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I. INTRODUCTION

Imaging studies are finding increasing applications in clinical medicine. Fueling this have been advances in
technology that have expanded the range of applications and have improved their clinical performance, (i.e.,
diagnostic sensitivity and specificity). In addition, in many cases the risks associated with imaging procedures are
minimal. The combined effect has been a tilt in the cost-benefit balance in favor of expanded use. Recent
economic pressures, however, are adding increasing weight to cost considerations, requiring many to rethink their
approach to the development of improved or fundamentally new imaging technologies. In this report, we examine
some fundamental and practical issues that can be expected to influence future development of imaging
technologies. We also discuss approaches that we are taking to develop NIR imaging methods, which we believe
have significant potential for improving the performance for certain applications while maintaining high cost-
effectiveness.

Medical Imaging Using Electromagnetic Radiation

Electromagnetic radiation has been explored for its medical diagnostic and therapeutic applications since the
discovery of x-rays by Wilhelm Rontgen in 1895. Since that time, a variety of imaging modalities have been
developed that employ energy sources which operate in different regions within the electromagnetic spectrum.
Source frequencies that have been successfully adopted range from close to DC, up to ultrahigh frequencies
associated with gamma rays, all of which travel at velocity ¢ in a vacaum. Depending on which form is employed,
the information derivable can be mainly anatomic or functional in nature. Which of these are emphasized depends
on the type of energy-tissue interaction and on a host of practical issues. In Figure 1 the frequency, wavelength, and
photon energy of the radiation associated with various medical imaging applications are indicated.
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Figure 1. The Electromagnetic spectrum .

Common to all imaging technologies is the need to employ a form of penetrating energy, and the importance of
considering factors that influence contrast, resolution (both temporal and spatial) and sensitivity.

i. Penetration: Factors influencing penetration include absorption and scattering. The combined effect of these is
usually referred to as attenuation. A necessary condition for penetration is that, absorption must be small at the
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chosen wavelength. Within the electromagnetic spectrum, there are three regions where this condition is met.
These include frequencies below 10 GHz (<10 eV), between 200 and 500 THz (NIR region, ~1 eV), and above
10"* Hz (x-ray, gamma ray region, >10 keV). At frequencies between 10" and 10" Hz, with the exception of the
NIR-UV region, penetration into tissue is greatly restricted, mainly by absorption by water. In tissue, energy
penetration is further restricted to NIR wavelengths because of strong absorption by hemoglobin in the visible
range, and by proteins and nucleic acids, among others, in the UV region. While appreciable penetration (multi-
centimeter) can occur in the indicated spectral regions, the wavelength ranges appropriate for medical imaging are
further limited, primarily as a consequence of insufficient contrast in the case of low frequency sources, and of
limits on exposure to ionizing, or high energy, sources. Spectral regions where imaging applications have been
identified include x-rays in the 10-150 keV range (x-ray imaging), gamma rays in the 100-500 keV range (SPECT,
PET imaging), the RF region in the presence of a large external magnetic field (MRI) and electric sources operating
below 10 kHz (impedance imaging). In the RF and high energy regions, imaging is favored by weak scattering.
Until recently, scattering of penetrating energy has limited exploration of the NIR region for medical imaging.
Computationally tractable strategies for dealing with scattering, however, have been described [1, 2] and many
groups have obtained promising results with media whose optical thickness has clinical significance [1-4 .

ii. Contrast: Image quality is a composite of at least five factors: contrast, blur, noise, artifacts, and distortion. Of
these contrast is the most fundamental characteristic of an image. Contrast means difference - differences in
sensitivity in the patient to the penetrating radiation, that are a consequence of anatomical or physiological variation.
The task of imaging is to convert this variation into visual information (i.e., images). Often the contrast naturally
occurring is insufficient, and efforts are made to enhance it. Frequently this requires injection of some type of
agent. Basically, contrast agents produce their effect either by direct interaction with the penetrating energy (often
by absorption, e.g., barium salts in x-ray imaging), or indirectly, by interacting with the surrounding tissue (e.g.,
gadolinuim lowers the relaxation times in MR). In the case of emissive imaging methods, e.g PET/SPECT,
contrast enhancement is achieved by influencing the spatial distribution of the source, either by washout techniques
or by use of chelated targeting vehicles. In the NIR region, the sources of contrast are differences in absorption and
scattering of near infrared light by different tissues [5-7], and all three contrast enhancement mechanisms are
available. This includes use of optical dyes that can absorb the penetrating energy (similar to effect of barium in x-
ray imaging), use of fluorescent dyes whose emissivity is influenced by the local chemical environments (similar to
gadolinium in MR imaging) and the ability to influence the spatial distribution of the fluorescent probe using
washout techniques or targeting vehicles (similar to emission tomography).

iii. Resolution:

Spatial: 'When seeking information regarding anatomic structures, high spatial resolution is critical. The
highest resolution is achieved with x-ray imaging and MR, with resolutions frequently <1 mm. Emission imaging
techniques have lower resolution, on the order of 5-10 mm. The principal limitation here is technology. The
scintillators in use (Nal) place a lower limit on the area of the detector. Improvements in the form of new higher
resolution detectors (under development by some) should produce a corresponding improvement in resolution.
Ultimately, resolution will be limited by counting statistics, bowing to the need to limit isotope dosages. The
expected limits on spatial resolution for NIR imaging have not been well defined, but most studies suggest that
structures on the order of 0.5 cm should be discernible [4, 8, 9]. This value will vary, degrading with increasing
depth of the target to the point where photon statistics limit achievable measurements.

Temporal: For the most part, particularly with the primary imaging methods, temporal resolution has not been
a feature many have sought to explore. The most basic determinant, is the type of information being sought. For
anatomical studies involving non-dynamic tissues, temporal studies have little value. When dynamics are important
(e.g., cardiac imaging), the minimum acquisition time in relation to the expected time scale of the temporal variation
is limiting.

Often acquisition time is closely tied to the intrinsic sensitivity of the method, which can be limited by the
permissible source strength. The last is particularly important for emission tomography, and it is unlikely that these
techniques can be adopted to study any fast dynamics, anatomic or otherwise. Fast MRI is becoming available, but
limits on intrinsic sensitivity of MR seem likely to limit this to hemoglobin studies. The relatively low X-ray
contrast of soft tissues makes this method less desirable for dynamic studies. In other cases, the computational
complexity associated with computing muitiple images will be limiting. Frequently, both factors are relevant and



dynamic studies invariably require some loss of spatial resolution. The issue of computational complexity will likely
remain a factor for some time for possible dynamic studies involving NIR or impedance methods.

iv. Sensitivity: Often the issue of intrinsic measurement sensitivity is not directly considered. Instead it is viewed as
a factor that contributes to contrast and resolution. We consider it separately here to make the point that there is a
large difference between the intrinsic sensitivity of MR methods and those of other imaging methods, especially
those involving isotopic and fluorescence emission. In the case of transmission imaging, (e.g., x-ray, MR) we
define sensitivity as the amount of material that needs to interact with the penetrating energy in order to produce a
measurable change at a surface detector. For emission imaging, we define it as the source strength needed to
produce an acceptable S/N ratio within a defined reasonable acquisition time. While MR is a high-resolution
method, it is notoriously insensitive. Millimole (10 - 107?) quantities of material (i.e., molecules containing
hydrogen) per voxel are needed to produce good quality images. In contrast, the emission methods are sensitive to
picomole quantities or less (10'?), with fluorescence techniques being even more sensitive. Thus, functional
imaging studies that seek to detect species in trace quantities will likely remain in the domain of emission

tomography.

Table 1 provides a summary of many of the issue discussed above. Row 3 lists the source of contrast for
different image modalities. When the inherent tissue characteristics do not produce adequate contrast, it is possible
to administer contrast agent, listed in row 4. The contrast agent will alter the contrast characteristics within specific
tissues or anatomical regions so that it may enhance the differences between anatomical structures or between
normal tissue and lesions. On the other hand, some material may produce unwanted effects that reduce the contrast.
This includes background activity, (uncorrected) scattered radiation, septal penetration, etc.

Also listed in Table 1 are the numerical methods used for image recovery. MRI uses the 2-D or 3-D Fourier
transform method to convert the composite echo signals in k-space to T1 or T2 weighted nucleon density. XCT and

ECT uses filtered back-projection or the Fourier slice theorem to reconstruct the CT number and

Table 1. List of properties for different tomographic medical imaging modalities.

Imaging Modality MRI XCT (x-ray com- ECT (SPECT and Optical Imaging
puted tomography PET)

Penetrating Magnetic field and x-ray (bremsstrah- y-ray emitter (e.g., near infrared light,

Radiation Radio wave (mul- lung radiation) from | Tc-99m, 140 keV) i.e., wavelengths
tiples of 40 MHz) 10 kVp to 150 kVp or positron emitter from 750 to 1,200

nm
Penetration low absorption low absorption low absorption low absorption
Properties low scattering low scattering high scattering

Source of Contrast

Tissues have differ-
ent nuclide (H-1, C-
13, F-19, Na-23, and
P-31) densities, and
different T1 and T2

Fat, soft tissue, and
bone attenuate x-ray
differently

Radionuclides have
different affinities
for different tissue
types and physio-
logical status

Different tissues
absorb and scatter
near infrared light
differently

Contrast Agent

Enhancer: paramag-
netic ions (maga-
nese, gadolinium),
free radicals

Enhancer: gas, io-
dine (K edge: 33.2
keV), barium (K
edge: 37.4 keV)

Enhancer: antibody

Enhancer: lumines-
cent molecule

Reconstruction

Fourier transform

Backprojection or
Fourier slice theory
(Radon transform)

Same as CT with
attenuation and
scattering correc-
tions

Perturbation (Born
or iterative Born)

T1 or T2 weighted
nucleon density

CT number from
reconstructed at-
tenuation coeffi-
cients

Concentration of
radiopharmaceutical

Absorption or scat-
tering cross sections




radiopharmaceutical concentration, respectively. Basically, the methods adopted vary in their computational
complexity in accordance with the uncertainty associated with the path of detected energy. Currently, NIR and
impedance methods have the greatest computation burden. While more efficient methods are continuously being
developed, it is unlikely that these will have the efficiency seen with the more established imaging methods.

3. NIR Imaging: Scattering Tomography

In this section we turn our attention to specific features associated with NIR imaging. Features favoring
practical development are that optical technologies are economical, compact, have low power requirements and can
be made portable, unlike the primary imaging methods that require large, costly, fixed installations. In addition,
optical methods, especially fluorescence, are well known as among the most sensitive of all analytic techniques. It
is useful to compare x-ray and NIR imaging.

Conventional X-Ray CT Optical Imaging

Figure 2. Illustration of difference
between photon migration in
biological tissue for the x-ray
source and a near infrared light
source.

As illustrated in Figure 2, x-rays penetrate the object in a straight line manner because photoelectric absorption
is the dominant interaction. Near infrared light, on the other hand, is strongly elastically scattered, causing each
photon to take a zigzag path and producing spreading of light throughout the object. Scattering complicates the
reconstruction for optical tomography because, unlike the x-ray CT, the backprojection algorithm or Fourier slice
theorem developed for straight line tomography does not apply. Instead, a more computationally intensive
perturbation approach is required. Applicable source conditions include continuous wave (CW), a phase modulation
(PM), or a time resolved (TR) waveform. The perturbation method can be solved using any of several well known
methods such as the Born approximation [10], iterative Born approximations [11, 12], or Rytov approximation [10]
that have also been used in x-ray tomography or microwave imaging. It relates the perturbed detected signal to the
perturbation in the absorption or scattering cross section,

WaAx = Al M

where AX is a vector of absorption or scattering cross section differences between a reference and test medium, Al
is a vector of changes in detector readings between the two media, and W is a weight matrix describing the
influence of each volume element (voxel) on the detector readings. The elements of W are essentially the first
partial derivatives of the detector readings with respect to the absorption or scattering coefficients in the reference
medium. Different algorithms has been adopted to solve Eq. (1), including iterative algebraic methods (CGD,
POCS, SART, ...) and SVD decomposition.



Figure 3 illustrates the quality of computed images achievable using single and multiple (4) DC source
positions. The medium contains a single inclusion embedded in a 2D isotropic scattering background. Noteworthy,
is that an approximately correct location can be computed in the case of only one source. With four sources, the
reconstruction is quite accurate. This illustrates a fundamental difference between the straight line tomography used
in XCT and ECT, and the scattering tomography adopted by optical imaging. Image reconstruction by straight-line
tomography is simpler and more efficient. Scattering tomography, on the other hand, can derive more information
from the detected signal by considering the scattered light, which is usually excluded in straight line tomography.
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Figure 3. 2-D reconstruction results from detector readings of each individual CW source after 100,000 iterations,
using the CGD algorithm with a matrix rescaling technique (rescaling the maximum of each column to 1.
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Figure 4. Comparison of absorption-scattering and luminescent imaging.
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4. Contrast Enhancement in Optical Tomography - Luminescent Imaging

Radiolabeled and fluorescent-tagged biomolecules have been successfully used in a range of biomedical
research studies for many years. Radioisotopes are also widely used in practical medical imaging, e.g., ECT, to
provide useful anatomical and physiological information. The use of fluorescent probes in clinical studies has been
limited mostly to in vifro examination of stained tissue slices. The mean lifetime and quantum yield of many



lumiphores are environmentally sensitive to, for example, oxygen levels, metal ion concentrations, pH, or lipid
composition in the near infrared region [13, 14]. Lumiphores conjugatable to larger carrier molecules also are
becoming increasingly available. Thus it should also be possible to exploit these sensitivities as a contrast
enhancement agent in order to derive useful anatomical and physiological information.

The presence of a lumiphore produces a perturbation of mainly the absorption cross section so that the imaging
problem is basically that same as for imaging of scattering and absorption cross sections [8, 15-18]. There is,
however, one specific advantage that make luminescent imaging more attractive. That is, lumiphores absorb the
excitation photons and emit emission photons at a different wave length. This difference is called the Stokes’ shift.
One major problem in absorption and scattering imaging is that the perturbed detected readings are much smaller
than the reference readings, which can make the perturbed readings sensitive to noise. This obstacle vanishes if the
Stokes shift is large enough that a filter can exclude the excitation photons. This idea is illustrated in Figure 4
where “(1)” indicates the reference photons or excitation photons, and “(2)” is the perturbed signal or the emission
photons used for reconstruction. It is apparent from Figure 4 that, when an ideal filter is used and completely
removes the excitation light, the signal-to-noise ratio can be infinite if other sources of noise are not considered. In
reality, ideal filters will never be available, and the presence of other noise sources such as shot noise, quantization
error, and additive noise, will reduce this ratio.

Background Lumiphore

Luminescent compounds play a role in optical tomography similar to that of radiopharmaceutical agents in nuclear
medicine. In both cases, molecules actively emit photons from which projection or tomographic images are
reconstructed. It is well known in nuclear medicine that background activity significantly affects image contrast and
image quality [19, 20]. The index usually used in quantitative studies of the background’s effect on image quality is
the “lesion-to-background” or “target-to-background” uptake or concentration ratio [20]:

C,=(R-R)/(R +R,+2R,) )

where R, R,, and R,, respectively are the concentrations in the lesion, object and background, as illustrated in
Figure 5. Typically it is desirable to use an agent that yields the highest attainable target-to-background ratio. This
index may not be adequate for optical tomography because, unlike x-rays, in nuclear medicine which travel
essentially in straight lines, photons in optical tomography are strongly scattered and travel through a much larger
volume. Photons collected by a detector encode information about the entire medium, rather than just the thin tube
of medium, that is the only portion seen by any one detector in nuclear medicine. Thus, the background index
needs to be revised to encompass the contribution to each detector reading of the total amount of lumiphore present
in the background.

Counting Rate
/

R; +Rp

Figure 5. Illustration the quantities used
for the definition of background to
target ratio of Eq. 2 used in nuclear
medicine.
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A better definition for the index of the difficulty level caused by the background contributioﬂ can be obtained as
follows. Using r, r,, and r, as defined in Figure 6, and a diffusion approach [21, 22] to analyze the photon
migration, the ratio of contributions from the background and target is approximately

B
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where &* and k° are the complex wave numbers, and V is the total volume of the lumiphore occupied [23]. This

ratio is a function of the concentration background-to—target ratio, the location of the target, and the size of the
target.

4 Figure 6. Illustration the quantities used to define the
R; background to target ratio in luminescent imaging.

Improved Reconstruction Algorithm with Concentration Correction

A new procedure was developed to improve the reconstruction of concentration and mean lifetime when
background lumiphore is present, by directly estimating the background lumiphore’s contribution from the detector
readings. We assumed that the background lumiphore is uniformly distributed with a constant concentration and
mean lifetime, and that the target is an isolated object. Under these assumptions, the new procedure is:

1. Estimate the background luminescence yield (BLY) via the maximum possible yield principle (MPYP). This is a
technique to compute a reasonable estimate bly of the (frue) BLY from the DC detector readings. Suppose that
all of the detected signal comes from background lumiphore. Since the BLY is constant, it is equal to the ratio of
a detector reading to the corresponding weight function integrated over the entire volume of the medium. An
estimate of BLY is obtained for each detector reading, and the lowest of these estimates is used as &ly. BLY must
be < bly, since BLY > bly would imply negative contributions to the detector readings from the target.

2. Reconstruct Yo, ,N, using an iterative algorithm (e.g., CGD, POCS, SART) with a range constraint, where the
upper and lower bounds respectively are the maximum possible target luminescence yield and bly. The former is
estimated by supposing that all of the lumiphore added to the medium is concentrated in the target volume.

3. Re-estimate the BLY. That is, after reconstructing the targets from the initial bly, a new bly can be computed for

use in the mext reconstruction by subtracting the contribution of the reconstructed target from the detector
readings. Repeat 1 - 3 until satisfactory bly is obtained.

4. Restrict the target volume by setting yo ,,N, to bly in all voxels where yo,,N, — bly is less than a preset
fraction of max(ys,,N,) — bly .



5. Reconstruct the mean lifetime of the target and background. Here, we sum the weight function over all the
background voxels so that the unknowns in this reconstruction are the voxels in the target plus one “lump”
background voxel, thereby greatly reducing the dimension of the vector of unknowns.

Results and Discussion

Our earlier report [15, 16] described an algorithm that sequentially computes yos N, and t using DC and AC
data. In the presence of background lumiphore, however, the original algorithm, which used a positivity constraint,
failed to provide accurate quantitative results for either yo ,,N, or t (Figure 7). The algorithm set many voxels to

zero while reconstructing yo , N, , instead of generating the uniform background we expected. It is likely that this

is a consequence of the underdeterminedness of the weight matrix, which has infinitely many lefi-inverses, and that
a uniform distribution does not lie on the fastest—converging path chosen by the algorithm. For a fixed target-to—
background luminescence yield ratio, more accurate reconstructions were obtained for larger targets. This indicates
that the background—to-target lumiphore ratio is not by itself a meaningful index of the difficulty of an image
reconstruction problem, and the target size should be considered as well.

The reconstructions shown in Figures 8 and 9, produced by the revised algorithm, show significant
improvement over those obtained from the original version, even though the background-to—target lumiphore ratio
is twenty times larger in Figure 3 than in Figure 2. The qualitative and quantitative results are better after the third
estimate of BLY (Figure 9) than after the first (Figure 8). The correlation of image quality with target size is not
significant, or even becomes negative, because the BLY is accurately estimated using the MPYP. The size of the
target, however, is underestimated for larger targets, while the quantitative values are overestimated. This is
probably a consequence of the underdeterminedness of the weight matrix, and the error can be reduced by using
regularization techniques [24, 25]. In addition, the reconstructed mean lifetime is less accurate for larger objects
because of the underestimated target size. The negative correlation between image quality and target size seems
reasonable when we recall that the presence of a large target increases the detector readings appreciably above that
due to the background. Thus, the BLY is overestimated by an amount depending on the target’s yield, size and
location. High target yields, large targets, and targets located near sources or detectors result in significant
overestimates of the BLY, thus distorting the reconstructed images.

The addition of noise distorted the reconstructed images in a noise-level-dependent manner. Results shown in
Figure 10 demonstrate that reasonable qualitative accuracy was obtained from the improved algorithm even for 10%
Gaussian noise added to the detector readings. The quantitative estimate of yo,,N, is inaccurate because of the
noise. The mean lifetime values, however, are acceptable for up to 5% noise, even if the quantitative estimate of
Y6 ,,N, is incorrect. This is reasonable because Yo, ,N, is used only to delineate the target from the background.
Its quantitative value is not important, because that is factored out in the mean lifetime reconstruction.

5. Conclusion

Economic pressures are increasingly important in defining the utility of imaging technologies. The primary imaging
methods all reside in large, costly, fixed installations. In contrast, optical technologies are compact, economical and
can be made portable. In addition, they have the desirable feature of using nonionizing energy sources for which a
broad range of chemically sensitive contrast agents can be developed. Development of radioscintigraphic imaging
methods has led to establishment of departments of nuclear medicine in many medical centers. As evidenced by
results described, it would seem that the foundation for establishing departments of optical medicine may not be far
off.
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Figure 7. Reconstruction results with background—to—target
luminescence yield ratio of 0.01 and different target sizes,
using the previously described algorithm [1] with positivity

constraints.
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Figure 8. Reconstruction results with background-to—-
target lumiphore ratio of 0.2 and different target sizes,
using the improved algorithm with range constraints, after
the first estimate of BLY. Target locations and sizes are
the same as for Figure 2, but background-to—target
lumiphore ratio is 20 times larger.
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Figure 9. Reconstruction results with background-to—target
lumiphore ratio of 0.2 and different target sizes, using the
improved algorithm with range constraints and three-step
estimate of BLY. Target locations and sizes are the same as

for Figure 2.
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Figure 10. Reconstruction results with background-to-target
ratio of 0.01 and different levels of added noise, with target
size 2.0 cmx2.0 cm, and using the improved algorithm with
range constraints, after the first estimate of BLY. (A) 1.0%,
(B) 3.0%, (C) 5.0%, and (D) 10.0% noise
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