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A near-infrared (NIR) tomography system with spectrally-encoded sources in two wavelength
bands was built to quantify the temporal oxyhemoglobin and deoxyhemoglobin contrast in breast
tissue at a 20 Hz bandwidth. The system was integrated into a 3T magnetic resonance (MR)
imaging system through a customized breast coil interface for simultaneous optical and MRI
acquisition. In this configuration, the MR images provide breast tissue structural information for
NIR spectroscopy of adipose and fibro-glandular tissue in breast. Spectral characterization per-
formance of the NIR system was verified through dynamic phantom experiments. Normal human
subjects were imaged with finger pulse oximeter (PO) plethysmogram synchronized to the NIR
system to provide a frequency-locked reference. Both the raw data from the NIR system and the
recovered absorption coefficients of the breast at two wavelengths showed the same frequency of
about 1.3 Hz as the PO output. The frequency lock-in approach provided a practical platform for
MR-localized recovery of small pulsatile variations of oxyhemoglobin and deoxyhemoglobin in
the breast, which are related to the heartbeat and vascular resistance of the tissue.

Keywords: High frame-rate; fast imaging; MR-guided; near-infrared tomography; breast

hemodynamics.

1. Introduction

Near-infrared spectral tomography has been exten-
sively studied to measure functional properties of
breast tissue, with an aim of providing fundamental
insight or diagnostic information about breast
cancer management.! While diffuse spectroscopy of
tissue has an inherently low spatial resolution as a
direct result of the multiple scattering of photons
passing through several centimeters of tissue,’
recent advances in system integration with clinical
imaging modalities, including X-ray mammo-
graphy,? ultrasound,® X-ray tomosynthesis,” and
magnetic resonance imaging,%” have shown that the
spatial resolution may not be entirely limited if the
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focus is developed around NIR spectroscopy of
predefined volumes. In addition, dynamic contrast
mechanisms, such as those from optical contrast
agent pharmacodynamics or from gas inhalation
changes, induce rapid vascular changes in breast
tissue®” and are under exploration to improve image
contrast and specificity. These functional contrast
changes have induction curves, which change
rapidly over seconds and minutes and thus require
faster imaging systems to capture the physiologi-
cally critical information about vascular dynamics
and resistance with biologically accurate temporal
resolution. This study presents the development of a
fast MR~guided multispectral band NIR tomography
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system with high temporal resolution, which was
tested in human breast imaging.

Currently, most multi-spectral NIR imaging
systems acquire data at far slower rates than is
required for capturing important dynamic changes
in tissue as most systems used in clinical trials
require several minutes to acquire one image. A few
techniques have been proposed to image at sub-
second timescales, among which was one based on
frequency modulation to encode each wavelength of
the light source,'”!! or the spatial position of the
source light'? in order to reduce or eliminate
sequential source switching. This imaging technique
is flexible and can achieve imaging rates as high as
150 Hz,'' and it is especially suitable for small
subjects such as rats. However, the dynamic range
required to image larger tissue volumes, such as
human breast, places severe limitations on accumu-
lating enough signal from multiple sources around
the tissue at each detector. Ultimately, it is not
possible to detect signals with widely varying
dynamic range in the same detector. The imaging
speed of most systems degrades drastically with tis-
sue thickness and longer minimum exposure times
are required to accumulate enough signal on the
detector. Therefore, the maximum speed reported
for routine breast imaging has been 3 Hz, yet most
reported clinical trial summaries have been carried
out on systems with acquisition times of several
minutes. But imaging at speeds much faster than the
tissue activity rate of interest, such as heartbeat rate,
is important to provide quantitative information on
physiological dynamics, and could potentially allow
the use of signal processing methods to improve the
signal-to-noise ratio.

In earlier work, a scheme to use spectrally-encoded
laser diodes (LD) centered around 785nm for
continuous-wave (CW) tomography through small
objects was demonstrated and achieved imaging frame
rates of 30 Hz.'® The interface and detection part of
this system was modified to improve the dynamic
range of the detectors and allow imaging through
breast tissues, up to 7—8 cm thickness, with a 20-Hz
acquisition rate.'* Guided by the tissue structural in-
formation from MR images and the locking frequency
reference from a pulse oximeter (PO), the improved
system demonstrated the ability to recover temporal
variations in absorption coefficient y, in the breast
tissue of a healthy female subject.'®

In this present study, an additional set of seven
830-nm laser diode sources has been incorporated

into the high-speed NIR system to form a second
wavelength band, which allows spectroscopic
interpretation without decreasing the acquisition
frame rate of the system. The potential application
for this high-speed two-wavelength tomography
system is to monitor the temporal concentrations of
oxyhemoglobin (HbO) and deoxyhemoglobin (Hb),
and convert these values to total hemoglobin (Hbr)
and oxygen saturation (SO,) signals within the
breast in wivo, which are critical parameters for
breast tumor diagnosis.'® In this study, the per-
formance of the system was verified through a series
of phantom experiments, and a human case study
was completed with a healthy volunteer to show the
system’s ability to reveal the hemodynamics of
breast adipose and fibroglandular tissues.

2. System Configuration

The dual-wavelength system consists of a source
cart, a detection cart, and a phantom/tissue inter-
face as shown in Fig. 1. The detection system and
the tissue interface are identical to those of the
single-wavelength video-rate tomography system
previously reported.'* In addition to the original
seven 785-nm band LDs, another set of seven LDs
with a central emission wavelength at 830 nm were
installed onto the source system. LDs within each
wavelength band (785 or 830nm) were carefully
tuned with the accompanying temperature and
current control circuits to achieve about 1nm
separation in between each, and stable enough for a
20-min imaging session. The 1,200 grooves/mm
gratings of the seven CCD-based spectrometers
(Acton, MA, USA) on the detection cart were set
to be centered at 805nm, so that signals from all
LDs of both wavelength bands can be resolved on
the CCDs simultaneously. All spectrometers were
hardware synchronized and controlled by a custom-
developed LABVIEW program on a console com-
puter. The breast/phantom interface is comprised
of two parallel plates, with sources and detection
fibers positioned across from one another in a purely
transmission mode arrangement, as shown in Fig. 1.
This configuration minimizes the overall dynamic
range, allowing all transmitted signals to be mea-
sured with a fixed exposure time setting on all the
CCDs. It was found that the signal-to-noise in
acquisition would not be affected by the acquisition
speed, as long as the signal amplitude was kept
constant. Therefore the imaging speed was always
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Fig. 1. (a) The configuration of the dual-band NIR tomography system is shown. The source cart housing 14 laser diodes (in two
bands of seven lasers each) and accompanying circuits is on the left, and the detection cart housing seven spectroscopy systems and a
console computer is on the right. The diagram of the phantom/tissue interface and illustrative light paths is in the middle. (b) The
normalized intensities of LDs before transmission into the tissue. (¢) The normalized intensities of LDs on one CCD after passing

through a 63-mm breast tissue phantom.

chosen to be as low as possible in order to maximize
the exposure time and thus maximize signal inten-
sity on the CCDs, while avoiding saturation. The
system typically runs at 10 to 25 Hz, depending on
the optical properties and the thickness of the
media, while the maximum imaging speed of this
system is ~60 Hz.

3. Phantom Experiments and Results

3.1. Validation of hemoglobin
concentration recovery in
phantom tests

A tissue-simulating phantom with thickness of
63 mm and lateral dimension of 120 mm was made
from agarose powder, intralipid, porcine whole
blood and phosphate buffered saline (PBS),
according to a previously published procedure,'”
and is pictured in Fig. 2. The 0.75% intralipid
concentration of the phantom resulted in a reduced
scattering coefficient p/, of 0.76 mm~! at 785nm
and 0.72mm ! at 830 nm.'® Hby was set to 15 uM
in the phantom, which is within the normal range
for Hby level in human breast tissue. SO, of the
phantom were close to 100%, because of the fresh

63 mm

Fig. 2. The agarose phantom with a liquid anomaly in the
middle, used to vary hemoglobin levels in a single inclusion.
The light sources were guided by the orange fibers on the right,
and the black detection fibers on the left were connected to the
spectrometer/CCDs.

porcine whole blood used in making the phantom.
The phantom included a cylindrical anomaly of
20 mm diameter in the middle of the phantom. The
anomaly was first filled with a solution of 15 ym Hb
and 0.75% intralipid to make the phantom optically
homogeneous, and a measurement was made. Then
the solution in the anomaly was withdrawn with a
syringe, and the anomaly was filled with a batch
of solutions of increasing Hbr and constant 0.75%
intralipid concentration. One measurement was
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made for each new solution. The Hbt of the solution
batch increased from 15 to 40 uM.

After compensating for the intensity of the
different lasers and the efficiency of the detectors,
each dataset was calibrated with the homogeneous
measurement. A 2D slab-shaped mesh of 5,249
nodes was created and segmented into the anomaly
region and the background region corresponding to
the exact dimensions of the phantom. Then a region-
based reconstruction algorithm'® was applied to
the datasets, fitting for oxyhemoglobin and deoxy-
hemoglobin values. The results from a systematic
increase in hemoglobin and corresponding fits are
shown in Fig. 3.

The SO, of both the background and the
anomaly had small fluctuations, with approxi-
mately 2% standard error (standard deviation nor-
malized by the mean value). The reconstructed Hbp
of the background remained constant and agreed
very well with the true value of 15 uM. The Hbt of
the anomaly agreed with the true value for lower
Hbt solutions, but was slightly overestimated
with increased Hbr in the anomaly region. Local

O recon hemo in anomaly
——  true hemo in anomaly

\vi recon hemo in background
true hemo in background

)
o
o

35}

w
o

Recon hemo ( uM
[\*]
w

[h*]
o

g
<
- <
<
<
4

27 30 35 40
True hemo (uM)

e

£
—
o
N L
—
]
5

w1009 o 0 o) 9
0]

S ¥ v v v v ¥
g 90
o O  anomaly
§ 80 v  background
o

18 21 24 27 30 35 40
(b) Hb in Blob (uM)

Fig. 3. (a) The reconstructed and true total hemoglobin
(Hby) in the anomaly region and the background are plotted,
showing the expected linear and flat trends. (b) The recon-
structed SO, in the anomaly and the background are shown,
with less than 2% standard error in both cases.

variations in total hemoglobin in the anomaly liquid
could also be a cause for this. However, the largest
absolute error was only 8.3% in the 35uM
case, which is reasonable for breast imaging with
this system, especially given there are only two
wavelength bands and relatively narrow spectrum
coverage.

3.2. Validation of hemoglobin oxygen
saturation recovery in phantom
tests

To wverify the system’s ability to recover SO,
especially at high speed, a deoxygenation exper-
iment with yeast was carried out. An agarose slab
phantom identical to the one in Fig. 2 was made
and used as the background, while the anomaly in
the middle was filled with solution of high Hby
concentration and 0.75% intralipid. A reflectance-
based tissue oximeter (T-Stat 303, Spectros
Corporation, Portola Valley, CA, USA) was set up
to monitor the SO, in the anomaly simultaneously
with the NIR system, as shown in Fig. 4. The tissue
oximeter utilizes a reflectance signal from the visible
wavelength range of 420 to 700 nm for hemoglobin
oxygenation spectral fitting, so its signal
was filtered out by the grating on the NIR system
and did not contaminate the NIR signal on the
detector, allowing both to operate at the same time.
Yeast was added to the liquid anomaly region and
mixed well immediately before measurements were
recorded. The tissue oximeter sampled at 1Hz,
while the sampling period of the NIR system was
60 ms. The entire deoxygenation experiment lasted
for 10 min before the SO, reading of the tissue
oximeter settled to a constant value near 5% sat-
uration, effectively showing the minimum value
detectable for desaturation.

The NIR data was calibrated and reconstructed
frame by frame. The reconstructed SO, of the
solution in the anomaly was plotted together with
the reading from the tissue oximeter in Fig. 5.
Compared with the reading of the tissue oximeter,
the slope of the SO, curve of the NIR system was
less steep, and the reading was slightly under-
estimated above 52% saturation and overestimated
below this level. For most clinical applications
where SO, was usually above 40%, the difference
of these two modalities was within a maximum of

10% difference.



J. Innov. Opt. Health Sci. 2011.04:199-208. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 10/24/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

MR-Guided Pulse Oximetry Imaging 203

Fig. 4.

into the anomaly in the phantom. (b) The reflectance tissue oximeter interface.
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probe reference.

4. Human Breast Imaging

The experimental setup for breast imaging is shown
in Fig. 6. A healthy female volunteer was recruited
for the imaging experiment. In addition to the NIR
data, MR images are essential to provide breast
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region-based reconstruction algorithm (www.nirfast.

org). To minimize the co-registration error, MR

images were collected simultaneously with the NIR
data during patient imaging. To realize this, both
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Fig. 6. The experimental setup for breast imaging inside the MRI, shows the laser diodes and spectrometers (left) with fiber
coupling into the MRI system (center). Data collection was synchronized with finger pulse oximetry (right) to monitor pulsatile flow

data in a frequency-locked manner.
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Fig. 7. In (a) the raw data from the 4th detector and the 4th laser source, is shown in the time domain, and in (b) is the Fourier
transform of (a). In (c) part of (a) is zoomed in and shown with periodic signal component related to heartbeat. In (d) is the Fourier

transform of the output of finger PO signal.

the source fibers and the detector fibers were
extended into the MR room and fixed onto the
breast interface, which was in turn fixed inside a
customized breast MR coil. Co-registration of the
two imaging modalities was realized by MR fiducials
on the breast interface. The subject lay prone on the
breast coil on the MRI bed, with the right breast
gently compressed into a 52-mm thick slab shape by
the breast interface. The thickness of 52mm was
chosen for this breast so that the compressed breast
width matched the array of sources and detectors on
the breast holder, while the compression resulted in
no pain to the subject.

The finger pulse of the subject was also con-
tinuously monitored during the imaging session by a
MR-compatible pulse oximeter (PO, Veris Vital
Signs Monitor, MEDRAD, Inc.) to provide a fre-
quency-locking reference to the NIR dataset. The
PO produces a continuous analog signal output
proportional to the detected optical signal on the
finger, allowing sampling with a DAQ board on the
same computer that controls the NIR system and at
the same rate as the NIR system, which was 20 Hz
in this human breast imaging exam. The scout
scans, T1-weighted and T2-weighted coronal scans
took the MR system 15min in total to complete.
The NIR system and the PO acquired measure-
ments for 134 sec.

A 0.2—0.3 Hz periodic component was observed
in the raw data of all detectors, which was likely
caused by the respiration of the subject. The raw
data at the 4th detector from the 4th 785 nm source
was shown in Fig. 7(a) as an example. In addition,
the Fourier transform of the raw data [Fig. 7(b)]
also showed a smaller peak around 1.3Hz. This
frequency component became obvious in Fig. 7(c),
which is part of Fig. 7(a) after being zoomed in.
This frequency component was verified to be caused
by the heartbeat, using the Fourier transform of the
PO output, as shown in Fig. 7(d). The same pattern
was found in other source-detector pairs, as well as
in the raw data from the 830-nm wavelength band,
which verified that this NIR system could detect the
small fluctuation of optical signal caused by both
breathing and heartbeat.

Because the hemodynamics in breast tissue is
more related to the heartbeat, the frequency com-
ponent related to breathing was filtered out from
the raw data first. The data were compensated with
source intensities and detector efficiencies and cali-
brated per wavelength band with the measurement
on a slab-shaped homogeneous agarose phantom to
remove coupling offset as described in detail pre-
viously.'* The mesh for reconstructing the optical
data was created from the coronal MR scan images.
Figure 8(a) is a coronal T1 MR image of the breast.
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Fig. 8. (a) The inplane coronal slice of the T1-weighted MR
image is shown for the right breast of the subject imaged. This
image was used to create a mesh with segmentation of the
adipose tissue (black) and the fibroglandular tissue (white) in
(b). The positions of source and detector fibers are marked
accordingly with circles.

The dark region inside the tissue is composed mostly
of fibroglandular tissue which typically contains
higher hemoglobin content, while the gray region is
mostly adipose or fatty tissues which generally have
lower hemoglobin content.” From the MR image, a
2D mesh with 3,963 nodes was created and seg-
mented into two regions, e.g., the fibroglandular
region and the adipose region, as shown in Fig. 8(b),
to perform region-based optical spectroscopy. This
reconstruction algorithm is based on the finite
element model of the diffusion equation and groups
all nodes into two tissue types and thus results in
homogenous p, value inside each region. This algor-
ithm is more robust against experimental noise and is
more convenient to compare the hemodynamic
characteristics of different tissue types.'”

Because the laser sources of the NIR system work in
continuous wave mode, there is no ability to separate
absorption coefficient, j,, from scattering, p, in the
images. However extensive earlier work with a fre-
quency domain system has led to reasonable estimates
for the u) values for adipose and fibroglandular tis-
sues, which appear to be stable to within 15% between
subjects.” These values are p/;(adip) = 0.60 mm ! in
the adipose region and p,( fibro) = 1.00 mm ! in the
fibroglandular region for 785nm, and pu)(adip) =
0.55 mm ! and p'( fibro) = 0.95 mm ! at 830 nm.

Assuming the above values for scattering coeffi-
cients, i, of each wavelength band was reconstructed
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Fig. 9. The change in pu, of the two tissue types are shown at
785nm (a) and 830nm (b). These were estimated by region-
based recovery in the inversion algorithm.

separately and frame by frame on a desktop compu-
ter. A data stream of total length 15 s is shown, for p,,
values at the two wavelengths in Fig. 9. The plot
suggests that the temporal p, showed a period of
about 1.3 Hz for both tissue types and both wave-
length bands. The mean value and the variation of
are larger in the fibroglandular region than in the
adipose region, which agrees with common physio-
logical knowledge and previous studies.” The value of
1, at 830 nm is slightly larger than that of 785 nm in
both tissue types, which agrees with the expectation
that HbO makes up the larger fraction of blood in the
pulsatile signal, and has a higher absorption coeffi-
cient at 830 nm than at 785 nm.

To verify the temporal resolution of pu, of the
NIR system, the temporal frequencies of recovered
I, in two tissue types were compared to the analog
output of the PO, and the raw data at the 4th
detector from the 4th 785-nm source after removing
the frequency component related to breathing. For
each dataset, an FFT was performed on every 10s
of the dataset, and the peak frequency was recorded
as the main frequency of this segment. This process
was repeated with the increment of 1 s step size. The
curves of peak frequencies along the time were
plotted in Fig. 10. The general shapes of those four
curves were identical, which illustrates that the NIR
system could capture very similar temporal changes
in p, as the PO did. The curves of two tissue types
and the raw data was exactly in phase, meaning
they were driven by the same heart pulse. Despite
the identical shapes, the curve of PO has about 4s
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Fig. 10. (a) The peak frequency of the pulse oximeter output along the time. (b) The peak frequency of the 785 nm signal going
from the 4th detector to the 4th source, after removing the frequency component related to breathing. (c¢) The peak frequency of 1,
of the fibroglandular region at 785 nm band along the time. (d) The peak frequency of p, of the adipose region at 785 nm band along

the time.

lag compared to the other three. This is probably
due to the smoothing and data processing algor-
ithms inside the PO. The curves at 830 nm band
were identical to those at 785 nm band, and thus
were not listed here.

5. Discussion

The purpose of this system development and testing
was to establish whether hemodynamics could be
tracked through thick breast tissue with MR gui-
dance. Previous work with the system was done
with a single wavelength, and so the addition of a
second wavelength band provides the ability to
estimate oxygen saturation changes at a high frame
rate. There are a number of ways that dynamic vas-
cular contrast can be examined by inducing changes
in breathing rate, inspired gas concentration, or other
physiologic perturbations such as pressure, motion,
or cellular metabolism. This report has been a simple
step in the system development, but considering the
technological challenges involved in realizing this
system, the demonstration of phantom quantifi-
cation and in vivo monitoring is a major milestone.
The next phase of testing can come in systematic
examination of physiological changes in vivo, requi-
ring a human subject’s protocol plan. Ongoing work
in inspired gas changes are being tested with a system
achieving 0.5 Hz acquisition,'” and so this new system
should be much more informative to track this
dynamic data.

Admittedly, this NIR system requires prior
information about p/, which is not available with
the CW working mode of LDs. The pre-assumed
homogeneous i, of each tissue type differed from
the heterogeneous nature of breast tissue, and even
the mean value of u/, in each tissue region could
offset from the pre-assumed value. However, we
have verified through comprehensive simulations
that heterogeneity of p/, has little effect on the
recovered p, with the region-based reconstruction
scheme, given the pre-assumed p/; is not far from
the average value of the true p/, in the region. The
reason behind this is that the recovered p, is also
averaged with the region-based scheme, thus it
suffers little from the heterogeneity of . Over-
estimated p values lead to underestimated g, in
the reconstruction, and vice versa. But it does
not change the overall trends in the u, values, e.g.,
when the true p, reaches maximum, so does the
reconstructed p,. Therefore this system is ideal for
applications where the temporal trend of u, is of
interest, and could readily be applied to track the
clearance of optical contrast agents such as indo-
cyanine green (ICG) and these studies are currently
being planned.

The system is also well suited to monitor breast
hemodynamics, such as shown in the patient
experiment described herein, though the current
configuration cannot recover the temporal HbO and
Hb variations because of the possible offset in the
pre-assumed value of ps. To enable the system to
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accurately monitor the breast hemodynamics, we
are working on incorporating our frequency-domain
NIR tomography system with six discrete measure-
ment wavelengths®”?! previously developed in our
group, which can provide reference u/, and chromo-
phore information of the breast tissue. A new breast
interface will be built to accommodate fibers from
both the two-wavelength NIR system and the multi-
wavelength system, facilitating the measurement of all
major tissue chromophores, scattering, and dynamic
changes in HbO and Hb in a single imaging session.

6. Conclusions

A two-wavelength high frame-rate NIR tomography
system was described which has the capability to
image through thick breast tissue at 20 Hz. Its per-
formance to recover temporal hemoglobin content
and oxygen saturation with good knowledge of 1/
was verified through tissue-like phantom exper-
iments. The data were acquired within a clinical MR
system, and an MR-compatible pulse oximeter was
used in a single patient imaging experiment. Image
co-registration of the NIR system and the MR sys-
tem, as well as the synchronized data acquisition of
the NIR system and the PO have been demonstrated.
The raw data from the NIR system demonstrated the
system’s capacity to detect the fluctuation of optical
signals caused by both breathing and the heartbeat.
With pre-assumed p/, values of breast tissue, y, for
two tissue types at two wavelengths were successfully
recovered at 20Hz with the region-based recon-
struction scheme.
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