged to become a larger connected region, in which
ΔHb˚>˚0.003mM throughout. In one area, close to the center of the forehead, changes in deoxyhemoglobin reach values
of ΔHb˚>˚0.019mM. The change in oxyhemoglobin reaches values of ΔHbO2˚>˚0.06mM. In the cluster of areas in-
between the originally appearing two regions (Fig. 4) the oxyhemoglobin concentration slightly drops by more than
0.01mM. In Fig. 6 (time T3) the deoxy- and oxy-hemoglobin changes just before the end of the Valsalva maneuver are
shown. Two major regions of deoxygenation have evolved in which ΔHb-values of up to + 0.047 mM can be found.
Oxyhemoglobin values have changed by as much as 0.12mM in the center and the upper right corner of the forehead.
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                                        ___________________________________________________________________________________

Fig. 4: Reconstructed changes in deoxyhemoglobin (top) and oxyhemoglobin (bottom) at time T1 (see Fig.3) during a Valsalva maneuver.
The changes are given in units of [mM]. Shown are a frontal view (upper left), a side view (upper right), and an aerial or birds-eye view
(lower left) of the forehead.
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                             ____________________________________________________________________________________

Fig. 5: Reconstructed changes in deoxyhemoglobin (top) and oxyhemoglobin (bottom) at time T2 (see Fig.3) during a
Valsalva maneuver. The changes are given in units of [mM]. Shown are a frontal view (upper left), a side view (upper right),
and an aerial view (lower left) of the forehead.
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              ______________________________________________________________________

       Fig. 6: Reconstructed changes in deoxyhemoglobin (top) and oxyhemoglobin (bottom) at time T3 (see Fig.3) during a
Valsalva maneuver. The changes are given in units of [mM]. Shown are a frontal view (upper left), a side view (upper right), and
an aerial view (lower left) of the forehead.
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These findings are consistent with previously reported effects concerning optical responses to hemodynamic
perturbations. Specifically, those groups measuring functional tasks record optical signal changes of approximately 0.2%
to a maximal of 5%. These signal changes were related to concentration changes of oxyhemoglobin, as shown in the
topographic maps, from ΔHbO2 = —0.002 to ΔHbO2 = 0.003 mΜ [4]. In this study we show that the Valsalva maneuver
leads to changes in the measured optical signal from 1 to 50%, which is about 25 times stronger than during functional
activation. These optical signals are related to an approximately 5-40 times as large concentration change of
oxyhemoglobin, which lies between ΔHbO2 = —0.01 and ΔHbO2 = 0.12 mM. Furthermore, we observe that the ratio of
the concentration change of oxyhemoglobin to deoxyhemoglobin is in the range of 3 to 6. This finding is also consistent
with the observation made by Franceschini [4] and others. Hoshi et al. [2] notes that the oxyhemoglobin signal is the
more sensitive parameter of activity-dependent changes in regional cerebral blood flow.

4. SUMMARY

In this paper we have reported on the first volumetric reconstructions of changes in oxyhemoglobin and
deoxyhemoglobin in the human forehead using a 3-dimensional model-based iterative image reconstruction (MOBIIR)
scheme.  To achieve this goal we placed a three-tiered band over a patient s left forehead and performed measurement
during a Valsalva maneuver.  A photogrammetric method was used to determine the surface geometry over the external
contour of the forehead and the exact location of our optodes. Having accurately defined the surface geometry, we
exported this data to a finite element mesh generator where we constructed a subsurface volume of the head region based
on the aforementioned surface coordinates.  This information together with the measurement data performed on the
forehead became input to the diffusion-based finite-element inverse solver. Finally, we presented 3-dimensional
tomographic reconstructions of the changes in oxyhemoglobin, deoxyhemoglobin, and volume in the human forehead.
This protocol allowed us to determine the plausibility of using DOT to determine the global changes in oxyhemoglobin
and deoxyhemoglobin in the human head. Ultimately, we would hope to dynamically assess the cerebral autoregulatory
mechanism that maintains constant cerebral blood flow within a wide range of cerebral perfusion pressures.   As is well
known, the clinical importance of assessing the cerebral autoregulatory mechanism lies in the protection of the brain
from the sequelae of arterial hypotension and hypertension and ultimately in the diagnosis of cerebrovascular disease
[35,38].
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