UNCLASSIFIED

AD NUMBER

ADB287619

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies only; Proprietary Info.; Oct
2002. Other requests shall be referred to
U.S. Army Medical Research and Materiel
Command, 504 Scott St., Ft. Detrick, MD
21702-5012.

AUTHORITY

USAMRMC 1ltr, DTD 01 Jul 2003

THIS PAGE IS UNCLASSIFIED




L S
L AP e 1

AD
Award Number: DAMD17-99-1-9218
TITLE: Frequency-Domain Optical Mammogram
PRINCIPAL INVESTIGATOR: Sergio Fantini, Ph.D.

CONTRACTING ORGANIZATION: Tufts University
Medford, Massachusetts 02155

REPORT DATE: October 2002

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Distribution authorized to U.S. Government
agencies only (proprietary information, Oct 02). Other requests
for this document shall be referred to U.S. Army Medical Research
and Materiel Command, 504 Scott Street, Fort Detrick, Maryland
21702-5012.

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20030328 384

-~

/



NOTICE

USING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER
DATA INCLUDED IN THIS DOCUMENT FOR ANY PURPOSE OTHER
THAN GOVERNMENT PROCUREMENT DOES NOT 1IN ANY WAY
OBLIGATE THE U.S. GOVERNMENT. THE FACT THAT THE
GOVERNMENT FORMULATED OR  SUPPLIED THE  DRAWINGS,
SPECIFICATIONS, OR OTHER DATA DOES NOT LICENSE THE
HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY
ANY RIGHTS OR PERMISSION TO MANUFACTURE, ' USE, OR SELL
ANY PATENTED INVENTION THAT MAY RELATE TO THEM.

LIMITED RIGHTS LEGEND

Award Number: DAMD17-99-1-9218
Organization: Tufts University

Those portions of the technical data contained in this report marked as
limited rights data shall not, without the written permission of the above
contractor, be (a) released or disclosed outside the government, (b) used by
the Government for manufacture or, in the case of computer software
documentation, for preparing the same or similar computer software, or (c)
used by a party other than the Government, except that the Government may
release or disclose technical data to persons outside the Government, or
permit the use of technical data by such persons, 1if (i) such release,
disclosure, or use is necessary for emergency repair or overhaul or (ii) is a
release or disclosure of technical data (other than detailed manufacturing or
process data) to, or use of such data by, a foreign government that is in the
interest of the Government and is required for evaluational or informational
purposes, provided in either case that such release, disclosure or use is made
subject to a prohibition that the person to whom the data is released or
disclosed may not further use, release or disclose such data, and the
contractor or subcontractor or subcontractor asserting the restriction is
notified of such release, disclosure or use. This legend, together with the
indications of the portions of this data which are subject to such
limitations, shall be included on any reproduction hereof which includes any
part of the portions subject to such limitatioms.

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION.

Col, b Clit.

5//9\/03




B

| REPORT DOCUMENTATION PAGE OMB Mo 4740188

N Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

- 1"1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE

QOctober 2002

3. REPORT TYPE AND DATES COVERED

Final (1 Oct 99 - 30 Sep 02)

5. FUNDING NUMBERS
DAMD17-99-1-9218

4. TITLE AND SUBTITLE
Frequency-Domain Optical Mammogram

6. AUTHOR(S)

Sergio Fantini, Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
Tufts University

Medford, Massachusetts 02155

E-Mail: Sergio.fantinietufts.edu

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
. AGENCY REPORT NUMBER
U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES
Original contains color plates:
Report has nonprint
to CD. U S
12a. DISTRIBUTION / AVAILABILITY STATEMENT
Distribution authorized to U.S. Government agencies only (proprietary
information, Oct 02). Other requests for this document shall be referred to
. U.S. Army Medical Research and Materiel Command, 504 Scott Street, Fort

| Detrick, Maryland 21702-5012.

All DTIC reproductions will be in black and white.
media appended to report. A separate document number will be assigned

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 Words)

This research project has involved the analysis of a clinical data set oﬁ frequencyjdomgin
optical mammograms (~150 patients) to maximize the effectiveness o; this b?east imaging
modality for cancer detection and to guide further improvements Qf this technique. .

During the first year, we have computed edge-corrected optical mémmograms (N—;mages)
for the whole data set and obtained the corresponding ROC curve. During the second year,
we have devised a new approach to tumor oximetry on the basis of spectralldata, and.we
have started developing a second-derivative scheme of image processing. Du;lng'the third
year, we have finalized the second-derivative processing scheme an@ applied it to the
whole set of clinical data. By combining the information provided by the second-
derivative optical mammograms at one wavelength, and the oxygenation images computgd_from
data at four wavelengths, we have obtained a new ROC curve that shows a significant
improvement upon the ROC curve based on the N-images alone. . o

In summary, we have completed our broad objectives: (1) maximize the cllnlcglly useful
information extracted from the existing set of optical mammograms; (2) gulde further
developments of optical mammography by ;EEEEQEcing a new approach toﬁ;gpquOX}@epgyL_v

14. SUBJECT TERMS

optical mammography, near-infrared imaging, photon diffusion,
optical tomography, near-infrared tissue spectroscopy

15. NUMBER OF PAGES
124

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT
Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT
Unclassified

20. LIMITATION OF ABSTRACT

Unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. 239-18
298.102




%

Table of Contents




o

INTRODUCTION

This research project involved the analysis of an existing clinical set (~150 patients) of frequency-
domain optical mammograms to assess the performance of this approach to breast cancer detection.
The analysis of the breast images is complemented by theoretical and experimental studies to
characterize the proposed algorithms of image processing. The objective of this research is to
maximize the clinical information content of the optical images collected with the current
instrument design, and to guide the design of new optical instrumentation for breast cancer
detection.

BODY

Approved statement of work
The approved statement of work for this project is the following:

Task 1.

Compute and analyze the edge-corrected optical mammograms for all 150 patients (Months 1-18)
a. Install the optical mammography software for the SUN workstation;
b. Build the edge-effect-corrected images (N-images) from the amplitude and phase images;
c. Carry out a comparison between the N-images and the tumor diagnosis for each patient;
d. Analyze the wavelength dependence of the N parameter and the ac amplitude for different
kinds of tumors;
e. Collect a printed summary of all the 2,400 N-images (150 patients, 2 breasts, 2
projections, 4 wavelengths) and the spectral features of all the tumors.

Task 2.

Perform the optical measurements on breast-like phantoms (Months 19-24)
a. Prepare the breast-like phantoms (optical inhomogeneities + strongly scattering
background);
b. Collect and analyze the optical data;
c. Repeat the experiment for a variety of sizes, shapes, optical contrasts, and inhomogeneous
backgrounds. '

Task 3.
Apply the method for the quantification of the tumor optical properties and construct the spectral
chart for benign and malignant tumors (Months 25-36)

a. Find the optical properties, and the hemoglobin-related parameters of the tumors;

b. Build charts of benign and malignant regions in the p -p. plane at four wavelengths;

c. Determine whether malignant tumors show a specific spectral signature.

The first Grant period (year 01) was devoted to Task 1, and the results obtained were reported in the
first year annual report. The second Grant period (year 02) was devoted to an extension of Tasks 1b
and 1d, and to Task 2. Results of the second Grant period were reported in the second ‘annual
report. During year 03, we have completed the work initiated in years 01 and 02 (mostly pertaining
to Task le), and we have performed Task 3. On the basis of the results of years 01 and 02, Tasks 3a
and 3b were focused on the hemoglobin oxygenation of tumors rather than on their optical
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properties (1, and p,"). By computing an “oxygenation index” on the basis of spectral optical data,
we were able to increase the area under the ROC curve based on single-wavelength optical
mammograms (Task 3c).

Task 1.e.

During year 01, we have obtained the so-called N-images for the whole dataset of optical
mammograms. We briefly recall that the N-images are the result of an algorithm of image
processing previously developed by us to minimize the effect of the breast thickness variability on
the optical mammograms. The resulting images display a dimensionless parameter (called N) that
1s indicative of the optical density of the breast. We have found that N-images enhance the tumor
detectability with respect to amplitude or phase images (i.e. with respect to images obtained from
the raw optical data). After having examined the results for the whole dataset, we have found that
all of the outstanding image regions associated with cancer, benign tumors, and blood vessels are
characterized by an increased value of N. Such an increased value (peak) is always associated with
a negative second spatial derivative. On the contrary, we have observed that areas that introduce
edge effects (i.e. the artifacts associated with the breast thickness reduction by the edge of the breast
image) are usually associated with a positive second spatial derivative of N.

As a result of the above findings, during year 02, we have started developing a new scheme
of image processing based on the second derivative of N. This image processing approach consists
of the following steps:

D Smooth the original N image by a low-pass spatial filter;
1)) Calculate the average of the second spatial derivative along eight directions through
each image pixel (N**); _
III)  Set all of the image pixels corresponding to a positive value of N’ to white;
IV)  Set all of the pixels out of the breast to black;
V) Display the image pixels with N’’<0 using a gray scale palette where white corresponds
to N”’=0 and black corresponds to the maximum value of N*’.
This algorithm of data processing keeps all of the strengths of the N-imaging and further improves
on the quality of the image display. During year 03, we have taken full advantage of this new image
processing scheme in two ways: (1) We have applied it to all of the clinical data to compile second-
derivative images of the whole clinical data set; (2) We have used these images to identify a subset
of pixels of interest (those with a negative second derivative) for which we have applied the spectral
analysis of Task 1d to compute a spatially-resolved oxygenation index. As a result, we obtained
two new sets of optical images, namely second-derivative images and oxygenation images. The
complete set of these images, as well as the complete set of the N-images obtained during year 01
as part of Task 1b, is included in a CD-ROM that is part of the Appendix. The Appendix also
contains a color-coded list of the classification for all patient numbers. A complete hardcopy set of
printed images is available upon request (we opted not to include a hard copy of all the images with
this final report because it consists of two large binders containing several hundreds pages each).

Task 3.
During year 03, we have studied the most effective way to combine the 4-wavelength optical
mammograms to obtain information on the hemoglobin saturation of detected breast lesions. After
a number of tests, we have chosen to proceed according to the following two-step procedure:

1) Identify regions of interest as those with a negative second derivative in the N*” images;
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1) Identify regions of interest as those with a negative second derivative in the N’ images;
2) For each pixel in these regions of interest, calculate an oxygenation index using the N values
at the four wavelengths (690, 756, 788, 856 nm).

N (690 nm) 2nd derivative (690 nm) Oxygenation index
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Fig. 1. Representative N-images, N’ images, and oxygenation index images of a cancerous breast in craniocaudal view
(top images) and oblique view (bottom images). The ‘cancer location (invasive ductal carcinoma), known from x-ray
mammography, is indicated by the arrow. This patient (#215) is 53 years old.

During year 02, we used the second-derivative of N to calculate the oxygenation index, but we
found N (rather than its second derivative) to be a better choice in order to extend the calculation of
the oxygenation index beyond the pixel corresponding to the peak value of N. We stress that the
new spectral method developed during year 02 for quantitative tissue oximetry, which requires data
over a broad continuous spectral band, cannot be used on our clinical images that contain data at
only four wavelengths. Therefore, we have calculated the oxygenation index (OI) at each pixel of
the regions of interest by fitting the N values at the four wavelengths A; with a linear combination of
the extinction spectra of oxy-hemoglobin and deoxy-hemoglobin. The analytical expression for the
oxygenation index is the following:
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where i is the wavelength index (ranging from 1 to 4), while g, and €, are the molar extinction
coefficients of deoxy-hemoglobin and oxy-hemoglobin, respectively. An example of an
oxygenation index (OI) image is shown in Fig. 1, where the false colors indicate the level of
oxygenation. In the example of Fig. 1, it can be seen that the cancer location (known from x-ray
mammography) correspond to lower values of the oxygenation index, i.e. blue color in the top panel
(craniocaudal view) and green-blue color in the bottom panel (oblique view). We have used the
second-derivative (N’”) images in combination with the oxygenation index (OI) images to build an
ROC curve to be compared with the ROC curve based solely on N images that we obtained during
year 01. The new ROC curve for the N’ & OI images was developed by assigning a score of 3, 2,
1, or O to lesions detected in the N’” and OI images. Specifically, the criteria for scoring were the
following.

Score 3: A score of 3 was given to areas that had high contrast in the N’” image and a low OI value
relative to other areas in the i image.

Score 2: A score of 2 was given to (a) areas that had high contrast in the N*’ image and an OI value
that was not the lowest in the image; (b) areas that had lower contrast in the N’ image but that had
the lowest OI value in the image.

Score 1: A score of 1 was given to (a) areas with a low OI value that appeared symmetrically in the
N’ images of the right and left breasts regardless of their contrast; (b) areas that showed low
contrast in the N°’ image but showed the lowest OI value in the image; (c) areas with high contrast
in the N”’ image and high OI values.

Score 0: A value of 0 was given to (a) spatially extended areas of low contrast in the N°* image
with high OI values; (b) thread-like structures in the N’ image with high OI value.

When a breast lesion appeared in both breast views, we averaged the scores assigned to the
individual breast views (craniocaudal and oblique).

The new ROC curve was obtained by setting threshold values of 2.5, 2, 1. 5, and 1 to the score of
positive lesions. The sensitivity and specificity corresponding to these four threshold values are
given in Table I.

Table 1. Sensitivity and specificity for the four threshold values applied to the
scoring based on N’’ and oxygenation images.

Threshold | Sensitivity | Specificity
2.5 20% 97%
2.0 41% 94%
1.5 72% 80%
1.0 86% 63%




The new ROC curve extrapolated from the four points corresponding to the four threshold values is
shown in Fig. 2, where it is compared with the ROC curve based on N-images that was reported in
the first annual report. The improvement obtained with the new ROC curve is apparent. The

reviewer of our first annual report suggested that more than one examiner scored the optical

mammograms. We agree that this is important, and we are now performing this multi-examiner
process. We intend to confirm the findings reported in Fig. 2 and quantify the deviations between
ROC curves obtained by different examiners. These results will be reported in a scientific
publication that is currently in preparation and that will summarize the key results of this three-year
project. Such key results are briefly summarized in the Conclusion section.

ROC curves
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Fig. 2. ROC curve based on N’’ & OI images (squares) obtained during year 03 and ROC curve based on N-i 1mages
(diamonds) obtained during year 01.

Additional research

In year 03, the PI has published a manuscript [Phys. Med. Biol. 47, N249 (2002)] that reports a
hemodynamic model to guide the physiological interpretation of near-infrared spectroscopy data.
This model has wide applicability and can also be used to help interpret the data collected with
optical mammography.
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KEY RESEARCH ACCOMPLISHMENTS

YEAR 01:

e Implemented modifications to the software for the computation of N-images and for the
computation of the tumor contrast for each optical mammogram.

o Computation of the N-images for the whole data set of ~150 patients.

e Determination of the ROC diagram based on one-wavelength N images for the 131 patients
with complete pathology report.

¢ Development of a perturbation approach for the spectral analysis of the optically detected
breast lesions.

¢ Determination of the effectiveness of the spectral perturbation approach to discriminating
benign and malignant breast lesions on a subset of 19 patients.

YEAR 02:
e Development of a new scheme of image processing based on the second spatial derivative of
the N images.

o Computation of a tumor oxygenation index (OI) based on the spectral dependence of the
second derivative of N at the tumor. .

e Combination of the above two points into a composite false-color breast image containing
structural information (from the second derivative of N) and functional information (OI).

e Development of a new method to measure the tumor oxygenation from an appropriate
choice of a wavelength pair that depends on the tumor oxygenation.

o Theoretical tests of the new method using the analytical solution for a spherical inclusion
(tumor) embedded in a turbid medium (breast tissue).

e Experimental tests of the new method on breast-simulating turbid media.

YEAR 03:
e Application of the second-derivative image-processing scheme to the whole clinical data set
of optical mammograms.

o Generation of tumor oxygenation index (OI) images by computing the value of OI at pixels
identified as regions of interest by the second-derivative images.

e Generation of an ROC curve based on the combination of second-derivative images and
oxygenation index images.
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optical mammography to enhance the detection of breast tumors,” J. Biomed. Opt.
(submitted 7/18/2002).

2. S.Fantini, “A haemodynamic model for the physiological interpretation of in vivo
measurements of the concentration and oxygen saturation of haemoglobin,” Phys. Med.
Biol. 47, N249-N257 (2002).
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CONCLUSIONS

We have performed the proposed analysis of frequency-domain optical mammograms for a clinical
population of about 150 patients. This analysis has led to the compilation of edge-effect-corrected
images (N-images), second-derivative images (N’’-images), and oxygenation index images (OI
images). The ROC curve obtained from the combination of N°> and OI images is significantly
improved with respect to the ROC curve obtained from N-images (see Fig. 2). This result indicate
that multi-wavelength data can significantly improve the clinical effectiveness of optical
mammography. To further exploit the spectral information available with optical mammography,
we have developed a novel approach to the oximetry of breast lesions, which requires broad band
spectral imaging. ,

The relevance of our results is twofold: (1) they show that optical mammography can be a
useful imaging modality to help detect breast cancer, and (2) they pose the basis for further
developments in optical mammography. In particular, we found the instrumental design based on a
parallel plate geometry and slight breast compression to be a robust, reliable, and reproduéible
approach, which we will continue to employ. Furthermore, our 4-wavelength results (OI images)
indicate the importance of using spectral information, and the novel oximetry approach developed
as part of this project is a specific new idea that points to new directions in instrument design.

REFERENCES

N/A

APPENDIX

The appendix contains:

1) A CD-ROM with all the images compiled as part of this project, namely N-images, N”’-images,
and oxygenation index (OI) images.

2) A color-coded list of all patient numbers and the corresponding diagnostic information provided
by our clinical collaborators in Germany. '

3) A copy of the articles published during year 03 of this project. These are manuscripts numbers 1,
2,3, 4, and 5 listed in the “Reportable Outcomes” section.
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Abstract

We pr_éSént an image processing method that venhaﬁces the detection of regions of higﬁer
'abs.orbance in optiéai mammograms. vAt the heart of this method lies a second-derivative
. operator, which is -commonly employed in edge-detection algorithms. The resulting images
possess a high contrast, an automatic display scale, and a greater sensitivity to smaller departures
from the local background absorbance. Moreovér, the images are free of artifacts near the breast |
edge. This second-derivative method enhances the display of structural information in optical
mammograms, and may be used to robustly select areas of interest to be further analyzed

spectrally to determine the oxygenation level of breast lesions.

Keywords: Optical mammography, breast cancer, photon migration, digital image processing

1. Introduction
Optical maminography is a technique that employs near-infrared light in the- wavelength
range of 630-1000 nm to irﬁage the human breast. In this wavelength range, the main source of
image contrast is the absorption of hemoglobin. Angiogenesis, or increased blood vessél
formation, and other hemodynamic and oxygenation changes are often associated with the
presence of breast tumors.' These changes typically produce a local increase in the optical
absorption that allows near-infrared methods to detect the presence of breast tumors. Our goal is
to find a Way of enhancing the detection of those areas in the b’rea‘st‘ image th.at‘eXh‘ibit a local

maximum in absorption and might therefore correspond to the location of tumors. We show that |



a robust way of accomplishing this is by employing the spatial second derivative, an operator

commonly used in edge-detection algorithms.?

2. Background

We have previously repdrted “edge-corrected” optical mammograms, that we call N-images,
which enhance the image contrast and deteétability of breast tumors in transillumination images.> |
An N-imagé is constructed from raw phase and atﬁplitude data acquired by a frequency-domain
instrument that operates in a planar projection geometry. Examples of frequency-domain
instruments operaﬁng in this geometry are the research prototypes previously developed by
Zeiss“;5 and Siemens.‘ Figure 1 shows a scherhatic diagram of the Siemens prototype, whose
technical specifications ha§e been reported elsewhere.” The need for an edge correction is due
primarily to the variable thickness of the breast between the two glass plates that slightly
compress it. The N—pérameter ié defined as:

r,ac,

T8 1
r(x,y)ac(x,y) O

N(x,y) =

where 7y is the separation of the plates, acy is the amplitﬁde of the inténsity modulated signal at a
pixel where the breast thickness is 7y, ac(x,y) is the amplitude meaéured at pixel (x,), and r(x,)
is the breast thickness at that pixel derived from the phase information available in the frequency
- domain. A representative N-image of the left breast, craniqcaudal projection, for a 58-year-old
patient affected by invasive ductal carcinoma is reported in Fig. 2(a). A line graph of N at
»=3.2 om is shown in Fig. 2(b). | |
J"Althcv)ugh‘ N-imagés. représeht a significant improvefnenf in quality oIVer' the im'ages based on
raw intensity dafa, it is nevértheless oﬁen difﬁéult to discern fnuch 'sfructure in them. For

example, the secondary peak around x = 8.8 cm along the line y = 3.2 cm is visible in Fig. 2(b),




| brlt it is almost completely hidden in the N-image of Fig. 2(a) by the large dynamic' range due to
the main peak at x =12 cm. However, we have found thet by calculating the spatial seconel
derivative (N ") and censidering o‘nly. thosepixel's where the second derivetive is negative, we can
| isolate areas in the N-image characterized by a local maximum in absorption. The 'reeulting N”“
image is presented in Fig. 2(c). In Fig. 2(d) we have plotted the negative of the second den"vative
along the line y = 3.2 cm and set a threshold at N”= 0. Notice how the feature around x = 8.8 cm,
which is likely due to a blood vessel, is now much more visible, both in the line graph and in the

“image. It is also evident from Fig. 2(d) that there is additional structure around x = 6 cm, and
this, too, is visiBle in the second-derive'tive image, even if with relatively low contrast. Overall,
the ’i‘image is a higher contrast image that makes it easier to spot those areas in the breast
where there is a local maxirhum‘ in absorption, and therefore potentially smaller tumors that

might have been eclipsed by other features.

3. Second-derivarive method

Our method of generating second-derivative images from edge-corrected optical
mammograms (N-imagee) is summarized in Fig. 3. Below we discuss each step in detail. All or‘
the processing was carried out in IDL (Ilrteractive Data Language, a higher-level programming

language developed by Research Systems, Inc.) on a Pentium IV personal computer.

3.1, Input N-image
" We have used the second-derivative method to analyze imageé collected with a ’freqhency- '
domain instrument designed and built by Siemens Medical Eng'ineering6’7. (Fig. 1). The

instrument consists of four laser diodes (690, 750, 788, and 856 nm) used as optical sources




| modulated at a frequency of ~70 MHz. The source and detector fibers are lbcéted on opposite
sides of thé breast, which is slightly compressed between two parallel glass plates. The fibers are
- scanned in tandem across the breast to yield ti&oédimcnsipnal projectioh iméges of the phase and
amplitude of the intensityémodulated light.. ';Two projections of each breést were typicaliy
acquired, craniocaudal (the geometry illustrated in Fig, 1) and oblique_, obtained by rotating the

. glass plates by 45 degrees. The raw data at each waveléngth 'was converted into an N-image
according to Eq. (1). It is necessary to remove edge effects prior to processing with the second

- derivative in order to avoid the introduction of artifacts near the breast edge.

32 Convolve with smoothing function

Before taking the second derivative, we smoothed the N-image with the 5x5 weighted average
inatrix shown in Fig. 3 to reduce the effects of noise. Any significant noise spikes or anomalies
in the data should be removed prior to smoothing, e.g. by employing traditional image
processiﬁg techniques like median filtering. Our 5x5 weighted average function is the result of
cas‘ca(’lin'g two 3x3 uniformly weighted average functions. The amount of smoothing necessary
will, of course, depend on the characteristics of the input data. In our case, the pixel size in the

input N-image was 2 mm x 2 mm, and smoothing over a 1 cm? area worked well.

3.3. Calculate second derivative in four directions

We caléu'liated the second derivative of N at each pixel by considering the N values at its nearest
neighbo'rs in four-directi;)ns: horizontal, vertical, and ‘along the two dia'gonals. Including other
_ inteﬁnediate directions 1n .-thg calculation d1d not significantly alter the ryesbul_tsb. We. have used a

standard forward-difference discrete approximation of the second derivative, but for




completeness we define our second-derivative operator in the horizontal direction as follows.
Censider.three pixels in an N-image that lie in the same row, and denote them left (J), center (c),
and ﬁght (r). The value of N at each pixel is N, N, and N,, respectiy_ely._ Let Aw represent the -
center—lo-eenter pixel separalion in the horizontal direction. Then the first derivatives (N} to the

left and right of the center pixel, respectively, are given by:

: N_-N
Nl — c 1’ 2
cl AW ()
and
N_—-N A
N’ =—r ¢ ) 3
= ®)

From Egs. (2) and (3), it follows that the second derivative at the center pixel is:

NII:Nrc—NcI=__1__(Nr—Nc_Nc—Nl)er_2Nc+Nl. (4)

¢ Aw Aw\  Aw Aw Aw?
The second derivative in the vertical and diagonal directions is defined analogously. In the case
"of the diagonal directions, the center-to-center pixel separation is J'z'm&, so the horizontal and
neﬁical second-derivative coefficients differ from the diagonal ones by a factor of 2. In the
matrices of Fig. 3, Aw has been normalized to one, so only the factor of 2 remains.

When implementing the second-derivative calculation as a convolution with the functions of
Fig. 3, one must take into account the transition between the image background (area outside the
breast) and the breast. In our N-image, the background pixels contain zeros while the breast
pixels cnnlain positive' N-values. SQ simply ﬁltering an N-image (or a smoothed version of it)
'wilh the secdnd-clerivatine functiens of Fig. 3 ylelds artifacts along the breest edge whenever
bnckgrdund pixels are'inclnded in the calculation. One way of correcting this problem is to use

- an .edge'-detection algorithm to flag pixels near the breast edge and write a convolution routine



that excludes backgfoimd pixels in this region. A simpler, albeit cruder, solution is to segment

the 'imagé into inside-breast/outside-breast regions and set the outside-breast region to a value
higher than the average inside-breast N-value during the Sepond-derivative calculation. We
empioyed.thev latter vapproac.;h' in 6ur analysis.

Toa lessef degree, this same issue arises when convolving the N-imége with the smoothing
function of Secﬁon 3.2. To avoid artificially lowering the N-values along the breast edge, we set
the oﬁtside-breast region to the average inside-breast N-value during this step.

3.4. Take minimum

We tooky the minimﬁrﬁ of the second derivative élor_lg the four direétibns and assigned fhat value
to the corresponding pixel iﬂ the N “image. We used the minimum, as opposed to the average, in
order to avoid missing areas that have a negative second derivative in one direction but are
relatively flat or concave in the other directions. This procedure enhances the visualization of

directional structures such as blood vessels.

3.5. Display
 The second-derivative images are normalized by introducing a uniform multiplicative factor that

sets to —1 the pixel value corresponding to the most negative second derivative. The normalized

"
norm °

- second-derivative values are indicated with N, We set a'threshold at zero such that pixels
- with Ny, >0 are displayed in white. Pixels with a negative second derivative
(-1< Niom <0) are displayed in grayscale, with darker correspondirig to more negafive'. We

performed a linear contrast stretch? on the gray levels of the image pixels for which the second

- derivative is negative. This contrast stretch procedure consists of linearly scaling the gray levels



- below this threshold (most negative) are set to 0 (black), and those whose N

variance of N

- for (100-x)% of the pixels with a negative second derivative, where the x% pixels, which are

those with the most negative second derivative, are set to the darkest gray level. The percentage x

“of the pixels excluded from the contrast stretch is given by:

x=5 it 5747(c?)-161<5; .
x=5747(c)-161 if 5<5747(c?)-161<10; ©)
x=10 i 5747(5)-161>10,

where o is the variance of N, for the pixels with a negative N . For example, consider
an N, . -image with a variance such that x = 7% which we wish to display in 256 gray levels (0
to 255). Then the 7% of the negative- N . pixels with the most negative values of N

0 norm

would be set to 0 in the contrast-stretched image, and the gray levels of the remaining 93% of the

negative- Ny, pixels would be linearly scaled into the range 0 (black) to 255 (white). The

lower and upper limits of 5 and 10%, respectively, for x, along with the coefficients of 5747 and

161 in Eq. (5) were chosen empirically from a subset of images and then successfully applied to

others wifhout a need fof adjustments for individual images.

This contrast stretch is asymmetric and therefore somewhat unusual. However, in our case
this asymmetry is justified, since we loseylittle by making the darkest features in our images
black, while we would be compromising the detectability of the dimmest structures if we made

them lighter. With this process, we are, in effect, using the variance of N, for those pixels

with a negative second derivative to set a new threshold; the pixels whose N

norm Values are

norm  Values are

above it (less negative) are linearly scaled into the range 0 to 255. The motivation for using the

”

nom at the negative- N7 ... pixels to determine the amount of contrast stretching is




simple. Typically, images with the largest variance are ones that possess a dark dominant feature

and many light areas. Setting a higher thréshold in this situation makes the lighter features that

‘much darker, thereby potentially revealing other structures in addition to the most salient one.

4. Results

We pfesent four cases that illustrate the advantages of second-derivative images over N-
images (Figs. 4-7). On the left side of each figure is the N-image, with the craniocaudal
projection on the top and the oblique projection on the bottom. On the right side, Figé. 4-7 show
the corresponding craniocaudal and oblique projections of the N“image. Arrows indipate.the
location of the lesion, which we know from x-ray mammography, and whether it is cancer or a

benign mastopathy, which we know from the pathology report.

4.1. Figure 4: Case 197, 2.5 cm cancer

. Patient 197 is a 72-year-old woman with a 2.5 cm tumor (invasive ductal carcinoma) iﬁ the left
breast. In this case, the tumor is clearly visible in both projections of the N-image, but notice the
additional structural information, likely due to the vasculature, that emerges in the second-
derivative image. Some of the blood vessels were faintly visible in the N-image, but they appear
as high-cdntrast features in the N “image. We also see that the éreas'near the edge of the breast in
the N ’Cimag¢ are mostly white, i.e. they correspond to a positive second derivative, so it appears
that taking the second derivative does not result in the intfoductién éf artifacts in this region. We

' hav_e found this to be the case with all N “images that we have examined.



4.2. Figure 5: Case‘267, 2 cm cancer
Tl.le. case of Patient 267, a.76-year-old woman with invasive ductal carcinoma in the rigﬁt breast,
:is an example of a low—contrest N-image without 'much visible structure. The tumor is barely
'discerﬁible in the craniecaudal projection of the N-image (Figr..S(a)) end cannot be easily
differentiated from other dark'arees' in the image. In the oblique projection (Fig. 5(b)), the tumor
is eltogether eclipsed by enother feature (circle). The N ““image, however, clearly reveals the
location of the tumor in the craniocaudal projection (Fig. 5(c)), while the other dark areas in the
N-image now appear to _Be due to blood vessels. Although the oblique projection (Fig. 5(d))
continues to be dominated by the circled structure, the area corresponding to the location of the
tumor is not white (i.e. it has a negative second derivative) and can therefore be distinguished

from the background.

4.3. Figure 6: Case 165, mastopathy

Patient 165, a 52-year-old woman, has a benign lesion in the right breast. This feature dominates
the N-image and .es a result, not much else is visible. But in the N “image, we see ﬁﬁer structure
likely due to blood vessels emerge. In particular, in the oblique projection, we can see that what
appeared to be a rather murky and undifferentiated feature in the N-image shows up as a

combination of two resolved structures in the N “image.

. 4.4, Figure 7: Case 215, 3 cm cancer
_The case of Patient 21"5, a 53 year-old woman with invasive ductal carcinoma in the left breast, is
particularly interesting. In the craniocaudal projection of the N-image (Fig. 7()), the cancer is

readily apparent, as is another structure: a blood vessel. But even in this situation there is a

10




substantial improvement in the contrast and level of detail visible in the N “image (Fig. 7(c)). For
“example, in the N “image we can now make out what seems to be a network of blood vessels at
_the tumor site. The N-image oblique projection (Fig. 7(b)) has a lower contrast,. and the

| 'imprdvement in the N“image (Fig. 7(d)) is therefore more pronounced. The visibility of the

tumor in this projection is much greater in the N “image than in its counterpart.

5. Discussion

From the examples presented, it is clear that applying the second-derivative method enhances
the structural information content of N-images. N “images reveal attributes that were just barely
visible in N-images or, in some cases, not really visible at all. In those images that are dominated
by one feature (Figs. 4 and 6), we are now able to see additional structure away from the
dominant feature and to better resolve finer details of the dominant feature. In cases where the N-
image has a low contrast (Figs. 5(a) and 7(b)), or when the lesion is not the dominant structure
(Fig. 5(b)), applying this method can lead to the detection of a previously missed tumor.
Moreover, since we normalize the N “images and select the linear contrast stretch parameters
6hcé for all, the N”images can be génerated without any user input. The detectability of a
particular lesion does not depend on a fortunate choice of threshold or contrast level. |

As Fig. 2 illustrétes, the second derivative is more sensitive to smaller departures from the
local background absorbance. Furthermore, it is insensitive to the breast edge. The net result is a
process cgpable of bringing out “buried” features (like the peak at x=28.8 cm in Fig. 2(a))
'without‘introdlllcing artifacts close to the breast edge. o | |

The greater detail visible in N “images improves the sensitivity of tumor detection, but this

may come at the price of a reduced specificity, and Fig. 7(d) brings home this point nicely.- Were

11




it not for the arrow ilildicating‘ thé location of the tufnor in thié image, one would be hard-pressed
to argue that this structure is a lesion and not just part of a blood vessel. Structural information
alone will not 'allow\ us to properly c’Iassify the various features visible in an ’iimagé. For this ,

‘we must make use of data at multiplé wavelengths and exploit the potential of optical
mammography to provide functional information (in the form of a measurement of oxygenation)
from spectral information.

_There are several groups currently working to develop an accurate way of measuring the
oxygenation level of breast lesions iz vivo by combining data from two or more wavelengths.® "
Our second-derivative method can play an important role in the interpretation of optical
mammograms by robustly selecting areas of interest to be analyzed spectrally in order to
discriminate benign from malignant lesions. The seéond—derivative operator is an ideal choice for
this pre-filtering step. By setting a threshold at zero and considering only pixels with a negative

‘second derivative; one is, by definition, picking out any area that represents a local absorption
maximum, irrespective of its magnitude, size or shape. It is for this reason that we have elected
to use the minimum value of N”instead of the average (Section 3.4). Although this tends to
emphasize narrow, elongated features (e.g. blood vessels), we felt it best to err on the side of
being more inclusive and not to rely on the assumption that breast lgsions would be largely
symmetric. The second derivative is analytically straightforward and easy to implement; it is the
driﬁng mechanism behind many edge-detection algorithms in use today.

Finally, we should comment on the issues of depth discrimination and resblution. From a

_ planar»projection, it is not possible to determine the depth of vstructUres”’visible inN _’iimages. Bﬁt
 because these images possess a relatively high contraét, Athey may be particularly well-suited for

multi-source and/or multi-detector approaches to depth discrimina\tion.l“’v15 As for resolution, we

12



should point out that the second-derivative method does not improve the qﬁality of the data

availabie. It does, however, improve the display of the data thereby allowing for ‘the

discrimination of nearby structures that are not visibly resolved in the original images.

6. Conclqsion

We have developed an image processing method based on a spatial second-derivative
operator to enhance the detection of breast tumors in optical mammograms. Applying this
method has revealed the presence of breast tumors and of fine structures, likely blood vessels,
fhat were not visible in the original images. As a result, this second-derivative method eﬁhances
the structuralbimaging capability of optical mammography, thus leading to a potentially higher
sensitiyity in the detection of breast cancer. In fact, in addition to the direct visualization of
breast tumors, a modified spatial pattern of the vascularization may also provide an indirect
indication of the presence of caﬂcer. Furthermore, the identification of suspicious areas of
interest provided by second-derivative images may guide the selection of image piXeis for a
spectral analysis aimed at the assessment of the local oxygen saturation of hemoglobin. This
second step, which provides functional information, may improve the specificity of optical
mammography by possibly allowing for the discrimination of benign and malignant breast

lesions.
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Figure captions

- Fig. 1. Schematic diagram of the frequency-domain research prototype developed by Siemens
Medical Engineering, Erlangen, Germany, for opticai mammography. PMT: photomultiplier

_ tube.

Fig. 2. (a) Edge éorrected N-image at 690 nm of the left breast, craniocaudal view (lcc), of 58-
~ year-old Patient 310. (b) Graph of the N data vs. x along the line y = 3.2 cm shown in panel (a).
(c) Second-derivative image at 690 nm of the same bre;ast shown in panel (a). (d) Graph of the
négative second derivative of N (-N'") vs. x along the line y = 3.2 cm shown in panel (c). The

arrow in panels (a) and (c) indicates the location of a 3-cm invasive ductal carcinoma.

Fig. 3. Conceptual representation of the steps involved in the second-derivative image processing

scheme that converts the input N-image into the second-derivative N “image.

Fig. 4. N-images at 690 nm of fhe left breast of 72-year-old Patient 197 in craniocaudal
projection (panel (a)) and oblique projection (panel (b)), and corresponding second-derivative
images (panels (c) and (d)). The arrows indicate the location of a 2.5-cm invasive ductal

carcinoma.

‘Fig.5. N-images at 690 nm of the right breast of 76-year-old Patient 267 in craniocaudal

projection (panel (a)) and oblique prbjection (panel ‘(b)), and conesponding second-derivative

16



}images (panels (¢) and (d)). The arrows indicate the locafion of a 2.0-cm invasive ductal

‘carcinoma.

F1g 6. N-images at 690 nm of the right breast of 52-year-old -Patient 165 in craniocaudal
projection (panel (a)) and oblique projection (panel (b)), and corresponding 'second-derivative

images (panels (c) and (d)). The arrows indicate the location of a benign mastopathy.

Fig. 7. N-images at 690 nm of the left breast of 53-year-old Patient 215 in craniocaudal
projection (panel (a)) and oblique projection (panel (b)), and corresponding second-derivative
images (panels (c) and (d)). The arrows indicate the location of a 3.0-cm invasive ductal

carcinoma.
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-a near-lnfrared
method that identifies two optimal wavelengths
for each tumor

’Quant'itative oximetry of breaSt tumors:

Erica L. Heffer and Sergio Fantini

We present a noninvasive optical method to measure the oxygen saturation of hemoglobin in breast
lesions. This method introduces the novel concept that the best choice of near-infrared wavelengths for
noninvasive tumor oximetry consists of a wavelength pair (A, Ay) within the range 680~880 nm, where
the specific values of A, and A, depend on the optical properties of the specific tumor under examination.
Our method involves two steps: (1) identify the optimal wavelength pair for each tumor and (2) measure
the tumor oxygenation using the optical data at the two selected wavelengths. We have tested our
method by acquiring experimental optical data from turbid media containing cylindrical or irregularly
shaped inhomogeneities and by computing theoretical data for the case of spherical lesions embedded in
. a highly scattering medium. -We have found that our optical method can provide accurate and quanti-
tative measurements of the oxygenation of embedded lesions without requiring knowledge of their size,

shape, and depth. © 2002 Optica! Society of America

OCIS codes:

71 . Introduction

Breast cancer is the most common cancer diagnosed
and the second leading cause of cancer death among
women in the United States.! The current method
for screening is x-ray mammography, which pro-

vides high-resolution images but uses ionizing ra-

diation, thus presenting the risk of inducing cancer.
Furthermore, significant variations in interpreter
performance have been observed that are due to the
qualitative nature of the image analysis.2 Other
possible methods of breast cancer detection are
computed tomography, which is used to detect ab-
normalities that are difficult to pinpoint with con-
ventional mammography (i.e., in cases in which
tumors are close to the chest wall); ultrasound,
which is used to distinguish fluid-filled cysts from
other types of lesion; and magnetic resonance im-
aging and positron emission tomography which are
used to determine abnormally active tissues.3
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110.7050, 170.3830, 170.6510, 170.7050, 300.1030.

Magnetic resonance imaging and positron emission
tomography are being studied as supplementary
tests to x-ray mammography to distinguish benign
from malignant lesions in high-risk patients.4
In addition, thermography and immunodetection
have been: mentioned as additional detectlon
modalities.5-7

Optical techniques have been proposed for many
years as an alternative breast imaging modality that
provides a safe and noninvasive study of the human
breast. The initial investigation of optical methods
for detection of breast cancer began in 1929, when
Cutler proposed transillumination of the breast with
broad-beam continuous-wave (cw) light,® a technique
for which the terms diaphanography® and light scan-
ning!® were later adopted. Eventually diaphanogra-
phy and light scanning were abandoned after clinical
studies reported inferior performance with respect to
X-ray mammography.1-13  Recently, however, tech-
nical advances and the application of diffusion theory
to model the propagation of light in tissue!4-20 have
led to new approaches to optical mammography. As
a result, new time-domain (based on pulsed light
sources),21-25 frequency-domain (based on intensity-
modulated light sources),26-29 and cw methods31-33
for the optical study of the human breast have
emerged.

Optical i 1mag1ng in the near infrared relies mainly
on the absorption of hemoglobin for the source of
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.image contrast. Hemodynamic changes such as an

increase in the vascular density (resulting from an-
giogenesis) and changes in the blood flow and oxy-
genation typically occur at tumor sites.3¢ The
increase in vascular density induces a local increase
in the optical absorption that may allow for the de-
tection of breast lesions but does not necessarily pro-
vide indications on the nature (benign or malignant)
of the lesion. The oxygenation level of the lesion,

- however, may provide this distinction. Measure-
‘ments of the partial pressure of oxygen in tumors

have shown that hypoxic or anoxic conditions often
exist in malignant tumors but not in benign
lesions.?5-38  Therefore a measurement of the oxy-
genation level in vivo has the potential to distinguish
benign from malignant lesions in the human breast.
As a result of these findings, several groups have
attempted to obtain measurements of tumor oxygen
saturation. Zhu et al. have reported deoxyhemoglo-
bin and oxyhemoglobin concentration differences be-

.tween tumors and background tissue, but did not

obtain quantitative assessments of oxygen saturation
(80,).32 . Holboke et al. have reported tumor oxygen
saturation measurements where ultrasound is used

for localization and the optical methods are used

purely for spectroscopic measurements.?¢ In a mea-
surement on a single patient, they found a value of
tumor oxygenation (63%) significantly lower than the
values measured in the surrounding tissue (73% and
68%).4¢ Using a nonimaging method on relatively
large (approximately 2 em X 1 cm) and superficial
tumors, Tromberg et al.4142 have also reported a
lower hemoglobin oxygenation in tumor with respect
to normal tissue [SOyymory ~ 66% and SOy, orman ~
80%]. McBride et al. have been able to obtain ox-
ygen saturation measurements to within 15% of the
actual values in phantoms and have reported sim-
ilar oxygenation values in normal human breast
tissue as found in the research of Tromberg et al.
[SOgnormany = 84% *+ 11%].43 Fantini et al.#¢ have
performed similar measurements in which oxygen
saturation of a papillary cancer was measured to be

"71% * 9%.

In this paper we present a novel spectral imaging
approach that is aimed at quantifying the oxygen
saturation of the hemoglobin in breast lesions. The
strength of our new approach is its insensitivity to
the tumor size, shape, and depth within the breast.
We report experimental results on tissuelike phan-
toms and theoretical results for an idealized case that
illustrate the capability of our method to provide ac-
curate and quantitative oxygenation measurements
of embedded tumors. The basic idea is that an ap-
propriate choice of & pair of wavelengths (A}, A),
which depends on the oxygenation level of the tumor
and on the optical properties of: the background

- healthy breast tissue, leads to a measurement of the

tumor oxygenation that is largely independent of the

‘tumor size, shape, and location inside the breast.

The fact that the best choice of wavelengths for the

- near-infrared measurement of tumor oxygenation is »
not fixed, but rather depends on the tumor oxygen-
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Lesion Breast
d /]
Source ||| rrp ¥ 1 Detector
Glass plates

Fig. 1. Schematic representation of the perturbation approach.

A small optical perturbation (lesion) causes a maximal reduction in

intensity at the detector when the source, detector, and lesion are
collinear. The distance from the center of the lesion to the detec-
tor is ry, and the source—detector separation is r.

ation itself, is the most significant new concept intro-
duced by our spectral imaging approach.

2. Methods

" A. Mathematical Model

Our starting point is to treat the tumor as an optical
perturbation within a highly scattering background
medium (breast tissue). To a first approximation,
a localized optical perturbation embedded in a tur-
bid medium can be modeled with the first-order
perturbative solution to the diffusion equation.
First-order perturbation applies to small optical

- perturbations, where small means that the linear

dimensions of the perturbation are much smaller
than the distance r between the illumination and
the collection points, that induce a small (with re-
spect to 1) relative change in the optical signal.
This case is schematically illustrated in Fig. 1 for a
lesion embedded in a transilluminated human
breast.

Let us denote the absorption and reduced scat-
tering coefficient of the background medium
(healthy breast tissue) with p,, and py', respec-
tively, and the absorption and scattering perturba-
tions (associated with the tumor) with Ap, and
Ap', respectively. This means that the absorption

“and reduced scattering coefficients at the location of

the optical perturbation (tumor) are given by .o +

Ap, and p' + Ap, respectlvely The relative

intensity change Al/I, (where I, is the unperturbed
intensity measured in the background medium) in--
duced by the optical perturbation is maximized (in
absolute value) when the source, detector, and the
perturbation are collinear as shown in Fig. 1. The
first-order perturbative solution to the diffusion




L4 I

e

+

equation leads to the following expression for this
maximal intensity change:45

AI(pert) 3}L30' rv
' | = — 1Ak
I, L mex 47 | ro(r —rp)

Ap,' 1
s 3 n1/2 + —
3!-1430,2 |:( MeaoMs0 ) ro]

.
= ro)]}. )

Here V is the volume of the lesion, and the geometric
parameters r and ry are defined in Fig. 1. The second
term inside the braces in Eq. (1), the scattering per-
turbation term, is neglected on the basis of in vivo
studies that have shown that the scattering tumor-to-
background contrast is much smaller than the absorp-
tion contrast.244244¢ Therefore Eq. (1) is reduced to

AP [ 3V
Io max - 4'117‘0(1‘ - 7'0)

'As shown by Eq. (2), first-order perturbation theory
predicts that-the maximal intensity effect of an opti-
cal inclusion (for the case Ap,’ = 0) is given by the

+

X l:(3“‘a0p'50’)1/2 +

] (I-LsolAp‘a)- (2)

~ product of a wavelength-independent geometric fac-

tor and a wavelength-dependent factor given by
Mso'Ap,. Chernomordik et al. have extended the
limit of validity of Eq. (2) to larger inclusions by add-
ing a multiplicative factor equal to exp[— .o’ Ap, V3
/2] to the right-hand side of Eq. (2).46

We now proceed on the hypothesis that Eq. (2) can
be generalized to correctly predict the functional de-

-pendence of AI/I|... 0N po, eo'> and Ap, beyond the

limits of validity of the first-order perturbation analy-
sis. Specifically, we hypothesize that, in the case of
Ap, = 0, we can generalize Eq. (2) to the case of
spatially extended objects that induce significant
changes in the optical intensity by saying that AI/
Io|ox depends only on the product p.,'Ap, and on
wavelength-independent parameters that are related
to the source—detector separation r and to the object—
detector distance r,, size V, and shape s of the object.
Therefore we write

Al

-I— = f[r7 T, V’ S, (’-"sOIA“‘a)]: (3)
0

max

implicitly in the argument u,'Ap, because the geo-
metric parameters r, ry, V, and s are independent of
the wavelength. Consequently, because of the
monotonicity of AI/Ig|, . 0D pso' AR, if two wave-

lengths \; and )\, are such that AI/IOIf_f‘},’x = AI/
Iolﬁ,’;;x, then we can conclude that po' (\)Ap,(A\) =
o' (A2)Ap,(Ap). Therefore the ratio of the absorp-
tion perturbations at these two wavelengths is just
given by the inverse of the ratio of the background
reduced scattering coefﬁc1ents at the same two -
wavelengths:

A“‘a()\2) -
A”‘a()\l)

Mso'(M)
”‘30’()\2) )

(4)

This analysis indicates that, by appropriately
choosing the two wavelengths \; and \,, one can
translate a measurement of the background scat-
tering ratio into a measurement of the absorption—
perturbation ratio associated with the embedded
inclusion. This result is relevant for the near-
infrared determination of the oxygen saturation of
hemoglobin in breast lesions because (1) the near-
infrared spectral properties of hemoglobin and
breast tissue are such that it is usually possible to
identify two wavelengths at which the tumor-
induced intensity perturbations are similar and be-
cause (2) the oxygen saturation of hemoglobin is
only a function of the ratio of the optical absorption
at two waveleng‘ths.‘*7 If the absorption at the tu-
mor location is given by the sum of the contribu-
tions from the background (j.,,) and from the tumor
[u®), then Ap, can be identified with the tumor
absorption [ = Ap,]. If, instead, the absorption
at the tumor location is due only to the tumor, then

= .o + Ap,. However, if Ap, > pg o (high-

: contrast tumor), one can still argue that Ap, is

representative of the tumor absorption [u® ~ Ap,].

Here we consider the oxygen saturation (SO,) of
hemoglobin that is associated with the additional
absorption Ap,. At least in the two cases men-
tioned above, SO, is representative of the tumor
oxygenation. When we assume that Ap, is solely
due to hemoglobin, the expression for SO, in terms
of Ap,(A;) and Ap,(X,) is the following:

Emp(N2) — Emp(N)Apa(N2) /Apa(Xy)

50, = [em(Ng) —

emo,(M2)] + [€mo,(AD) — EmM1) 1A (Na) /Apa(Ny)’

(5)

. ‘where f indicates an unknown function of its argu-

- ments.
‘turbation case, AI/I|., is a monotonic function of
~ the product p,'Ap,.

We further hypothes1ze that, as in the per-

These two hypotheses are
consistent with Eq. (2) and with its extension to
larger inclusions reported by Chernomordik et al.46

At this point, it is important to observe that the

wavelength dependence of AI/Ij|,.« appears only

where gy, and gy, are the molar extinction coeffi-
cients of deoxyhemoglobm and oxyhemoglobln re-

' spectively.

In practice, it may not be possible to identify two
wavelengths \; and \, that exactly satisfy the require-
ment that Al /I0|O‘1) = AI/I|%2 . " In this case, we se-
lect the wavelength pair ()\1, )\2) that minimizes the
absolute value of the difference AI/I |80, — AI/I |2,
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e

* - value of the difference AI/I |32, —

‘RTV11 (Whlte)

t

To correct, at least in part, for a difference between
AI/L A and AI/L|%? we assume, on the basis of Eq.
(2), that AI/I, f?.ix * g (MAp,(N) so that

ApaNg) _ oo’ (\y) AL/L[32
'A“‘a()‘l) Meso ()\2) AI/I )

(6)

* When we combine Eqs. (5) and (6), the lesion satura-

tion is given by

with different optlcal propertles (the first with p, ~

0.05-0.06 cm™" and u,’ 9—10 cm ! and the second '
with p, ~ 0.11-0.15 cm™" and ' ~ 9-10 cm™! over
the wavelength range of 752-840 nm considered
here) to cover a range of Ay, that is representative of
the expected absorption contrast of breast lesions in
vivo. We performed the optical characterization of
the inclusions using the arrangement shown in Fig.

2. The silicone mixtures were formed into two cy-

em(No) —
SOZ =

em(My)

oo’ (Ap) AL/T|02)
P«sol ()\2) AI/IOH:;;:(

[em(M2)

= €mo,(A2)] + [€mmo,(\1) —

(7)

Hso (7\1) AI/Io 0z 2
e ) AT,

which is the equation we use to quantify the tumor

" oxygenation from measurements of (1) the back-

ground (healthy tissue) reduced scattering coefficient
[peo'(MN)] and (2) the maximal relative change in the
intensity caused by the tumor [AI/I,|%).

As a final comment on our mathematlcal model, we
observe that, in addition to requiring that the inten-

" ‘sity change induced by the inclusion is similar (ide-

ally equal) at the two wavelengths, we also need to
impose that these wavelengths are not too close to
one another. In fact, Sevick et al. have shown that
the sensitivity of the oxygenation measurement is
degraded if the two near-infrared wavelengths are
too close to each other.#® In fact, a sensitivity anal—
ysis shows that lim, ;_,,, B(Apa"l/ Ap?)/ a(SOz)

" because if A\; = \,, the ratio Ap,(\{)/Ap,(\y) is equal

to 1 independent of the value of SO,. It can also be
shown that the sensitivity of near-infrared hemoglobin
oximetry is higher if the two wavelengths A\, and A\, are
on the opposite sides of the ~800-nm isosbestic point.

We adopt the criterion that [\, — A} > 40 nm to
guarantee that the minimization of the absolute
AL/ |%2 vields an
appropriate pair of wavelengths.

B. Experimental Procedures

The experimental portion of this study was divided
into three segments: (1) preparation and optical
characterization of inclusions to simulate tumors,
(2) preparation and optical characterization of the
background material (a highly scattering, liquid,
effectively infinite medium), and (3) experimental
procedures to investigate the dependence of Al/
Iglmax 0D poo'Ap, for the case of cyhndrlcal and
irregularly shaped objects embedded in a umform

.. turbid medlum

-1. . Optical Inclusions

Inclusions were comprised of a mixture of General
Electric silicones, Model RTV615 (clear) and Model
The white silicone was used as the
scattering material, and black India ink was used as
the absorber. Two different mixtures were prepared

3830 APPLIED OPTICS / Vol. 41, No. 19 / 1 July 2002

lindrically shaped blocks (one to characterize each
mixture) of 11 cm in diameter and 9 ¢cm in height. A
frequency-domain, near-infrared spectrometer (Oxi-
PlexTS, ISS, Inc., Champaign, II1.) housed and con-

~ trolled the laser sources and optical detectors used to

obtain the measurements. The sources were laser
diodes at six discrete wavelengths (752, 778, 786, 813,
830, and 840 nm), and the optical detector was a
photomultiplier tube (Hamamatsu Photonics R928).
The sources were intensity modulated at a frequency

Source fiber (scanned) Detector fiber (fixed)

—

scan direction s~

R

lIcm

(minimum separation)

9cm

~

11cm

Fig. 2. Experimental arrangement for the optical characteriza-
tion of the material used to cast the optical inclusions. Each

_ silicone mixture was formed into a cylindrically shaped block that

is 11 cm in diameter and 9 ¢m in height. The initial source—
detector separation was 1 em. The detector fiber bundle remained
stationary and was in contact with the surface of the block. The
end of the source fiber bundle was placed close to the surface
without touching (<0.25 mm) and was translated in the negative
x direction at a rate of 0.65 mm/s. Intensity and phase were
acquired every 0.5s. We determined the optical properties at six
wavelengths (752, 778, 786, 813, 830, and 840 nm) using the dif-
fusion model for light propagation in a semi-infinite medium.



]

A

3

‘of 110 MHz, electronically multiplexed at a rate of

approximately 10 Hz to time share the detector, and
were coupled to 400-pm core-diameter optical fibers
that were collected into a fiber bundle with a rectan-
gular cross section of 1.2 mm in width and 3 mm in
length. The detector was coupled to another fiber
bundle of circular cross section (3-mm internal diam-

eter).. The detector fiber bundle remained fixed and

was in contact with the surface of the silicone blocks,

. ‘whereas the end of the source bundle was brought

- detector fibers was 1 cm (x direction).

close to the surface of the blocks (<0.25 mm away).
The starting distance between the source and the
The source
fiber was then moved in the negative x direction de-
fined in Fig. 2 (away from the detector fiber) at a rate
of 0.65 mm/s. Data were acquired at every 0.5 s
providing a measurement every 325 pm over a total
traveled distance of 2 cm. We recorded and trans-
lated the amplitude (ac), average value (dc), .and
phase of the detected modulated intensity into mea-
surements of the reduced scattering and absorption
coefficients by employing a multidistance method
based on the diffusion equation and semi-infinite
boundary conditions.6

2. Background Turbid Medium

The background medium was comprised of 1 liter of
Liposyn 10% (Abbott Laboratories, North Chicago,
IIL.) to 8 liters of deionized water and was contained
in a rectangular vessel with dimensions of 27 ¢cm in
width, 32 ¢m in length, and 13 cm in height. Again,
the ISS frequency-domain spectrometer was used to
perform the measurements. The experimental ar-
rangement was similar to that used in Fig. 2 except
that the ends of the source and fiber bundles were
fully immersed in the Liposyn mixture to simulate an
infinite medium. Acquisition times, laser multiplex-
ing rate, and source-displacement speed (with the
detector remaining fixed) were also the same as in the
inclusion characterization. The ac, dc¢, and phase
data were used in the diffusion model for light prop-
agation in an infinite, highly scattering medium to
determine the background reduced scattering (,,')
and absorption coefficients (p,,). Measurements of
Mqo Over the wavelengths used ranged from 0.02 to
0.04 cm ™! and those of ..o’ ranged from 10 to 12 cm™?!
and were chosen to match typical absorption and
scattering coefficients in breast tissue for this wave-
length range [, (breast) ~ 0.03 cm™! and ' (breast)
~ 12 cm_l].49—51 .

3. Optical Measurements of Inclusions Embedded
in a Turbid Medium

The experimental procedure to investigate the de-
pendence of AI/Ij|ax O Peo' Ak, Was based on the
arrangement shown in Fig. 3. The ISS frequency-

domain tissue spectrometer was employed at the

same six wavelengths used above to determine the
optical properties of the inclusion material and the
background. In this arrangement, the source and
detector fiber bundles were arranged collinearly,
and their ends were fully immersed in the formerly

\Z
3 7520m
R o [1780m : /'_’Y
2 2 [786 om x
- 8 ource fiber bundle Detector fiber bundie
O la13 ; o
g £30nm / %
* = [s40 om - ¥
L] vawe
&, [3 cmirroldom e} 'Sean distance:
- 4
scm(n) 1. an‘l:‘x
110.005 MHz )

Data Processing

Fig. 3. Experimental setup for the optical measurements of in-
clusions embedded in a turbid medium. Six laser diodes from the
frequency-domain near-infrared spectrometer were coupled to the
source fiber bundle, and the photomultiplier tube (PMT) was cou-
pled to the detector fiber. The lasers were multiplexed (MUX) to

_time share the optical detector. The radio frequency (rf) synthe-

sizer provided the 110-MHz intensity modulation of the sources
and the 110.005-MHz modulation of the PMT gain. The PMT
output is low-pass filtered to isolate the downconverted 5-kHz
frequency that is then digitally converted and processed. Source
and detector fibers are arranged collinearly and are fully immersed
in the Liposyn aqueous suspension. Source and detector separa-
tion was 6 cm and remained constant. The inclusions (either
irregular or cylindrical) were suspended in the Liposyn mixture
halfway between the source and the detector (inclusion center was
3 cm from the source and detector) by use of Pasteur pipets filled
with the background medium. The source .and detector were
scanned together at a rate of 0.65 mm/s over a total distance of 14
c¢m starting at 7 cm away from the center of the inclusion in the x
direction. Optical data were acquired every 0.88 s during the scan.

characterized background medium to simulate an
infinite geometry. The source—detector separation
for these experiments remained a constant 6 cm,
which is representative of the thickness of a slightly
compressed breast. Inclusions of different sizes
and shapes were then suspended in the medium
equidistant from the source and detector by use of
Pasteur pipets to hold them in place. The pipets
were filled with a background medium to reduce the
optical perturbation they might cause. '

We formed the inclusion material into irregular
shapes (by cutting cylindrical shapes with razor
blades) and into a 10-cm-long cylinder using the two
different mixtures, thus creating two different sets of
the same sizes and shapes. -The cylinder had a di-
ameter of 1.0 cm, whereas the irregular shapes were

_created to have the same volumes as the spheres with

a 0.9-cm diameter (V = 0.43 cm®) and a 1.4-cm di-
ameter (V = 1.81 cm®), respectively. - The source and

- detector optical fibers were scanned together over a

14-cm distance in the x direction (as shown in Fig. 3)
beginning at a distance of approximately 7 cm from
the center of the inclusion in the x direction. Scan-

ning was performed at a rate of 0.65 mm/s, and data

were acquired every 0.88 s, providing a data point
every 572 pm.
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0.076 cm™! (at 880 nm).
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C. Theoretical Computation of Optical Data for a
Spherical Inclusion

We calculated the theoretical estimates of the optical
signals using an analytical solution to the diffusion
equation for a spherical inclusion embedded in an
infinite turbid medium.!5 This solution was imple-
mented in a photon migration imaging software pack-
age developed by Boas et al. at Massachusetts
General Hospital, Charlestown, Mass., as part of

publicly available software.52 Two types of theoret- ,

ical analysis were performed.

-Our first analysis was aimed at testing the hypoth-
esis that the dependence of Al/Iy| .y 00 Pgos o> and
Ap, is well approximated by a function of the product
wso' A, even outside of the perturbation regime as in
the cases of spheres having a diameter that is not
much smaller than the source—detector separation
and for values of Ap,, that are not much smaller than
Mao- This means that AI/I|,,.,, for the case of Ap,’
= 0 considered here, is independent of p,, and is not

- affected by ,¢" and Ap,, separately, but only by their

product pgo'Ap,. We carried out this theoretical
analysis for two sphere diameters (1.4 and 3.0 cm) for
the case in which the sphere is equidistant from the
source and detector scanning lines (sphere center is
3.0 cm from either fiber in the collinear case). For
the smaller sphere (1.4 cm in diameter), we also con-
sidered a 1.5-cm off-center position, where the dis-
tances from the sphere center to the source and
detector fibers were 1.5 and 4.5 cm, respectively, in
the collinear condition.

Our second theoretical analysis was aimed at test-
ing the effectiveness of our new method for the mea-
surement of tumor oxygenation. In this analysis, we
set the background absorption and scattering spectra
Pao®) and pg'(N), respectively, equal to typical ab-
sorption and reduced scattering spectra for breast
tissue. We determined the absorption spectra by
combining the absorption contributions from typical
concentrations of oxyhemoglobin (~4.4 pM), deoxy-
hemoglobin (~2.7 pM), water (~39.5% volume by
volume), and lipids (~60.5% volume by volume) in
healthy breast tissue, as reported by Quaresima et
al.53 In the spectral region that we considered (680 -
880 nm), p,, ranged from 0.023 cm™? (at 680 nm) to
The background-scattering
spectrum was estimated from data reported by Cu-
beddu et al. on two healthy human subjects.?s Inthe

Table 1.

" (at 880 nm).

spectral region that we considered (680—-880 nm),
o' ranged from 10.0 cm™? (at 680 nm) to 7.8 cm™!

We then considered spherical lesions
with no scattering contrast (Ap,’ = 0) and with an
absorption contrast provided by a hemoglobin con-
centratmn of 60 pM (correspondmg to Ap, = 0.12
'm™~! at 800 nm). As in the first analysis, we con-
sideréd two sphere diameters (1.4 and 3.0 cm) in the

.céntered case (sphere halfway between the source

and the detector scanning lines) and one sphere di-
ameter (1.4 cm) in the off-center case (sphere 1.5-cm
off center). The maximum relative change in the
optical signal induced by the spherical lesion (AI/
Iolmax) Was calculated at nine wavelengths (680, 720,
730, 758, 768, 776, 800, 840, and 880 nm) as a func-
tion of hemoglobin saturation values within the
sphere over the range 0—100%. This choice of wave-
lengths covered the 680-880-nm diagnostic window
and included the local maxima and minima in the
deoxyhemoglobin absorption spectrum (730 and 758
nm, respectively) and the local minimum in the oxy-
hemoglobin absorption spectrum (680 nm).

3. Results

A. Measurement of the Optical Properties of the
Inclusions and Background Medium

Table 1 shows the results of the measurements of the
optical properties of the inclusions and background
medium. The range of Ap, is from 0.014 to 0.12
cm~! when we consider both silicone mixtures,
whereas the range of Ap,’ is from —0.5 to —2.9 cm™ 2.
Given the background optical propertles of the order
of 0.02 cm ™! for p,o and 9 ecm™? for p.,’, the absorp-
tion perturbations are approximately 70—-600% of the
background absorption, whereas the scattering per-
turbations, in absolute value, do not exceed 31% of
the Dbackground-reduced scattering coefficient.
These conditions are representative of the range of
optical contrast offered by tumors in the human
breast in vivo.24.414244

B. - Experimental Measurements of Al/l,|,..., for Cylindrical
and Irregularly Shaped Inclusions

Figure 4 shows a typical result of the optical intensity
I measured during a linear scan across the object
location at x = 0. Because Ap, > 0, there is a de-
crease in detected intensity as the source—detector

Summary of the Optical Properties of the Background Materia! (Liposyn Suspenswn) and Inclusions (Silicone Mixtures A and B) Used in the

Experiments

Silicone Mixture A

Silicone Mixture B

Liposyn Suspension

: )\: (nm) p,' {em™Y)

B (em™) By (cm™Y) B, {em™Y) W, (cm™7) B’ (cm™)
752 .0.062(3) 9.8(4) 0.148(6) 9.3(4) 0.029(1) 12.2(6)
778 0.055(2) . 9.7(4) 0.127(5) 9.8(4) 0.028(1) 11.7(6)
786 0.058(2) 9.8(4) 0.130(5) 9.8(4) 0.026(1) 11.6(6)
813 - 0.055(2) 9.3(4) 0.119(5) 9.6(4) 0.024(1) 11.1(5)
830 0.054(2) 9.4(4) 0.117(5) 9.6(4) 0.031(2) . 10.5(5)
840 0.053(2) 0.111(5) 9.4(4) 0.039(2) 10.2(5)

8.94)
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Fig. 4. Intensity data collected at 813 nm during a tandem scan
of the source and detector optical fibers in the turbid medium
containing an irregular inclusion (volume of 1.3 cm®). The ab-
sorption and the reduced scattering coefficients of the inclusion
were 0.119 and 9.6 cm™, respectively. Background absorption
.0 was 0.024 em™?1, and background-reduced scattering ' was
11.1em™'. The scan coordinate x = 0 corresponds to the location
of the center of the inclusion in the scan. The maximum intensity
change |All,,.. caused by the inclusion and the background inten-
sity I, are indicated.

pair approaches the inclusion during the scan. The
background value I, and the maximum (in absolute
value) intensity change |Al|,, . are indicated in Fig. 4.
The spectrum of (Al),,../Io(\) is then used by our
method to guide the choice of the two wavelengths \,;
and A, that are used to measure the oxygenation of
the embedded object according to Eq. (7).

The experimental results for —Al/I,),.., as a func-
tion of the product p,y'Ap, are reported in Fig. 5(a)
for the irregularly shaped inclusions and in Fig. 5(b)
for the cylindrical inclusion. In both cases, the fact
that the experimental data of AI/I|,,., for a range of
values of j,o' and Ap, (see Table 1) are distributed
along a single curve as a function of the product
Kso' A, is indicative of the dependence of AI/Ij| ., OD
Beo Ap,- In Figs. 5(a) and 5(b), the functions of
Mso'Ap, are represented by continuous curves. The
deviations of the experimental points from the
smooth lines are assigned to experimental errors and
to the approximate fulfillment of the condition Ap,’ =
0 (see Table 1). These experiments confirm our hy-
pothesis that AI/I |, ., is only a function of the prod-
uct p,o'Ap, [as hypothesized in Eq. (3)] even for
objects with a relatively large size, cylindrical or ir-
regular shape, and relatively high-absorption con-
trast. Furthermore, as also hypothesized, AI/I|, .

varies monotonically with pgo'Ap,.

~C. Theoretical Calculations of Al/lg|max fOr .Spherical
. Inclusions

Figure 6(a) shows the caleulated dependence of AI /
Iy|max 00 the product po'Ap, for a spherical object
embedded in a uniform turbid medium. As de-
scribed in Subsection 2.C, we considered two sphere
diameters (1.4 and 3.0 cm) for the case in which the

02

(*) Irregular Inclusions:

¢ Valdem T

o5 b W V~odem

005 §

Mo ‘Aua (Cm-z)

03

(b) Cylindrical inclusion: 4 =10em

025

[ 0.5 1 15 2
psC.A”: (Cm.z)
Fig. 5. Experimental results for —AI/Ij},., as a function of
Mo’ Ap, for (a) irregular inclusions and (b) a eylindrical inclusion.
The volume V of the irregular inclusions and the diameter d of the
cylindrical inclusion are indicated in (a) and (b), respectively.

- sphere is equidistant from the source and detector

fibers and one sphere diameter (1.4 cm) for the off-
axis case in which the sphere is 1.5 cm off the midline
between the source and the detector. The absorp-
tion coefﬁc1ent of the background medium (p,q) is
0.06 cm™?, and the scattering perturbation (Au,’) is
set to zero In all three cases considered, we found
that AI/Iy|,, .. is not separately dependent on 4" and
Ap,, but it only depends, monotonically, on their
product [see Fig. 6(a)] Furthermore, Fig.: 6(b)
shows that AI/I)|,,.., is weakly dependent 0N piag OVEr
the range of optical properties of 1nterest

D. Theoretical Test of the New Method to Measure the
Oxygenation of Optical Inclusions

To test the effectiveness of our new method, we com-
puted the values of —AI/I| .. at nine wavelengths
(680, 720, 730, 758, 768, 776, 800, 840, and 880 nm)
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Fig. 6. Dependence of ~AI/I}, ., versus (a) jo'Ap, and (b) 1,
calculated by the diffusion theory for a spherical object in aninfi-
nite turbid medium. In (a) p,o = 0.06 cm™;in (b) p,o'Ap, = 1.5
em™%; in both (a) and (b) Ap,’ = 0. Two sphere diameters d were
considered (1.4 and 3.0 cm) for the case in which the sphere is
centered between the source and the detector, and one sphere
diameter (1.4 cm) was considered for the case in which the sphere
is 1.5 cm off center (uncentered. case). The volume V of the
spheres was also indicated—the open (closed) symbols in (a) refer
to constant values of p'(Aw,).

for a spherical inclusion in a case that mimies a re-
alistic condition in optical mammography. As de-
scribed in Subsection 2.C, we set the background
scattering and absorption spectra equal to represen-
tative spectra for healthy breast tissue obtained from
literature data.2553 We observe that, because of the
results of Fig. 6(b), the background absorption spec-
trum plays a minor role in the determination of Al/
Iolmaxe We set the hemoglobin concentration of the

- _embedded lesion to a value 60 wM higher than that in
the background, and we varied the hemoglobin satu-

ration of the sphere over the range 0-100%. The
resulting spectra of the product p.'Ap, for SO, val-

ues of 0, 20, 40, 60, 80, and 100% are reported in Fig. -

7, where we also indicate with dashed lines the wave-
lengths used in our calculations. - On the basis of our
key hypothesis [Eq. (3)], the spectra of Fig. 7 are
representative of the spectra of AI/I|,.,. - We com-
pared the measurements of the hemoglobin satura-
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Fig. 1. Spéctra of p,o'Ap, used in the theoretical test of our
method for SO, values of 0, 20, 40, 60, 80, and 100%. The wave-

640 680

‘lengths used in our theoretical calculations are shown by dashed

lines. The symbols (matching the symbols of Fig. 8) identify the
wavelength pairs that minimize the difference between AI/I |3,
and AI/T|%2 (which is the criterion used in our method to select
the particular wavelength pair) for each value of SO,

tion in the lesion obtained (1) by using Eq. (5) and a
ratio Ap,(A\)/Ap,(\;) computed with the perturba-
tion theory [Eq. (2)] from the intensity change Al/
Iy|max measured at two fixed wavelengths and (2) by
using our new' method [Eq. (7)] at two wavelengths
that are at least 40 nm apart and that minimize the
absolute value of the difference AI/Ij|, .. (\o) — AI/
Iolmax(\y). Both approaches require knowledge of
the background-reduced scattering coefficient, which
was known in our theoretical computations and
which can be measured with time-resolved methods
in a practical implementation to the human breast.
The results of the perturbation analysis for a number
of wavelength pairs are shown in Fig. 8(a) for a 1.4-
cm-diameter sphere (on the midline between the
source and the detector), in Fig. 8(c) for a 3.0-cm-

“diameter sphere (on the midline between the source

and the detector), and in Fig. 8(e) for a 1.4-cm-
diameter sphere off the midline by 1.5 em. The re-
sults of our new method are shown in Fig. 8(b)
(sphere diameter of 1.4 ¢m, on the midline), Fig. 8(d)
(sphere diameter of 3.0 cm, on the midline), and Fig.
8(f) (sphere diameter of 1.4 em, 1.5 cm off the mid-
line). These results show that our new method can .
achieve accurate measurements of the oxygenation of
spherical regions over the full range of oxygenation
values and independent of the size and location of the
sphere. - The wavelength ?airs that minimize the

_ difference between AI/I %Y, and AI/I |42, [which is

the criterion used to select the particular wavelength -
pairs in Figs. 8(b), 8(d), and 8(f)] for the cases of SO,
‘equal to 0, 20, 40, 60, 80, and 100% are indicated in
Fig. 7. We also computed SO, using all nine wave-
lengths [by fitting a linear combination of the oxyhe-
moglobin and deoxyhemoglobin extinction spectra to
Ap,(\;) from Eq. (2)] (data not shown), and we found
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Fig. 8. Calculations of the oxygen saturation (SO,) of spherical inclusions versus their actual value [SOg<tual] used to compute the optical

calculate SO,.

- data from diffusion theory.
(b), (d), and (f) use the new method, which uses appropriately chosen wavelength pairs to determine SO,.

from the measured optical intensity is given in the text (Subsection 2.A).

(a), (c), and (e) show the perturbation approximation method when two fixed wavelengths were used to

(a) and (b) are
calculations for a centered 1.4-cm-diameter sphere; (c) and (d) are calculations for a centered 3.0-cm-diameter sphere; and (e) and (f) are

_ calculations for an uncentered (1.5-cm off center) 1.4-cm-diameter sphere, The criterion to choose the most appropriate wavelength pair

1 July 2002 /- Vol. 41, No. 19 / APPLIED OPTICS 3835



*

no improvement on the ﬁxed-wavéleng‘th pair results
of Figs. 8(a), 8(c), and 8(e).

4. Discussion

We used first-order perturbation theory as a guide to
develop our new method. In fact, our major hypoth-
esis (namely, that in the case Ap,’ =0, the ratio
AI/Iy|., depends only on wavelength through the
product pg'Ap,) is suggested by the proportlonahty
between AI/I,|2e and p,y'Ap, found in the pertur-
bation limit [see Eq. (2)]. Furthermore, the expres-
“sion for the ratio Ap,(A\s)/Ap,(Ay) [Eq. (6)] that we use
to compute the tumor saturation according to Eq. (5)
is the same as the one provided by first-order pertur-
bation theory [Eq. (2)]. Therefore it may appear
that our approach is exclusively based on first-order
perturbation theory. This is not the case because
one key feature of our new method, namely, the cri-
. terion to select the two.wavelengths \; and X, is

_based on the results of Fig. 6, which refer to situa-
tions that are beyond the limits of applicability of
first-order perturbation theory. As a result, even if
Al/Ij)..x does not show a linear dependence on
Mso' Ap, as predicted by first-order perturbation the-
ory, our method still provides accurate readings of
the tumor saturation, provided that one can identify
two wavelengths \; "and Ay such that AI/IJAD =~
AI/T,|%2 . Of course, this latter requirement be-
comes redundant in the perturbation limit, where
AI/Iy)|,.ax is indeed proportional to pgo'Ap,, and less
critical in a regime of quasi-proportionality between
AT/Iy), 0x and pyo'Ap,. As shown by Figs. 5 and 6(a),
this proportionality occurs approximately for values
of pyo'Ap, that are smaller than ~0 5em” (1 e., for
values of Ap, < 0.05 cm™! if p o' ~ 10 cm™?), even
though the size of the inclusion also affects the extent
of the quasi-proportionality range. In summary, the
success of our method depends on the fulfillment of at
least one of the three following conditions:

1. relatively small tumors;

2. relatively small tumor background absorption
contrast; or

3. identification of two wavelengths at least 40
nm apart, such that AT/I|%0, ~ AI/I %2, xa)

The fulfillment of conditions 1 and 2 allows the ap-
plicability of the perturbative relationship given in
Eq. (2), whereas the fulfillment of condition 3 enables
‘the application of Eq. (7) on the basis of Eq. (3). In
general, if condition 3 above cannot be fulfilled, the
most accurate measurement of SO, will come from
the wavelengths where the optical signal is least af-
fected by the tumor, i.e., for the wavelengths at which
the absolute value of AI/Ij|,.x is the smallest.

The idea behind the.development of our new
method is that a robust approach to the optical oxim-
‘etry of breast cancers will improve the diagnostic
value of optical mammography. Instead of trying to
obtain a full solution of the inverse imaging problem
to determine the size, shape, location, and optical
properties of the tumor, we aim at measuring one
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~ary conditions.

if (2) the tumor absorption w

physiological parameter, namely, the tumor oxygen-
ation, using a method that is insensitive to the size,
shape, and location of the tumor. The insensitivity
to the shape of the inclusion is shown by the experi-
mental results of Fig. 5, whereas the insensitivity to
the size and location of the inclusion is shown by the
theoretical results of Figs. 6 and 8, This approach
has the potential of being more robust in practical
clinical measurements with respect to full recon-
struction schemes. The only information required
by our method is (1) the spectrum of the background-
scattering coefficient p y'(\), (2) the background in-
tensity I,(\), and (3) the maximum intensity change
(AD),y.x caused by the tumor. To best apply our
method, the spectral measurements should be con-
ducted at a large number of wavelengths in the range
680—880 nm, possibly continuously over this spectral
band.

In view of the actual implementation of this new
method to clinical optical mammography, it is worth
commenting on the required measurements of p..;'(\)
and I,(\). What is really required by our method is
the ratio po' (\1)/ps0’(A3) S0 that the spectral shape of
Mso's rather than its absolute value, is the critical
quantity. This fact minimizes the influence of tissue
inhomogeneity because it has been reported that the
spectral shape of ', but not its absolute value, is
relatively constant at different breast locations.2s
As a result, p,o'(A\) can be measured when time-
resolved measurements are averaged at several
breast locations. Because of the featureless scatter-
ing spectrum, measurements at a few discrete wave-
lengths A; can be effectively extrapolated to yield a
continuous spectrum of p.,'(\), as demonstrated by
Bevilacqua et al.5* With respect to the measure-
ment of the background intensity I;(A\), in the pres-
ence of a heterogeneous background such as breast
tissue, it may be appropriate to consider an average
background intensity over a specifically selected
breast area rather than the intensity measured at a
particular breast location.

Our method is expected to be insensitive to bound-
In fact, it has been reported that
measurements based on comparing or ratioing data
at two wavelengths [our method is based on a condi-
tion that involves the ratios AI/Io|%2, and AI/Io|%2, to
assess the ratio Ap,(\;)/Ap,(A5)] are highly insensi-
tive to boundary conditions.5556 For this reason, we
believe that the experimental and theoretical results
presented here, which we obtained using effectively
infinite media, are apphcable to the bounded breast
case of Fig. 1.

The new method that we present in this paper is
aimed at quantifying the oxygen saturation associ-
ated with Ap,, i.e., with the additional absorption at -
the tumor location with respect to the background
tissue [see Eq. (5)]. We have argued that Ap
indeed representative of the tumor absorption [p.a ] 1f
(1) the absorption at the tumor location results from
the sum of the background (healthy tlssue) absorp-
tion (o) plus the tumor contmbutlon [u? = Ap,]or
)is equal to p,o + Ap,




13

and Ap, > p,ao (high-contrast tumor). For the case
in which p® = p,o + Ap,, but Ap, is not much
greater than p,, the tumor saturation SOY’ may not
be accurately represented by SO, of Eq. (5) In this

" case, the tumer saturation is given by -

As a result, SOY’ mono-
tonically increases (or decreases) from SO‘°’ to S0, as

is independent of Ap,(\y).

the tumor contrast increases. This is graph1ca11y
shown in F1g 9 for the case SO = 70%, p.,,,(800 nm)
= 0.02 ecm™! (a reasonable estlmate of the back-

em(s) —

Emp(Ag)

lLao()\z) + RAI-La()\l)
Mao()\l) + Apg(Ay)
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[em(N2) —

emo,(N2)] + [Exmo,(A) —

®

vl ¥ BApany)
A
el ) T Ar 0

where R = Ap,(A\g)/Ap,(\,) is the ratio used in our
method to calculate 802 Because R is of the order
of pg ()\1)/ oo '(Ag), it is typically close to 1. As ex-
pected, SOY glven by Eq. (8) tends to the background
saturation [SOY] in the limit Ap, — 0 and to the
saturation based on Ap, (SOz) in the limit Ap, >

Heo-
at constant R is given by

The derivative of SO} with respect to Ap,(\;)

ground hemoglobin absorption in breast tissue), and
SO, values of 0, 20, 40, 60, 80, and 100%. Therefore
we can conclude that the sign of SOY — SO, which
indicates whether the tumor is more oxygenated or
less oxygenated than the background healthy tlssue
is accurately given by the sign of SO, — SO mde-
pendent of the tumor contrast. Furthermore Fig. 9

indicates that, for Ap, > 0.1 cm™! and tumor satu-

[}Lao()\z)

Rpqo(M ) JlemMo)emo,(\1) — Emp(A)enpo,(Na)]

aso(t)
[aAPa(zm] {lem(\2) — emo,(M) M iao(A1) + ApaN)] + [Emo,(A ) — EmMD) L ao(A2) + RAR M)

9)

Equatlon (9) shows that, for any given value of R, the
sign of the derivative of SO with respect to Ap,a()\l)

0 0.1 0.2 03 0.4 05 06 07
Apa(A1) (cm'l)

Fig. 9. Schematic for the case in which the tumor absorption is
better represented by .o + Ap, then by Ap, and showing the
dependence of the tumor saturation [SO$'] on Ap,(A;) for a back-

" ground saturation SO =70% and six different values (0, 20, 40,

- 60, 80, 100%) of SO,

S0, is the saturation based on Ap,(\;) and
Ap,(\,) that is provided by our new method. For each value of
SO,, we considered the corresponding optimal wavelength pair
that is given in Figs. 7 and 8. If ) ~ Ay, then SO, provides an
accurate measurement of the tumor saturation [SOY’ ~ SO,], and
the curves in this figure are rep]aced by horizontal lines indepen-
dent of A,

surable on healthy breast tissue).

ration values greater than 40%, SOY’ and SO, differ
by no more than ~5%. An estimate of Ap,(\,), for
example, on the basis of Eq. (2), may lead to a refine-
ment of the tumor saturation measurement from the
values of SO, (with our new method) and SO (mea-
We conclude by
stressing that this latter discussion based on Eqgs. (8)

- and (9) pertains only to the cases in which the tumor
' absorptlon 1s better represented by p,o + Ap, then by

Ap,. If p8 =~ Ay, then SO, provides an accurate
measurement of the tumor saturation.

5. Conclusion

We have presented a novel optical method to quan-
titatively measure the oxygen saturation of breast
tumors. In the field of optical mammography, the
most appropriate number of wavelengths to be used
and the choice of those wavelengths are commonly
questioned. According to our method, the optimal
number of wavelengths to measure the tumor oxy-
genation is two (within the range 680-880 nm), but
the two specific wavelengths depend on the particular
value “of the tumor oxygenation. Therefore our -
method requires the collection of optical data at mul-
tiple wavelengths, ideally a continuum, and thén se-
lection of the two optimal near-infrared wavelengths
for each tumor on the basis of a specific criterion
[namely, the minimization of the absolute value of
the difference AI/Iglpax(Ns) — Al/Iglmay(N)].  After
the optimal wavelength pair has been selected, our
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method describes the way to process the optical data
at these two wavelengths to obtain the tumor oxy-
genation. From laboratory experiments and theo-
retical calculations, we have found that we can
accurately measure the oxygenation of embedded le-
sions over the full range 0-100% independently of
their size, shape, and depth. This method offers the
potential to improve the diagnostic capability of op-
tical mammography.
We conclude by observing that, even if we have
described an application to the oximetry of breast
- tumors, our method lends itself to measuring the
oxygenation of other hemoglobin-rich localized tissue
areas as well." For example, the focal increase in
cerebral hemoglobin concentration induced by se-
lected cerebral activity, a localized hematoma, or rel-
atively large blood vessels can be investigated by
~ some of the basic ideas presented here to measure
their oxygenation levels.
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Abstract .

We present a model that describes the effect of physiological parameters
such as the speed of blood flow, local oxygen consumption, capillary
recruitment, and vascular dilation/constriction on the concentration and oxygen
saturation of haemoglobin in tissue. This model can be used to guide the
physiological interpretation of haemodynamic and oximetric data collected
in vivo with techniques such as optical imaging, near-infrared spectroscopy
and functional magnetic resonance imaging. In addition to providing a
formal description of well-established results (exercise-induced hyperemia,
reperfusion hyperoxia, decrease in the concentration of deoxyhaemoglobin
induced by brain activity, measurement of arterial saturation by pulse oximetry,
etc.), this model suggests that the superposition of asynchronous contributions
from the arterial, capillary and venous haemoglobin compartments may be at
the origin of observed out-of-phase oscillations of the oxyhaemoglobin and
deoxyhaemoglobin concentrations in tissue.

1. Introduction

Several medical imaging, diagnostic and research tools are sensitive to the haemoglobin,
in its oxygenated and/or deoxygenated forms, that is present in the blood. For
example, near-infrared spectroscopy (NIRS) measures the optical absorption associated
with oxyhaemoglobin and deoxyhaemoglobin, and BOLD (blood oxygen level-dependent)
functional magnetic resonance imaging (fMRI) is based on magnetic susceptibility changes
induced by paramagnetic deoxyhaemoglobin. NIRS measurements of the concentration and
oxygen saturation of haemoglobin in tissue, the fMRI BOLD signal and any measurement of
blood oxygenation in vivo are the result of the interplay among a number of physiological
parameters such as blood volume, blood flow and metabolic rate of oxygen. Several models
have been developed for the coupling between cerebral blood flow and oxygen metabolism

. (Buxton and Frank 1997, Hyder et al 1998), for the relationship between the BOLD signal
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Figure 1. Schematic representation of our model. A blood vessel of cross section ayy intersects
for a length Ly, the volume V probed by the measurement technique of interest. The average blood
speed within the vessel is indicated with ¢*'°°9), while &, represents the rate of oxygen diffusion
from the blood vessel to the tissue within volume V.

and the cerebral blood volume, blood flow and oxygen consumption (Ogawa et al 1993,
Mandeville ez al 1999, Hoge etal 1999), and for the dynamic bioenergetic relationship
between the deoxyhaemoglobin concentration measured by NIRS and muscle oxygen
consumption (Binzoni ef al 1999). It has been shown that the interpretation of optical data
can be guided by the same haemodynamic modelling principles used for the fMRI BOLD
signal (Mayhew et al 2001). In this note, we present a general haemodynamic model that
relates the concentration and oxygen saturation of haemoglobin in tissue to a number of
physiological parameters such as the speed of blood flow, the local oxygen consumption,
capillary recruitment and vascular dilation/constriction. This model specifies the conditions
that determine a higher or lower sensitivity of the concentration and saturation of haemoglobin
in tissue to these physiological parameters. The analytical relationships derived here can be
used to guide the physiological interpretation of haemoglobin-related measurements in living
tissue.

2. The model

The schematic representation of the problem is illustrated in figure 1. A blood vessel of cross
section oy, in which blood flows with an average speed ¢{®°*®, intersects for a length Ly, the
volume V of interest. For instance, V may be a voxel in fMRI or optical imaging, or the tissue
region probed by NIRS, i.e. the volume that contains most of the photon migration paths from
the illumination point to the collection optical fibre. As the blood flows within volume V,
the concentration of oxygen in the blood ([02J®°°¥) may decrease as a result of oxygen
diffusion to tissue cells, where the decrease rate is proportional to the difference between the
oxygen concentrations in the plasma ([0;]®"*™) and in the tissue ([0]***)). This diffusion
process may be described by assigning to each oxygen molecule a probability of extraction
per unit time (k), which depends on the permeability and surface area of the blood vessel wall
(Buxton and Frank 1997). By using the speed of blood flow ¢®1°°® the probability of oxygen
extraction per unit length along the blood vessel can be written as k/c®1°9, As a result, if /
is the line coordinate along the blood vessel, one can write

d[02] (blood} k
dl = T bicod)

where r = ([Op]®!ssm¥ — [O,](s0e)) /[0, ]Pleed) By defining &, = kr, and assuming that
o, and ¢®°°9 are independent of /

kr

cblood) [0, (1)

([02](plnsmn) _ [02](tissue)) —__

) ag, B
[OZ](blood) (l) — [02](()blood)e— mﬁd—,l (2)
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where the subscript 0 in [02]((,"'°°d) indicates the oxygen concentration in the blood at / = 0,

i.e. before any oxygen extraction occurs within volume V. From equation (2), the total rate
of oxygen extraction (O;) over the length Ly, of the blood- vessel is given by 0, =
[0:18°[1 - exp (—eo, Loy ! c®leod) |oblood) g, which shows the dependence of the oxygen

\ lood) ' The average value of [0,]®'%° within volume V can be
easily calculated as follows:

2o, L\ o(blood)
) (3

I -
([ozl(blood))v = E/{; [Ozl(blood)(l) dl = [02]8“0“) (l — ¢ oD . )
v , Lbv

The derivation of equation (2) is based on the assumption that ag, is not a function of /.
If [0,]®P'=m) 5 [0,]¢155¢) which is an approximation that has been used for brain tissue
(Buxton and Frank 1997, Hyder et al 1998) the spatial uniformity of &g, implies that the
ratio [02]®!=m») /[0,)®°d js not a function of the blood oxygenation. Because of the
nonlinear oxygen equilibrium curve of haemoglobin, this assumption is not strictly correct,
but Buxton and Frank found that the nonlinear correction to equation (2) is not significant
(Buxton and Frank 1997). However, Hyder et al, who also used r a2 [Q,]Plzsma) /[, (blood)
allowed for a variable diffusivity g, in their model for the regulation of cerebral oxygen
delivery (Hyder et al 1998). Mayhew et al proposed that [0,]*%® should not be neglected
in r (Mayhew et al 2001), so that an increased cellular utilization rate of oxygen can directly
increase the probability of oxygen extraction ag, by decreasing [0,]®*® and thereby
increasing the [O,] gradient across the blood vessel wall. Here, we proceed on the assumption
that o, is uniform over the length Ly, of the blood vessel, but we allow for temporal changes
of a, associated with changes in [02)“*®) that reflect changes in the cellular metabolic
rate of oxygen. The concentration of oxygen in the blood [0,]®10d results from two
contributions; from dissolved oxygen in the plasma ([02]“"“'““)) and from oxygen bound
to haemoglobin ([O,]aemoglobi)y - Because [0,]®5) normally accounts for only 1-3% of
[0,1%%°9) (Guyton and Hall 2000), we will consider [Q)®!009 az [Q,]haemoslobin) | 5 that the
concentration of oxyhaemoglobin in the blood [HbO,]®10od ~ i[Oz]("“”d) (where the factor
1/4 accounts for the four binding sites for oxygen at each haemoglobin molecule). The
concentration of oxyhaemoglobin in the tissue volume V ([HbO,1"5%9) can be written as
the average concentration of oxyhaemoglobin in the blood times the blood-volume fraction
Viw/ V. Using equation (2) and the approximate proportionality between [HbO,]®*°® and
[O;]1®100d) THbO,M5ue) can be expressed as follows:

[Hboz](lissue) = ([Hboﬂ(b]‘md))v"%

ao,l.b‘,) c(blood) Vi
th)2 va 14

= [HbO,)§"*? (1 — ¢~ D

@

blood . _%0, Lpy c(b]ood) O
- SO:|(() ool )[Hbrr](blood) (1 —e m) ——TV
. aO;

where the subscript 0 indicates the initial value at / = 0, before any oxygen extraction occurs
in volume V, [HbT]®°°® = [HbO,]1** + [Hb]{"*? is the total haemoglobin concentration

in the blood (we drop the subscript 0 in [HbT]®® because the total concentration of

(blood) _ {HbO, oot

haemoglobin is not a function of I}, and 802‘0 = Tproee 18 the oxygen saturation

of haemoglobin at / = 0. From equation (4) it is straightforward to derive the following

- expressions for the concentrations of deoxyhaemoglobin and total haemoglobin in tissue
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([Hb]¢s) and [HHT]"*®) = [HbO,]"*®) 4+ [Hb]MU), respectively), and for the tissue
saturation (StOg = [HbO,](tissue) / [HbT]("ss“c)):

[Hb](lisst;c) = [HbT](tissue) - [Hbozl(tissue)

@g, Ly (blood) )
= Ty 2 |1 - 50| (1 - e ) £ s
v doz va
; Vi
[HbT](nssue) = [HbT](blood)_“/ﬁ_ ©)
ag, Lo (blood)
StOr = SOzl(blm) R E_._.._ )
0 oo, va

Equations (4)—(7) provide analytical relationships that relate the concentration and oxygen
saturation of haemoglobin in the tissue to physiological parameters such as the local rate of
oxygen extraction, the blood oxygenation and the speed of blood flow.

During a measurement, depending on the particular protocol and the individual

physiological response, there may be variations in SO, |:)bl°°d), [HbT]®D, 6y, argy, or clood,
We assume that Ly, and V remain constant and we also continue to consider the case of a
single blood vessel. The assumption of constant Ly, and V is based on the fact that changes in
V and Ly, (caused for instance by changes in the tissue optical properties in the case of NIRS)
are likely to induce smaller effects in the measurements of concentration and saturation of
haemoglobin with respect to the effects of the other mentioned parameters. The changes in
[HbO,]tssue) [Hb]¢ssue), [HbT]* and StO, can be expressed as follows by differentiation:

(blood
A[HbOz]“is““” - SOz|:)bI°0d)[HbT](bI°°d)£(‘% (l - e':( Lb:) (—A-—S—(-)—ZIT’OT-;‘T:

oo, 14 SOzI(() ood)

+
[HbT]fblood) Oty ap,V

wtylie o L A Acthlood)
_ ——%{W g, Loy _= 0, c
X [1 e (c(blood) *+1 F+ ~oiooh ®)

aoz

A[HBT]®d A (blood)
[ ] Tbv +S0, ':)blood) [HbT]lood c Oby

. (blood) ap Lpy
A[Hb](nssue) — [HbT](bIood)_YP_‘i 1— SOZ'(blood)f___ 1— e_m
14 0 qg, Lby

[HbT](blood) Oby 0 O‘oz vV

oo, e ASO, |0
x (1 - e"ﬁfm_nh') (—-————2 0 + 50,

(blood blood
(A[HbT] ood) Ao'bv> +SOz|(b|OOd)[HbT](b]°°d) c( ' )O'bv

| d
(blood)[HbT](blo Od)c(bloo )O'bv

SOg I:)blood') ° qg, Vv
_ , ) (blood)
x | 1= g~ 20, L +1 foo, Ac ™ )]
£ (blood) o, (blood)

A[Hbrl-](lissue) —= [HbT](blood) (1 0)

Vo [ A[HBTI®®  Agy,
\% [HbT]( blood) Obv




Haemodynamic model for the concentration and saturation of haemoglobin in vivo N253

_ (blood) atw\ ASQO,| VoY
AStO; = S0P (1 - e'm) 2l

aOszV SO, (()blood)
(blood) ™ L A A (blood)
[« - [2 41 [
#80, |00 L |y g ((Zor ey} (220 2 )
oy, Ly c(blood) ap, cfblood)

a1n
Because the factors that multiply the parentheses containing the relative changes Ax/x are
all positive (where x stands for any physiological parameter), the sign in front of any relative
change Ax/x indicates the direction of the change (plus: increase; minus: decrease) in
[HbO,]tssue) [Hb]uissue) [HbT]Msve) or StO, associated with an increase in the physiological
parameter x.

The case of multiple blood vessels within the probed volumeV requires a summation of
the corresponding single-blood-vessel terms on the right hand side of equations (4) and (5) to
obtain [HbO,]®ssUeMY and [Hb)sseMV (the superscript MV indicates the multi-vessel case).
[HbT]"s4MV and StOMV are then computed from [HbO,]¥MV and [Hb])(UssueMV  The
more general case where the blood vessels within volume V include arteries, capillaries and
veins can be examined by generalizing equations (4)—(7) as follows:

a5, L8\ pte-blood) . (©)
[Hbozl(tissue)MV = [SOqI(B-blmd) Vb(:) + Sozl:’c-hlood) (1 _ e";m‘o-zs\%:‘) c Oy
@0,

- HbT] oo
+50, |1 vb‘:’] JLECIY g (12)

v

. ~ . 20, Lyy \ (c-blood)
[Hb](nssue)MV = [(1 _ SOzlm blmd))vb(:) + [1 _ SOz!(c blood) (1 _ e”M) [ :|

’ a6, Ly,
. HbT]®leod)
x Vi & (1 - S0, "'°°“’)vb‘:‘] LLLLY N ‘], (13)
. : HbT {blood)
[HbT](nssue)Mv = (Vb(f) + Vb(:) + Vbl‘\")) [ ‘]/ (14)
{c}
SO, |@blod @ | g (e-blood) [ -gg’:% temblood) 5 ) SO, |(V-bieod) ;0
2| b + 502y —e ¢ o, 502 b
sto)Y =
@, ) oW
Vor + Viy + Vi
(15)

where the superseripts (a), (c), and (v) indicate the arterial, capillary and venous haemoglobin
compartments, respectively, and we have considered that the oxygen extraction occurs only in
the capillaries (i.e. @y, = O for arteries and veins) so that we have dropped the subscript 0 in

SOz|(a-b'°°d’ and SOgI(v'b]Wd), and we have set [HbT]®0°d) t6 be the same for all blood vessels
for simplicity. The fact that the small-vessel haematocrit is typically lower than the large-vessel
haematocrit can be accommodated in the model by using different values for [HbTt@-bleod)
[HbT]-blood) and (HHT]-blo0d rather than factorize a common value for [HbT]®°® a5 done in
equations (12)~(14). However, the regional difference between the haematocrit in small and
large vessels is hard to estimate in vivo. Data in the literature indicate that the small-vessel to
large-vessel haematocrit is on the order of 0.8-0.9 (Grubb et al 1974).




N254 S Fantini

3. Discussion

.The relationships derived here provide indications on the relative contributions of SO, [(()b‘md’ ,

[HbT)®0D, oy, argy, and ¢®°° to the average concentration and saturation of haemoglobin
" in tissue, and on the conditions that affect such contributions, The quantitative predictions
of this model, however, should be used with caution and their applicability evaluated for
each particular case. In fact, in addition to the assumptions already mentioned (uniform
c®°d and oy, over the length of the blood vessel, time-independent V and Ly,) our model
simplifies the treatment of the partial contributions within the volume V by assuming that all
volume elements within V contribute equally to the measurement of the haemoglobin-related
parameters (see equation (3)). This may not always be the case, for example, because of
the non-uniform density of the photon migration paths within V in NIRS. In this case, a
quantitative treatment of the problem would require the introduction of spatially dependent
weight functions (Graber ef al 1993) or a more rigorous treatment of photon transport in tissue
(Arridge and Hebden 1997). Furthermore, the size of individual blood vessels also plays arole
in determining their relative contribution to the optical measurements (Liu e al 1995). When
the size of V is smaller, as may be the case for optical imaging and fMRI voxels, this problem is

. . -biood . -
minimized but one has to consider that SO, ] :; %1009 for small portions of capillaries may depend

on oy, and ¢®°9, thus introducing an additional variable in the model. Nevertheless, our
model provides simple analytical relationships of general applicability, at least for qualitative
analyses, which would not be available with more complex, quantitative models.

Our model is applicable to the description of equilibrium states or changes induced
by transitions from one equilibrium state to another. However, this model is not restricted
to stationary conditions but it is also applicable to dynamical processes, provided that the
variations associated with these processes occur on a time scale that is longer than the
time needed to reach equilibrium. Examples of such processes are the pressure-induced
volume oscillations of the arterial and venous compartments, which occur on a time scale of
seconds, much longer than the essentially instantaneous pressure—volume equilibrium process
determined by the incompressibility of blood. In the case of changes associated with the blood
flow, with the cellular metabolic rate of oxygen, or with a vascular bolus of oxyhaemoglobin or
deoxyhaemoglobin, the time needed to reach equilibrium is determined by the vascular transit
time across volume V. This time depends on the size of V and on the speed of blood flow. An
in vivo study on rhesus monkeys has found a cerebral vascular mean transit time in the range
2-6 5 (Grubb ez al 1974), which can be considered as an upper limit for the vascular transit
time through the volume of interest V (~mm? to ~cm®) considered here. These equilibrium
requirements should be considered when using this model for quantitative analyses. However,
qualitative analyses of the relative contributions to [HbO,]®", [Hb]¢¥ss%®), [HbT] ") and
StO, from the physiological parameters considered here can be performed on a more general
basis. .

A number of results reported in the literature find a formal description in the model
presented here. For example, equations (10} and (14) account for the observed increase in
[HbT]u® a5 a result of the dilation of blood vessels (i.e. positive Aoy, in equation (10))
and capillary recruitment (i.e. increase in Vb(f) in equation (14)) during muscle exercise
(Quaresima et al 1995). Equation (11) describes how an increase in the speed of blood flow
(positive Ac®'°°M) may exactly compensate a moderate increase in the oxygen consumption
(positive Aw,) (walking exercise (Quaresima ez al 1995)), undercompensate a significant
increase in oxygen consumption (running exercise (Quaresima et al 1995)) or overcompensate
the local oxygen demand (reperfusion hyperoxia (Smith et al 1990, Hampson and Piantadosi
1988)). In fact, the term with Ac®°°® has a positive sign in equation (11) (so that an increase
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in the blood speed cause an increase in StO,), while the term with Aag, has a negative sign
(so that an increase in the oxygen consumption causes a decrease in StO,). Furthermore,
equation (11) indicates that the relative increase in ¢®°°® should match the relative increase
in g, to exactly compensate its effect on StO;.

An important point of equation (10) is that a change in the speed of blood flow (c®'°°9),
by itself, does not modify [HbT]®*®), which is only affected by the partial volume of blood
in the tissue (which is proportional to oyv) and by the total haemoglobin concentration in the
blood (see also, equation (6)). By contrast, if ag, # 0, the speed of blood flow does have an
effect on the concentrations of oxyhaemoglobin and deoxyhaemoglobin in tissue (if a5, = 0,
the terms that multiply Ac®'°°)/c®0d) i equations (8) and (9) become zero). As can be seen
in equations (8) and (9), the contributions from Aag, to A[HbO,]**) and A[Hb]™* have
opposite signs with respect to the corresponding contributions from Ac®°®, An increase
in ¢®ood (je., a positive Ac®°D) induces an increase in [HbO,}*** and a decrease in
[Hb]"swe) This accounts for the fact that the increase in the cerebral [HbO,]**®) and the
decrease in [Hb]®%® observed during brain activation result from a greater increase in blood
flow with respect to the increase in the oxygen consumption induced by neuronal activation
(Fox and Raichle 1986, Villringer and Chance 1997). Studies on animal models have shown
that cerebral blood flow increases are mostly determined by increased flow velocity rather
than by capillary recruitment (Bereczki ef al 1993), so that c®°°d is the relevant parameter to
describe blood flow in this case.

Equations (8) and (9) only predict in-phase (same sign) or 180° out-of-phase (opposite
signs) changes in {HbO,]®%*) and [Hb]®***®), In particular, in-phase changes are associated
with modifications to the total hagmoglobin concentration in the blood (A[HbT]®°°®) or blood
partial volume (~Aoyy), while 180° out-of-phase changes are associated with modifications
to the initial blood oxygen saturation (ASOq (b'md’) oxygen utilization rate (Aa()z) or speed
of blood flow (Ac®*°®), While either in-phase (Wolf et al 1997) or 180° out-of-phase (Elwell
et al 1994) oscillations in [HbO,]®* and [Hb]®s*u) are typically recorded, intermediate
phase shifts have also been observed (Taga et al 2000). These intermediate phase shifts can
result from the superposition of out-of-phase contributions from different blood vessels, for
instance arteries, capillaries and veins, as considered in equations (12) and (13) For example,
if the partial blood volumes associated with arteries and veins, va and va , respectively,
oscillate with an arbitrary phase difference, then [HbO,J“5U*MV and [Hb]®issueMY may also
oscillate w1th an arbitrary phase difference because of the different relative contributions of
V& and VY ) to [HbO,JUss5MY and [Hb]WssueMV (e equations (12) and (13)). In fact, the
arterial/venous partial volume contribution ratio is SO» [ (a=blood) / SO, |(v blood) 11y equation (12),
while it is (1 — SO5|“ ™) /(1 = 502"} in equation (13). Equations (12)~(14) also
illustrate how the volume oscillations of the arterial and venous compartments can be used to
measure the arterial saturation (pulse oximetry) (Mendelson 1992) and the venous saturation
(spiroximetry) (Franceschini ef al 2002), respectively. In fact, by assuming that ng,‘) oscillates
at the heartbeat frequency and that V(V’ oscillates at the respiratory frequency, equations
(12) and (14) show that the ratio of the amp]itudes of the [HbO,]UssUeMY a4 [HbT(tissveMV

- . -blood .
oscillations at the heart rate and respiratory frequency are equal to SOZ|(n ood) (the arterial

) {v-blood
saturation or $a0,) and SO,|" ™" )

(the venous saturation or SvO,), respectively.
4. Conclusion

‘We have presented a haemodynamic model that can be used to guide the physiological
interpretation of oxyhaemoglobin and deoxyhaemoglobin concentration measurements in
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living tissue with techniques such as optical imaging, NIRS and functional MRI. In particular,
this model elucidates the role played by the partial blood volume, local oxygen consumption,
speed of blood flow and vascular dilation/contraction, on the measurements of concentration
and oxygen saturation of haemoglobin in tissue. Our model also indicates the possible sources
of oscillatory components of the oxyhaemoglobin and deoxyhaemoglobin concentrations that
are in-phase, 180° out-of-phase, or out-of-phase by an arbitrary angle.

Acknowledgments

I thank Maria Angela Franceschini for useful discussions and the anonymous reviewers for
insightful comments. This research is supported by the US National Institutes of Health Grants
No DA14178 and MH62854, by the National Science Foundation Award No BES-93840, and
by the US Army Award No DAMD17-99-1-9218.

References

Arridge S R and Hebden J C 1997 Optical imaging in medicine: II. Modelling and reconstruction Phys. Med. Biol.
- 4284]1-53
Bereczki D, Wei L, Otsuka T, Acuff V, Pettigrew K, Patlak C and Fenstermacher J 1993 Hypoxia increases velocity
of blood flow through parenchymal microvascular systems in rat brain J. Cereb. Blood. Flow Metab. 13 475-86
Binzoni T, Colier W, Hiltbrand E, Hoofd L and Cerretelli P 1999 Muscle oxygen consumption by NIRS: a theoretical
model J. Appl. Physiol. 87 683-8
Buxton R B and Frank L R 1997 A model for the coupling between cerebral blood flow and oxygen metabolism
during neural stimulation J. Cereh. Blood Flow Metab. 17 64-72
Elwell C E, Owen-Reece H, Cope M, Edwards A D, Wyatt J S, Reynolds E O R and Delpy D T 1994 Measurement
of changes in cerebral hemodynamics during inspiration and expiration using near infrared spectroscopy Adv.
Exp. Med. Biol. 388 619-26 )
Fox P T and Raichle M E 1986 Focal physiological uncoupling of cerebral blood flow and oxidative metabolism
during somatosensory stimulation in human subjects Proc. Natl. Acad. Sci. USA 83 11404
Franceschini M A, Boas D A, Zourabian A, Diamond S G, Nadgir S, Lin D W, Moore J B and Fantini S 2002
Near-infrared spiroximetry: non-invasive measurement of venous saturation in piglets and human subjects
J. Appl. Physiol. 92 372-84
Graber H L, Chang J, Aronson R and Barbour R L 1993 A perturbation model for imaging in dense scattering
media: derivation and evaluation of imaging operators Medical Optical Tomography: Functional Imaging and
Monitoring vol 1S11,ed G ] Miiller et al (Bellingham, WA: SPIE) pp 65-86
Grubb R L, Raichle M E, Eichling ] O and Ter-Pogossian M M 1974 The effects of changes in PdCOz on cerebral
blood volume, blood flow and vascular mean transit time Stroke 5 630-9
Guyton A C and Hall J E 2000 Texthook of Medical Physiology 10th edn (Philadelphia, PA: Saunders) ch 40, p 469
Hampson N B and Piantadosi C A 1988 Near infrared monitoring of human skeletal muscle oxygenation during
forearm ischemia J. Appl. Physiol. 64 2449-57
Hoge R D, Atkinson J, Gill B, Crelier G R, Marrett S and Pike G B 1999 Investigation of BOLD signal dependence
on cerebral blood flow and oxygen consumption: the deoxyhemoglobin dilution model Magn. Reson. Med. 42
849-63
Hyder F, Shulman R G and Rothman D L 1998 A model for the regulation of cerebral oxygen delivery J. Appl.
Physiol. 85 554-64
Liu H, Chance B, Hielscher A H, Jacques S L and Tittel F K 1995 Influence of blood vessels on the measurement of
hemoglobin oxygenation as determined by time-resolved reflectance spectroscopy Med. Phys. 22 1209-17
Mandeville J B, Marota J J A, Ayata C, Moskowitz M A, Weisskoff R M and Rosen B 1999 MRI measurement of the
temporal evolution of relative CMRO; during rat forepaw stimulation Magn. Reson. Med. 42 944-51
Mayhew J, Johnston D, Martindale J, Jones M, Berwick J and Zheng Y 2001 Increased oxygen consumption following
activation of brain: theoretical footnotes using spectroscopic data from barrel cortex Neuroinage 13 975-87
Mendelson Y 1992 Pulse oximelry: theory and applications for noninvasive monitoring Clin. Chem. 38 1601-7
"Oguwa S, Lee R M and Barrere B 1993 The sensitivity of magnetic resonance image signals of a rat brain to changes
in the cerebral venous blood oxygenation Magn. Reson. Med. 29 205-10 ‘




Haemodynamic model for the concentration and saturation of haemoglobin invivo N257

Quaresima V, Pizzi A, De Blasi R A, Ferrari A, De Angelis M and Ferrari M 1995 Quadriceps oxygenation changes
during walking and running on a treadmill Proc. SPIE 2387 249-56

Smith D S, Levy W, Maris M and Chance B 1990 Reperfusion hyperoxia in brain after circulatory arrest in humans
Anesthesiology 73 12-9

Taga G, Konishi Y, Maki A, Tachibuna T, Fujiwara M and Koizumi H 2000 Spontaneous ‘oscitlation of oxy- and
deoxy-hemoglobin changes with a phase difference throughout the occipital cortex of newborn infants observed
using non-invasive optical topography Newrosci. Lett. 282 101-4

Villringer A and Chance B 1997 Non-invasive optical spectroscopy and imaging of human brain function Trends
Neurosci. 20 435-42

Wolf M, Duc G, Keel M and Niederer P 1997 Continuous noninvasive measurement of cerebral arterial and venous
oxygen saturation at the bedside in mechanically ventilated neonates Criz. Care Med. 9 1579-82



¥

* J Appl Physiol
92: 372-384, 2002.

innovative techniques

‘Near-infrared spiroximetry: noninvasive measurements

of venous saturation in piglets and human subjects

MARIA ANGELA FRANCESCHINI,2? DAVID A. BOAS,2 ANNA ZOURABIAN,?
SOLOMON G. DIAMOND,2 SHALINI NADGIR,! DAVID W. LIN,!

JOHN B. MOORE,? AND SERGIO FANTINI!

leoengzneerzng Center, Department of Electrical Engineering and Computer Science
Tufts University, Medford 02155-6013; and 2NMR Center, Massachusetts General
Hospital, Harvard Medical School, Charlestown, Massachusetts 02129

Received 24 May 2001, accepted in final form 20 August 2001

Franceschini, Maria Angela, David A. Boas, Anna
Zourabian, Solomon G. Diamond, Shalini Nadgir,
David W, Lin, John B. Moore, and Sergio Fantini. Near-
infrared spiroximetry: noninvasive measurements of venous
saturation in piglets and human subjects. J Appl Physiol 92:
372384, 2002.—We present a noninvasive method to mea-
sure the venous oxygen saturation (Svo,) in tissues using
near-infrared spectroscopy (NIRS). This method is based on
the respiration-induced oscillations of the near-infrared ab-
sorption in tissues, and we call it spiroximetry (the prefix
spiro means respiration). We have tested this method in
three piglets (hind leg) and in eight human subjects (vastus
medialis and vastus lateralis muscles). In the piglet study,
we compared our NIRS measurements of the Svo, (Svo,
NIRS;esp) with the Svo, of blood samples. Svp,-NIRS;.sp and
Svo, of blood samples agreed well over the whole range of

- 8vo, considered (20-95%). The two measurements showed

an average difference of 1.0% and a standard deviation of the
difference of 5.8%. In the human study, we found a good

-agreement between Svg,-NIRS,.:, and the Svo, values mea-

sured with the NIRS venous occlusion method. Finally, in a

* preliminary test involving muscle exercise, Svo,-NIRS csp

showed an expected postexercise decrease from the initial
baseline value and a subsequent recovery to baseline.

tissue spectroscopy; frequency-domain; pulse oximetry; he-
moglobin saturation

THE POSSIBILITY OF USING LIGHT to measure the oxygen
saturation of hemoglobin in vivo has been explored
since the 1940s (37). The feasibility of optical blood

- oximetry stems from the oxygenation dependence of

the optical spectrum of hemoglobin. This is illustrated
in Fig. 1, which shows the absorption specira of 100 -
M hemoglobin for oxygen saturation values of 0, 20,

40, 60, 80, and 100%. The spectra of Fig. 1 were

calculated from published values of the molar extinc-
tion coefficients of oxyhemoglobm (HbO2) and deoxyhe-
moglobin (Hb) (43, 53).

Oxygen saturation of the pulmonary capillary blood
in rabbits has been measured by using dynamic inva-
sive techniques (48). Near-infrared light in the wave-
length range from 700 to 900 nm results in a sufficient
penetration depth for the noninvasive optical monitor-
ing of skeletal muscle, cerebral gray matter, and breast
tissue, As a result, near-mfrared techmques allow a
noninvasive assessment of hemoglobin saturation for a
wide range of applications such as the study of muscle
metabolism (7, 9, 12, 29, 45), the diagnosis of vascular
disorders (2, 20, 32 33 44 49), functional brain imag-
ing (3, 10,.24, 30, 35 50) and breast cancer detection
(23, 28, 40, 42, 46).

If near-infrared light is highly sensitive to the oxy-
gen saturation of hemoglobin, then its large penetra-
tion depth inside tissues implies that the arterial,
venous, and capillary compartments all contribute to
the optical signal. The average hemoglobin ‘oxygen-
ation measured with near-infrared spectroscopy (NIRS)
(19, 34, 41) is usually referred to as tissue oxygen
saturation (Sto,). Sto, values are assumed to be in
between arterial and local venous saturation values
(Sap, and Svo,, respectively). A number of research
studies have investigated the relationship between the
near-infrared (noninvasive) measurement of Sto, and
the values of Sap, and local Svo, measured invasively -
from drawn blood samples (31, 51). The contribution of
the .arterial compartment to the noninvasive optical
signal can be isolated because of its unique temporal
dynamics associated with the systolic-diastolic blood
pressure variation at the heartbeat frequency (1). The
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Fig. 1. Near-infrared absorption spectra of 100 uM hemoglobin con-
- centration ([Hb-T}, where T stands for total) for different values of
the oxygen saturation (S0z) in the range of 0-100%. The curve for
S0z = 0% corresponds to the deoxyhemoglobin (Hb) absorption spec-
trum, whereas the curve for So2 = 100% corresponds to the oxyhe-
moglobin (HbO2) absorption spectrum. These spectra have been
coraputed from published spectra of the molar extinction coefficients
of HbO2 and Hb (43, 53).

pulsatile component of the optical signals at two or
more wavelengths at the heartbeat frequency is used
by conventional (1, 36) or self-calibrated (21) pulse
oximeters to measure the Sao, Sao, is a parameter
that provides information about the ventilation and
the oxygen exchange in the lungs. In contrast, Svo, is a
parameter that reflects the local balance between blood
flow and oxygen consumption. The noninvasive optical
measurement of Svo, is complicated by the fact that
the isolation of the contribution of the venous compart-

~ment to the noninvasive optical signal is not straight-
forward. There are no clinical devices presently capa-
ble of monitoring Svo, noninvasively.

A number of experimental approaches have been
proposed to measure Svo, from induced local changes
in the venous blood volume. For instance, proposed
approaches involve a venous occlusion in a limb (13, 39,
55, 56), tilting the patient’s head down by 15 degrees
(47), a partial jugular vein occlusion (15, 54), or me-
chanical ventilation (52). In all these approaches, Svo,
is optically measured as the ratio between the in-
creases in the HbO; concentration ([HbO.]) and the
total hemoglobin concentration (equal to [HbOg] -+
[Hb], where [Hb] is deoxyhemoglobin concentration)
induced by the local increase in venous blood volume.
To overcome the limitations of these methods, which
can either be applied only to the limbs (venous occlu-

sion method) or require an external perturbation (par-

tial jugular vein occlusion, mechanical ventilation, and
tlltmg methods), we propose an alternative approach
that is an extension of the method of Wolf et al. (52).
This approach involves no external perturbations and
is applicable to subjects who are breathing either spon-
taneously or synchronously with a metronome set at
their average respiratory frequency. Furthermore, this
method can provide continuous and real-time monitor-
ing of Svo,. The basic idea is to measure Svo, from the
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amplitude of the optically measured [HbOg] and [Hb]
oscillations at the respiratory frequency. The basic
hypothesis, originally formulated in this context and
tested on the brain of mechanically ventilated infants .
by Wolf et al., is that the oscillatory components of
[HbOg] and [Hb} at the breathing rate are mostly
representative of the venous compartment. Because
the venous compliance is ~20 times as large as the
arterial compliance (4), a given change in the blood
pressure in the veins causes a venous volume change
~20 times as large as the arterial volume change
corresponding to the same pressure change in the ar-
teries. During normal breathing, the inspiration phase
involves a decrease in the intrathoracic pressure and
an increased pressure gradient between the peripheral
venous system and the intrathoracic veins. This causes
blood to be drawn from the extrathoracic veins into the
intrathoracic vessels and heart (26). Because of the

‘vein valves, venous return is increased more by inspi-

ration than it is decreased by expiration (38). The net
effect is the so-called respiratory pump that facilitates
the venous return from the periphery by the respira-
tion-induced periodic fluctuations in the central venous
pressure (38). As a result of the respiratory pump, the
peripheral venous blood volume oscillates at the respi-
ratory frequency, decreasing during inspiration and
increasing during expiration.

It is on this oscillatory component at the respiratory

“frequency that we base our near-infrared measure-

ment of the Svo,. We coin the term spiroximeter to
indicate an instrument for measuring the Svo, from
respiration-induced oscillations in the venous blood
pressure and in the venous volume fraction in tissues.
It must be observed that respiration may also induce
perturbations to the heart rate (respiratory sinus ar-
rhythmia) and consequently to the cardiac output and
arterial blood pressure. As a result, the arterial com-
partment volume may, in general, also oscillate at the
respiratory frequency; thus near-infrared spiroximetry
data must be carefully examined to guarantee a reh-
able reading of Svo,.

We report a validation study conducted on the hind
leg of three piglets, in which we compared the near-
infrared measurements of Svo, (Svo,-NIRS) with the
Svo, values obtained by the gas analysis of venous
blood samples (Svo,-blood). To show the applicability of
spiroximetry to human subjects, we also conducted a
preliminary test on the vastus medialis and vastus
lateralis muscles of healthy volunteers at rest and
postexercise.

MATERIALS AND METHODS

Tissue spectrometer. The near-infrared measurements
were performed with a frequency domain tissue spectrome- -
ter (model 96208, ISS, Champaign, IL) (18, 25). This instru-
ment uses two parallel photornultiplier tube detectors that
are time shared by eight multiplexed laser diodes emitting at
636, 675, 691, 752, 780, 788, 830, and 840 nm, respectively.
The frequency of intensity modulation is 110 MHz, and
heterodyne detection is performed with a cross-correlation
frequency of 5 kHz. The multiplexing rate, i.e., the frequency
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of sequential laser switching, is 100 Hz. As a result, 50
cross-correlation periods are acquired during the on time of
each laser diode, and a complete acquisition cycle over the
eight wavelengths is completed every 80 ms. The laser diodes
and the photomultiplier tubes are all coupled to fiber optics.
The eight individual illumination fibers, each 400 pm in
internal diameter, are arranged into a fiber bundle having a
rectangular cross-section of 3.5 X 2.0 mm? The collecting
circular fiber bundles are 3.0 mm in internal diameter. The
optical fibers are placed in contact with the skin by means of
a flexible plastic probe. The optical probe arranges the tips of
the illuminating and collecting fiber bundles along a line,
with the two collecting fiber bundles at distances of 1.0 and
2.0 cm from the single illuminating bundle. In some cases, we
have used a second tissue spectrometer to perform simulta-
neous measurements on both legs (piglets 2 and 3) or at
different locationis on the same leg (human subjects). In the
second tissue spectrometer (which used the optical probes PL
and HVL defined below), the 840-nm laser diode was replaced
by a laser diode emitting at 814 nm.

Measurements on piglets. We performed measurements on
three piglets that were 15 = 1 days old and weighed 5 = 1 kg.
The experimental arrangement for the piglet measurements
is schematically illustrated in Fig. 2. The piglets were anes-
thetized by inhalation of 3-4% isoflurane administered by
means of a breathing mask applied to the piglet’s snout. The
animals were not mechanically ventilated, and they breathed
freely throughout the experiment. A strain-gauge belt (Sleep-

mate/Newlife Technologies, Resp-EZ) was placed around the -

piglet’s thorax to continuously monitor the respiratory excur-
sion, A pulse oximeter (Nellcor, N-200) continuously recorded
the heart rate at the foot of the right hind leg. The analog
outputs from the strain gauge and the pulse oximeter were

fed to the auxiliary input ports of the tissue spectrometer for

continuous coregistration of optical and physiological data. A
femoral cutdown was performed into the left inferior femoral
vein to insert a catheter for periodic blood sampling. The
femoral venous blood samples were run through a commer-
cial blood-gas analyzer (Instrumentation Laboratory, model

(respiratory excursion)

i 3- 4% lsoflurane
(for anesthesia)

¢ variation in FiQ, ontical probes
B . . b i T h

(NIRS data)
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1304 pH/blood-gas analyzer) to obtain invasive readings of
Svo,-blood. One optical probe (identified as probe PR) was
always located on the right (noncatheterized) hind leg. In
piglets 2 and 8, a second probe (probe PL) was placed on the
catheterized (left) leg. The protocol consisted of varying the
femoral Svo, over the approximate range of 20-95% by mod-
ulating the volume fraction of oxygen inspired by the piglet
(F1o,) over the range of 10-100%. The oxygenation cycles
performed on the three piglets are illustrated in Fig. 3. Each
cycle consisted of varying the Fio, approximately every 4-6
min through the values of ~40, 15, 10, and 100% (piglets 1
and 2) or ~40, 20, 17.5, 15, 12.5, 10, and 100% (piglet 3). We
performed two Fio, cycles on piglet 1, four on piglet 2, and
three on piglet 3. For each specific value of Fio,, we acquired
about 3,000 optical data points [4 min X (60 s/min)/(80
ms/data point)] or more. During cycles C and D on piglet 2,
the optical probe PR was slightly moved with respect to the
location examined during cycles A and B, to collect data on
two different muscle volumes during the two cycle pairs A-B
and C-D. Optical probe PR always collected data on the right
hind leg, whereas probe PL was placed on the left hind leg
during cycles A and B of piglet 2 and cycles A and B of piglet
3 (we did not collect data with the optical probe PL on piglet
1, during cycles C-D on piglet 2, arid during cycle C on piglet
3). In all three piglets, the invasive measurement of Svo,
from a femoral vein blood sample was performed at the end of
each Flo, interval, as shown in Fig. 3. Motion artifacts were
minimized in the optical data by securing the piglet’s legs to
the operating table. The protocol was approved by the Insti-
tutional Review Board of the Massachusetts General Hospi-
tal, where the piglet experiments were performed.
Measurements on human subjects. We performed measure-
ments on eight healthy human subjects (6 men and 2 women,;
mean age of 24.5 yr, age range of 20-35 yr). The subjects sat
on a comfortable chair and rested for 10--15 min before the
experimental protocol was started. A pneumatic cuff was
placed around the right thigh of the subject to later induce a
venous occlusion by inflating the cuff to a pressure of 70
mmHg. A pulse oximeter probe (Nellcor, N-200) was placed

¢ s inputs
i frequency-domain ;
; lissue spectrometer |
| (SvO,-NIRS.) -

1 optical ife

‘ PR

e :
- !

e ereem e e < e |

pulse oximeter (heart rate)

blood gas
analyzer

\ femoral Qein catheter E(SVO;-BI..OOD)

TFig. 2. Experimehta] arra;xgeﬁment for the piglet study. A breathing mask applied to the piglet’s snout provided the

(Fio,). A strain-gauge belt and a pulse oximeter monitored the

- 8—4%-isoflurane anesthetic and was connected to the oxygen line for variations in the fraction of inspired oxygen

respiratory excursion and the heart rate,

respectively, and their analog outputs were directed to the auxiliary inputs of the frequency-domain tissue
spectrometer (ISS, Champaign, IL, model 96208). One or two optical probes (PR on the right hind leg and PL on
the left hind leg) of the tissue spectrometer were used to measure the near-infrared tissue absorption with a time
resolution of 80 ms. The absorption oscillations at thie respiratory frequency were processed to provide measure-
ment of the venous O saturation (Svo,-NIRSresp) (NIRS is near-infrared spectroscopy). Invasive measurements of
the venous O saturation (designated Svo,-blood) were obtained by gas analysis of venous blood samples collected
by a femoral vein catheter. aux, Auxiliary; optical /O, optical input/output.
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Fig. 3. Schematic representation of
Flo, cycles for piglet 1 (A), piglet 2 (B),
and piglet 3 (C). o, Time at which ve-
nous blood samples were run through
the blood-gas analyzer for Svo,-blood
measurements.
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on the index finger of the left hand. A strain-gauge belt

(Sleepmate/Newlife Technologies, Resp-EZ) was placed around
the subject’s upper abdomen to monitor the respiratory ex-
cursion. As in the piglet experiment, we used the analog
outputs of the pulse oximeter and strain gauge for continuous
coregistration of the physiological and near-infrared data.
Two optical probes were placed on the right thigh; the first
probe (probe HVM) was positioned on top of a visible super-
ficial vein of the vastus medialis muscle, and the second
probe (probe HVL) was placed on the vastus lateralis muscle,
far from visible superficial veins. During the measurements,
we asked the subject to breathe regularly, following a met-
ronome whose frequency was set to the average breathing

“rate of the subject at rest (typically 14-15 breaths/min).

During the whole experiment, the subject was asked to
breathe at the same frequency as the metronome pace. No
subjects experienced any discomfort or difficulties with this
procedure. The measurement protocol consisted of 2 min of
baseline (we acquired 1,535 optical data points at 80 ms/
point), followed by 40 s of venous occlusion, and a final
recovery period of a few minutes. A few subjects performed
an additional exercise routine to test the effect of exercise on
the measured value of Svp,-NIRS;esp on the muscle.” The
exercise consisted of raising the right foot, voluntarily con-
tracting the leg muscles (isometric contraction), until the
subject felt tired. The human study was approved by the
Institutional Review Board of Tufts University, where the
human experiments were performed; all subjects gave their
written, informed consent.

‘Near-infrared data processing for the measurement of Svo,
We used a modified Beer-Lambert law approach (14) to
translate the temporal intensity ratio collected at each wave-
length [I(\, t)/I(\, 0), where [ is intensity, A is wavelength,
and ¢ is time] at a distance of 1.0 cm from the illumination
point, into a time variation in the tissue absorption [Apa(\, ),

1o 120 130 O 150

where ., is the tissue absorption coefficient]. This approach
was implemented by applying‘ the following equation (14)

I(n, 0)]

o) )]

Ap(\t) =—1 [

where Lqgris the eﬂ‘ective optical pathlength from the illumi-
nating point to the light collection point. We measured L.g by
quantifying p., and the reduced scattering coefficient (p.)
using the frequency-domain multidistance method (17). The
diffusion-theory relationship that gives Leg in terms of p.,
1., and the source-detector separation (r) in a semi-infinite
turbid medium (where the illumination and collection points
are at the boundary of the turbid medium) is the following
(17

B,

L= @
" 20 Bua + 1)

More details on this hybrid frequency-domain [to measure
Les(N)] and continuous wave (modified Beer-Lambert law)
approach are given in Refs. 14, 17, 21, and 22. Equation 2
shows that for typical values of the near-infrared p, and p.,
say p, = 0.1 ecm~* and pi = 10 em™?, the value of Lo is ~5.5
cm for r = 1 cm. The multi-distance scheme was implemented
by considering the data collected by the two fiber bundles
located at two different distances (1.0 and 2.0 cm) from the
source fiber bundle. At these source detector distances, the
diffusion regime of light propagation in tissues is already
established (18). As an alternative to the diffusion equation
model to describe the spatial dependence of the optical signal,
empirical approaches have been proposed (6). The different
sensitivity of the two detector channels was accounted for by
a preliminary calibration measurement on a synthetic tissue-
like sample. The applicability of the initial calibration to the
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whole data set was verified at the end of each measurement
session by repositioning the optical probe on the calibration
sample. We typically reproduced the calibration values of the
block optical coefficients to within 10%. In the piglet experi-
ments, we updated the measured values of L.y at each
wavelength every time the Fip, was changed. Specifically,
L.srwas computed, according to Eg. 2, from average measure-
ments of p; and p; over the last 80 s of each period corre-
sponding to a specific Fio, value. For the measurements on

- human subjects, we computed an initial value of L. (at each

wavelength) over the first 2 min of baseline, and we used this
value for the analysis of the data over the whole measure-
ment session. The long integration time for the mean path-
length measurements (80 s in the piglet experiment, 120 s in
the human subjects measurements) realized a low-pass filter
that minimized the time-varying contributions from the Hb
oscillations caused by the arterial pulsation and breathing.
Furthermore, the two-distance measurement scheme for the
mean pathlength measurement also provided some level of
spatial averaging. In contrast, the optical data for the mea-
.surement of Svo, were acquired with an 80-ms temporal
resolution and with the use of a single source-detector dis-
tance (1 cm). ‘
To measure the Svo,, we followed a two- -step procedure.
First, we computed the amplitude of the absorption oscilla-
tions at the respiratory frequency at each of the eight wave-

_lengths considered. Second, we fit the spectrum of the ex-

perimental absorption amplitude with the hemoglobin ab-
sorption spectrum. We have used two alternative methods to
quantify the absorption oscillations at the respiratory fre-
quency. The first method is based on the fast Fourier trans-
form (FFT) of Ap,(2). The sum of the amplitudes of the FFT of
Ay, over the respiratory frequency band yields a measure of
the amplitude of the respiration-induced absorption oscilla-
tions. This method assumes that the Fourier spectrum of Ap,

- clearly shows a discernable peak at the respiratory fre-

quency. The second method is based on a band-pass (BP)
filter of Ap.(f) and on a modeling algorithm (MA) (sine-wave
fit). The BP filter serves the purpose of isolating the absorp—
tion oscillations at the respiratory frequency by suppressing
higher and lower frequency components in Ap.(t). The MA
. consists of fitting a sine wave to Ap.(BP) over each respira-
tory cycle. The amplitude of the fitted sine wave gives an
estimate of the absorption oscillation amplitude at the respi-
ratory frequency. As a result, the second method (BP + MA)
achieves a reading of Svo, from each individual respiration
cycle, whereas the first method (FFT) requires multiple res-
piration cycles to produce a Svo, reading. Both methods
provide phase readings that can be used to verify that the
respiration-induced absorption oscillations at different wave-
lengths are in phase with each other. We indicate the Svo,
measurement according to the FFT and BP + MA methods
with- 8vg,-NIRS,.n(FFT) and Svo,-NIRS:ep(BP), respec-
tively.
In the piglet experiments, we evaluated the FFT of Apg
- over 256 data points, corresponding to a time trace of 20.5 s,
‘to achieve reliable spectra from a number of breathing peri-
ods (typically 13-16). Furthermore, we averaged about 800
successive FFTs (each computed from a data set shifted by
‘one data point with respect to the previous one), so that the
total number of data points resulting in a single Svo, reading
"was on the order of 1,000, corresponding to a train of data
80 s long. This 80-s-long data set was chosen to be at the end
of each Fio, period, and it coincides with the 80-s period over

- which we measured L.g. In the human subject experiment,

we used 512 points for the FFT because the breathing fre-
quency was lower (0.22-0.26 Hz) than that of the piglets

MEASURING VENOUS SATURATION WITH NEAR-INFRARED SPIROXIMETRY

(0.6-0.9 Hz) and we wanted to have a similar number of
breathing periods. As in the piglets experiment, we averaged
the results from multiple (500-1,000) successive FFTs.

The spectrum of the amplitude of the absorption oscilla-
tions at the respiratory frequency [Api®*P(\,;)] was fitted with
a linear combination of the HbO. and Hb extinetion spectra,
S0 MIATHDO]* + £p(A\)A[HD]™®, where €y,0,(A:) and
exn(;) are the extinction coefficients of HbO2 and Hb, respec-
tively (43, 53). The fitting parameters were the amplitudes of

" the oscillatory concentration of oxyhemoglobin (A[HbOz)*¢*P)

and deoxyhemoglobin (A{Hb]™?) at the respiratory fre-
quency. The minimization of the sum of the squares of the
residuals, i.e., E,[Ap.a‘()\) — ApTP(\)}?, yields a linear sys-
tem whose solutlon gives the following best fit concentrations
of amplitude of the oscillatory [HbOz] and [Hb] (11)

[Z; AI-LZHP()\i)SHI;OZ()\i)][Ei €M)
= [Z; ApPON)emM)LE: Envo,(N)Em(N)]
[E Enboa()\.)][z e\ — [ eHbOg()‘ )Enb()\ )
3

A[HbO, ™" =

[Z; ApP)em()IE: am;oz()\.)]
[E. Aps®0)emo,MNZ; envo,(N)em(N)]

resp
A = B T, )] — [ e,

4

The oxygen saturation of the hemoglobin compartment oscil-
lating synchronously with respiration (Svo,-NIRS,csp) is then
given by

_ A[HBO™
Svo, = NIRSwu = {FH50,T + AT
[Z: Apg™P(\; )i'iﬂhoz()\z)][E efm(M)]

= [2; ApPO)em W) I[2; Exmo,iM)Em(N)]
[2 Al’-mp()\ €m0, (M) {Z: e Em(N) — Exmo, (M1}
= [Z; ApgPO)emM)E: emo,MMEmO) — emo,(M)1}

It is important to note that for the determination of Svo,-
NIRS;.sp one only needs to know Les to within a wavelength-
independent factor. In fact, Eq. 5 shows that a common,
wavelength-independent multiplicative factor in Ap,()\;) can-
cels out in the expression for Svo,-NIRS esp. In contrast, the
wavelength dependence of L.g is important for the measure-
ment of Svo, with our method, and this is why we have opted
to measure L.s at each wavelength using the multidistance,
frequency-domain technique. It is also important to observe

that our method requires 7) oscillations of u. at the respira-
tory frequency to be reliably attributed to hemoglobin (and’
not, for instance, to motion artifacts), 2) the hemoglobin
concentration fluctuations to result from the volume oscilla-
tion of a hemoglobin compartment rather than from periodic
fluctuations in the blood flow, and 3) the fluctuating hemo-
globin compartment responsible for the measured Ap., to be

(5)

‘mainly the venous compartment. In our measurements, we

have considered each one of the three above points. The
assignment of the absorption oscillations to hemoglobin
(point 1) was done by requiring that the hemoglobm spec-
trum fits the absorption data relatively well. To this aim, we
requested that the average absolute value of the relative
residuals, defined as £ft = LUNZY, | Apfi\) — ApiesP(\) |/
Aplt(\), where N is the number of wavelengths consxdered
be at most twice the experimental percent error in Ap.*P. We
also used the standard deviation of the Svo,-NIRS;cepn(FFT)
values obtained with the 800 (piglet experiment) or 500—
1,000 (human experiment) successive FFTs to estimate the
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error in Svo,-NIRS,e:p(FFT). We discarded the cases having
a standard deviation error in Svo,NIRS:csp greater than
15%. The assignment of the absorption oscillations to volume
rather than blood flow fluctuations (point 2) is achieved by

. verifying that the absorption oscillations at the eight wave-

lengths are in phase. In fact, blood flow fluctuations induce
out-of-phase oscillations in t_he [HbO.] and [Hb] (because of
the increased rates of inflow of HbO. and washout of Hb), as
opposed to the in-phase oscillations of HbO, and Hb that
result from volume pulsations. The third point, namely the
requirement that the absorption oscillations at the respira-
tory frequency are representative of venous blood, is investi-

gated by I) comparing the Svo,-NIRS from the respiratory’

hemoglobin oscillations (Svo,-NIRSyesp) with the correspond-
ing values measured by gas analysis of Svo,-blood (piglet
experiments) or by the NIRS venous occlusion method (Svo,-
NIRS,,) (human subject experiments), 2) studying the effect
on the [Hb] and [HbO.] oscillations at the respiratory fre-
quency of a venous occlusion induced between the lungs and
the peripheral measurement area (the thigh muscles in hu-

man subject experiments), and 3) by recording the effect of

muscle exercise on the near-infrared measurements of Svo,
{Svo,-NIRS;esx(BP)] in human subjects.

RESULTS

Figure 4 reports average spectra of Les measured for
a source-detector separation of 1 cm. Figure 4A refers
to piglet measurements conducted at two different val-
ues of Fio,, whereas Fig. 4B refers to human measure-

ments with probes HVM and HVL. The error bars in

-3
N w

Ly forr=1cm
o
W

600 650 700 750 800 850
wavelength (nm)
-8 Fi0,~40% -0 FiOy~10%

600 650 . 700 750 ° 800 850
wavelength (nm)

~&-probe HVM -O- probe IIVL

Fig. 4. N ear-mfrared spectra of the effective optical pathlength (Ler)
measured on the piglet’s leg (4) and a human thigh muscle (B) for a
source-detector separation (r) of 1 cm. In A, different symbols refer to
2 different values of Flo,. In B, different symbols refer to 2 different

- thigh muscles (vastus medialis for probe HVM and vastus lateralis

for probe HVL). The lines join the points as an aid to the eye.
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Fig. 4 represent the standard deviations over multiple
measurements (multiple Fio, cycles and piglets for Fig.
4A and multiple subjects for Fig. 4B).

In the piglet experiment, we discarded 11 (from a
total of 67) Svo ;- NIRS;esp(FFT) measurements because
the standard deviation over 800 FFTs exceeded 15%.
These discarded Svo,-NIRS;¢x(FFT) readings occurred
as follows: one (of 8) in piglet 1, two (of 26) in piglet 2,
and eight (of 33) in piglet 3. One discarded reading was
assigned to motion artifacts, whereas the other ten
discarded measurements all occurred at low-Fip, val-
ues (10-17.5%) corresponding to Svo,-blood values of
20-50%. We were not able to apply the BP method to
piglet 2 and to the Fio, cycles A and B of piglet 3
because of irregular absorption oscillation waveforms
that were not reliably processed by the BP + MA
approach.

Figure 5 shows typical temporal traces of the relative
[HbO;] and [Hb] measured on the piglet’s leg (with
optical probe PR) (Fig. 5A) and on the human vastus
medialis muscle at rest (Fig. 5B) and during venous
occlusion on the upper thigh (optical probe HVM) (Fig.
5C). The temporal traces of [Hb] and {HbO3] are ob-
tained by fitting the measured spectrum of Ap,(\2)
(whose value at each wavelength was obtained from
Ejq. 2) with a linear combination of the HbO, and Hb

" extinction spectra. This procedure results in the appli-

cation of Egs. 3 and 4 without the superscript “resp” on
Apa, A[HDO2], and A[Hb]. Two oscillatory components
are clearly visible in the relative [HbO;] and [Hb]
traces of Fig. 5A: the first one, associated with the
heartbeat (as shown by the pulse oximeter data; top
trace in Fig. 5) is at a frequency of ~2.5 Hz, whereas
the second one, associated with respiration (as shown
by the strain gauge signal; second trace from the top in
Fig. 5), is at a frequency of ~0.65 Hz. Only the latter
oscillatory component (at a frequency of ~0.23 Hz in
human subjects) is clearly visible in Fig. 5B, whereas
neither is present in Fig. 5C. Figure 5, B and C, shows
additional low-frequency oscillations associated with
changes in blood pressure and heart rate. We observe
that the strain-gauge signal (second trace from the top
in Fig. 5) increases during inspiration and decreases
during expiration. The BP filter described in the pre-
vious section aims at isolating the oscillatory compo-
nent at the respiratory frequency by filtering out
higher and lower frequency components. The relative
[HbO.] and [Hb] traces after BP filtering are shown in
Fig. 5, bottom. In the case reported in Fig. 5, which is

. representative of the results reported in this artlcle for

Svo,-NIRS,cqp, the oscillatory components of [HbOq]
and [Hb] at the respiratory frequency are in phase with
each other and disappear during venous occlusion.
Figure 6 illustrates representative Apl**® spectra
measured on the piglet’s leg (probe PR) (Fig. 6A) and on
the human vastus medialis muscle at rest (Fig. 6B) and
during venous occlusion on the upper thigh (prode
HVM) (Fig. 6C). The y-axis of each panel of Fig. 6 refers
to the values of ApS**P obtained with the BP filter
method. The values of Ap.**P computed with the FFT
method are normalized by a wavelength-indepéndent
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Flg 5. Representative traces of the relative HbO; concentrations ([HbO.)) and Hb concentrations ([Hb]) measured
on the piglet's leg (with optical probe PR) (A) and on the human vastus medialis muscle at rest (B) and during
venous occlusion on the upper thigh (optical probe HVM) (C). Bottom panels report the [Hb] traces after processing
with the digital band-pass filter [band pass (BP) + modeling algorithm (MA)] designed to isolate the oscillations
at the respiratory frequency. Top trace represents the piglet’s heartbeat monitored by the pulse oximeter. Second
trace from the top is the strain gauge signal that monitors the respiratory excursion. The strain gauge signal
increases during inspiration and decreases during expiration. a.u., Arbitrary units.

factor to match the BP value of Apie*P at 636 nm. The
relatively high value of €fit during venous occlusion
(Fig. 6C) is an indication of the poor fit, which in turn
results from the lack of hemoglobin oscillations at the
respiratory frequency (see Fig. 5C, bottom, and the
y-axis values of Fig. 5C compared with those of Fig.
5B). Figure 6 also shows the best fit of the hemoglobin
absorption spectrum to the BP Api*P and to the FFT
Apz*P. The best-fit hemoglobin spectra represent the
oxygen saturation of hemoglobin, as illustrated in Fig.
1. The value of Svo,-NIRS,.s;, is given by Eg. 5.
Figure 7 compares the measurements of Svg,-
NIRS:esp(BP), Svo,-NIRS esp(FFT), and Svo,-blood dur-
ing cycle A of piglet 1 and during cycle C of plglet 3. The
Svo,-NIRS esp(BP) traces reported in Fig. 7 were ob-
tained by performing a running average of the breath-

“to-breath valies obtained with the BP method. In Fig.

7, the averaging procedure consists of a 5-point (in Fig.
7A) or 15-point (in Fig. 7B) running average. The
assessment of the agreement between the measure-
ments of Svo,-NIRSs,(FFT) and Svo,-blood in the full
piglet study is carried out according to the procedure
described by Bland and Altman (5). Figure 84 plots the

results of the NIRS method based on the respiratdfy
oscillations of the tissue absorption against the inva-

sive measurement of Svp,-blood. The shape of the sym-

bols in Fig. 8A indicates the piglet number, whereas
the type of fill indicates the location of the NIRS mea-
surement. The range of Svo,-blood values considered in
this study is ~20-95%. The error bars in Fig. 84 are
the standard deviations (SD) computed from the re-
sults of ~800 successive FFTs (as described in MATERI-
ALS AND METHODS). Figure 8B displays the difference -
between the two readings vs. their average, and it
quantifies the discrepancy between the two methods
and the possible dependence of such a difference on the
level of Svo, The mean difference between Svo-

.NIRSyesp and Svo,-blood over the full oxygenatlon

range considered in this study is 1.0% (d measurement
of the bias of the Svo,-NIRS,qp measurement), and the
SD of the difference is 5.8%. Figure 8B does not show
any striking dependence of the difference on the mean.
If we take the values of mean difference + 2 SD as the

_limits of agreement of the two methods (5), we get an

estimate of the maximal discrepancies between Svo,-
N"IRSresp(FFT) and Svo,-blood of ~10.6% and +12 6%.
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Fig. 6. Representative change in respiratory tissue absorption coef-

- ficient (Ap®*®) spectra measured with the BP and fast Fourier
transform (FFT) methods on the piglet’s leg (probe PR) (A) and on the
human vastus medialis muscle at rest (B) and during venous occlu-
sion on the upper thigh (probe HVM) (C). The experimental 8-point
Ap**P spectra were fitted with the hemoglobin absorption spectrum
(with the oxy- and deoxyhemoglobin concentrations as fitting param-
eters). The values of €t (defined in the text) for the BP and FFT
spectra give a measure of the quality of the fit. ‘

In the human expériment, we found that the NIRS
values of Svp, measured with probe HVM (placed on
top of a visible vein) were typically smaller than those

measured with probe HVL (placed far from any visible -

vein). Furthermore, the amplitude of the oscillatory
absorption at the respiration (heartbeat) frequency
was typically greater (smaller) for the data collected
with probe HVM than with probe HVL. Of the 16
8vo,-NIRS esp measurements (8 subjects, 2 locations),
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we discarded only 2 measurements (because of a value
of 38 greater than twice the error in Apr*®P), both
collected with probe HVL. Figure 9 compares the Svo,-
NIRS;esp values measured in the human subjects at
rest in which the FFT method and the BP filtering
approach were used. Figure 94 shows the good agree-
ment of the two measurements, and Fig. 9B quantifies_
the average difference (0.9%) and the maximum dis-
crepancies of —5.1 and +6.9%, as given by the mean *
2 SD of the differences. Figure 10 reports a similar
comparison between Svo,-NIRS;esp(FFT) and Svo,-
NIRS,,. As described by Yoxall and Weindling (56),
under the assumption that a venous occlusion induces
an initial increase in the venous blood volume, Svo,-
NIRS,, is given by [HbOolo/[Hb —Tlo, where the dots
indicate a time derivative and the subsecript 0 indicates
the initial time that immediately follows the onset of

-venous occlusion. The agreement between Svo,-

NIRS,esp(FFT) and Svo,-NIRS,, is good, with an aver-
age deviation of 0.8% and maximum discrepancies of
—4.2 and +5.8%. Two horizontal lines in Figs. 8B and
9B indicate the range given by the mean difference = 2
SD. The maximum discrepancy among Svo,-NIRS esp-
(FFT), Svo,-NIRS,esp(BP), and Svo,-NIRS,, is less than
the maximum deviation between Svo,-NIRS; e, (FFT)

- and Svo,-blood found in piglets (see Fig. 8B).

The effect of muscle exercise on the measurement of
Svo,-NIRS,.sp(BP) on top of a visible superficial vein
(probe HVM) is illustrated in Fig. 11. Although Sao,
(measured with a pulse oximeter) is unaffected by the
exercise, Svo,-NIRS;es,(BP) shows a significant postex-
ercise decrease from a baseline value of 75-78% down
to 2 minimum value of ~54%. The recovery to the
baseline value of Svo,-NIRS;esp(BP) occurs after ~30 s.
By using the BP approach, we could monitor Svo,
NIRS,esp at every breathing period, i.e., every ~5 s,
thus achieving a real-time monitoring of Svo, We

‘observe that we could not obtain meaningful measure-

ments of Svp,-NIRS, .., during exercise because of mo-
tion artifacts.

DISCUSSION

Various methods for measuring Svo,, The method
presented in this article to measure Svo, from the
near-infrared absorption oscillations at the respiratory
frequency (spiroximetry) can be implemented by using
a FFT or a digital BP filter in conjunction with a MA.
We have indicated the measurements of Svo, obtained

- with these two approaches with the notations Svo,-

NIRS,esp(FFT) and Svo,-NIRS;espn(BP), respectively.
An alternative method for measuring Svo, with NIRS

-is based on a previously described venous occlusion

protocol (13, 39, 55, 56). We have identified the results
of this measurement procedure with the notation Svo,-
NIRS,,. In the human study, the NIRS measurements
were conducted at two locations on the thigh. One
location was on top of a visible superficial vein of the
vastus medialis muscle (probe HVM), and the second
location was far from visible superficial veins on the
vastus lateralis muscle (probe HVL). Finally, the inva-
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Fig. 7. Comparison Between the con-

(BP) and the discontinuous measure-

ments of Svo,-NIRS,.pn(FFT) and Svo,-

blood. A refers to cycle A of piglet 1,

whereas B refers to cycle C of piglet 3.

The values of Flo, (%, left y-axes)
_ during the experiment are indicated by 1 L ) )

the shaded profiles. © - 4 0
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sive measurement of Svo, performed by the gas anal- assigned to motion artifacts. Both discarded readings
ysis of venous blood samples is indicated with Svo,- in the human study were collected with probe HVL,
blood. In this section, we discuss the different features which was placed far from visible veins. Therefore, we
of these measurements of Svo,, and the comparison of have found indications that the measurement of Svo,-
their results, as reported in Figs. 7-9.  NIRS,(FFT) is particularly robust at Svo, values
~ The FFT and BP filter approaches to near-infrared  >50% (in piglets) and when the optical probe is placed
spiroximetry. The major advantage of the BP approach  on top of a visible superficial vein (in human subjects).
is that it allows for a real-time measurement of Svo, by Although the FFT method, which is based on a mea-
providing a reading of Svo,-NIRS,es;(BP) at every res-  gyrement of the integrated peak at the respiratory
piration cycle. Consequenily, this method is particu- foouency, is less sensitive than the BP method to
larly effective during transients, as illustrated by 1’:he irregular respiration patterns, it is not applicable dur-
recovery of the Svo, NIRSyesp(BP) traces corresponding ing transients. In fact, we did not obtain reliable read-

to the sudden increase of Fio, to 100% in piglets.(see . = " . :

Fig. 6, A and B), or to the endaof the exerci;ieriod in 1D8S of Svo, when the t.l me frame used to. compute

_human subjects (see Fig. 11). On the other hand, the Svo?'NIRS.’“P(FFT) @0 510 piglets, 80—12.0 s in human
BP filter + MA method is susceptible to fluctuations in - subjects) included significant changes in the Svo,
the respiratory frequency and to irregular respiration. When both the FFT and the BP methods can be ap-
patterns. This accounts for the fact that we did not get Plied, they provide Svo,-NIRS,es; measurements that
reliable readings of Svo,-NIRS,es,(BP) in piglet 2 and  are in excellent dgreement, as shown in Figs. 6 and 9.
in F1o, cycles A and B of piglet 3. The FFT method was The differences between t.he two measurements (SD of
more robust, producing reliable readings in 56 of 67 3.0%) are comparable with measurement errors and
cases (84%) in the piglet study and in 14 of 16 cases significantly less than the maximum deviation be-
(87%) in the human study. It is important to observe tween Svo,-NIRS,esp(FFT) and Svo,-blood (approxi-
that 10 of the 11 discarded readings in piglets occurred mately +10%) observed in the piglet study (see
at low-Svo,-NIRS-blood values (20-50%), and one was Fig. 8B).

A B
10G =z 20
<
. . 5" 15 F
Fig. 8. Comparison of Svo,sNIRS.sp £ go t >
(FFT) and Svo,-blood in the piglet study. = ! S t
The shape of the symbols refer to the . Y X ®
piglet (circles, piglet I; squares, piglet 2, % g | s ST
triangles, piglet 3), whereas the filling 8 % z
indicates the measurement side (filled £ \ = 0
symbols, right leg, i.e., probe PR; open Z 49 | A =
symbols, left leg, i.e., probe PL). A: Svo,- o = Lo
. NIRS,esn(FFT) is plotted vs. Svo,blood. & < ol
B: difference is plotted vs. the average of Lot st
the 2 measurements. Two . horizontal ' Z st
lines indicate the range given by mean N Zz .
difference * 2 SD (8D is the standard 0 . , S 20
deviation of the difference between the2 - 0 20 40 60 80 100 % 0 20 40 60 80 100
measurements). ]
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Measurements of Svo,-NIRS ., and Svo,-NIRS,.
Both of these NIRS methods to measure the Svg,
(resp and vo) rely on a change in the volume fraction
of venous blood in the tissue. The two major differ-
ences between the two methods are as follows. 1) The
vo method requires an external perturbation consist-
ing of a pneumatic-cuff-induced venous occlusion,
whereas the resp method is only based on the intrin-
sic blood pressure oscillations induced by normal
respiration and can be applied continuously. 2) The
vo method can be applied only to limbs, whereas the
resp method can, in principle, be applied to any
tissue and in particular to the brain, as already
shown by Wolf et al. (52). However, we stress that it
is always important to verify that the [HbO,] and
[Hb] oscillate in phase at the respiratory frequency
for the resp method to provide reliable measure-
ments of Svp,. For instance, Elwell et al. (16) re-
ported out-of-phase oscillations of [Hb] and [HbO)
in the human brain, which would indicate a blood

flow rather than volume oscillations, thus rendering
the resp method inapplicable. In our human study,
we found an excellent agreement between Svo,-
NIRS;esp(FFT) and Svo,-NIRS,,, with a maximum
deviation on the order of +4-5% (see Fig. 10).
Optical probes PR, PL, HVM, and HVL. In the piglet
study, we have found no significant difference be-
tween the Svo,-NIRS;.s,(FFT) data collected with
probes PR (on the right leg) and PL (on the left leg,
where the venous catheter was inserted) (see Fig.
8A). This result indicates that noninvasive measure-
ments of Svo, on one leg can be meaningfully com-
pared with invasive measurements of Svo, on the
other leg. In the human study, we found some differ-
ences between the Svo,-NIRS measurements with
probe HVM (placed on top of a visible superficial vein
in the vastus medialis muscle) and with probe HVL
(placed far from visible veins on the vastus lateralis
muscle). As shown in Figs. 8 and 9, the Svo,-NIRS
readings (with both the NIRS,.; and NIRS,,

A B
100 - 10
8 -

9 00 + o 6F t Fig. 10. Comparison of Svo,NIRScsp
= E £ 4t é (FFT) and Svo,-NIRS,, (venous occlu-
= o = sion) in the human study. ®, Vastus
E-a % ¢ 2r vé medialis muscle; i.e., probe HVM. O,
g g w2 o ) - I Vastus - lateralis muscle; i.e., probe
v 2= .[L HVL. Probe HVM was place on top of a

-4 4 L ‘s . .
z Z 52 ,§ visible superficial vein, whereas probe
'~ 5 59 4t HVL was far from visible veins. A: Svo,-
Q 70} a9 . NIRSesn(FFT) is plotted vs. Svo,-
n == 6T NIRSy,. B: difference is plotted vs. the
: ' 8+ average of the 2 measarements. Two
: horizontal lines in B indicate the range

60 " -10 - given by mean difference * 2 SD."
60 70 80 - 9 100 60 70 80 90 100 ’
SvO,-NIRS, , (%) ([SvO,-NIRS  (FFT)}+
: : [SvO,-NIRS,  1)/2 (%)

@® probe HVYM O probe HVL
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Fig. 11. Continuous measurement of Svo,-NIRS,..o(BP) with optical
probe HVM (vastus medialis muscle, on top of a visible superficial
vein)ona healthy human subject dunng baseline and after isometric
muscle exercise (recovery).

method) of probe HVM (see Figs. 8 and 9) were
typically smaller than the readings of probe HVL
(see Figs. 8 and 9). We assign this result to a partial
contribution from the capillary and/or arterial com-
partments picked up by probe HVL. In fact, although
the optical data from probe HVM shown in Fig. 4, B
and C, do not show any visible contribution from the
arterial pulsation, data from probe HVL (not shown)
do contain pulsatile components at the heartbeat
frequency. As a result, we believe that the optical
probe should be placed on top of visible superficial
veins for more accurate readings of Svo,-NIRS,es; 0n
human subjects. We believe that the reason that
Svo,-NIRS,esp readings in the piglet study were ‘in
close agreement with the invasive measurement of
Svo,, despite the evident arterial pulsation in Fig.
5A, is related to the smaller extent of respiratory
sinus arrhythmia in piglets with respect to humans.
In fact, respiratory sinus arrhythmia is the main
origin of the arterial oscillations at the respiratory
frequency (38). The larger role played by respiratory
sinus arrhythmia in human subjects with respect to
- piglets will probably require a more careful interpre-
tation of the optical data for spiroximetry. However,
the results of Fig. 11 show the practical applicability
of spiroximetry to human subjects, so that we do not
expect respiratory sinus arrhythmia to introduce an
intrinsic limitation of the method.
Noninvasive vs. invasive measurements of Svo, The
comparison between Svo,-NIRS,esp(FFT) and Svo,-
blood in the piglet study shows a maximum deviation
range of —10.6% to +12.6%. The local character of
the Svo, (as opposed to the systemic nature of the
Sao,) requires some caution in the comparison of
-invasive (Svo,-blood) and noninvasive (Svo,-NIRS)
measurements of Svo,. In fact, in our p1clet study,
~ Svo,-blood was measured from blood samples drawn
from the femoral vein, whereas Svo,-NIRS;s, was
measured with an 0pt1cal probe placed on the leg
muscle. It is likely that the NIRS oscillatory signal

MEASURING VENOUS SATURATION WITH NEAR-INFRARED SPI'ROXIMETRY“%

(at the respiratory frequency) is not just representa-
tive of the femoral vein and may therefore be indic-
ative of the oxygen consumption at different tissue
areas than those affecting the femoral vein satura-

- tion. This fact may not lead to significant differences

under rest conditions, but it may be important un-
der stress. Although we found a good agreement
between Svo,-NIRS;esp(FFT) and Svo,blood over
the whole range of Fio, values considered (see Fig. 8),
we observed a meaningfully greater SD of the differ-
ences over the 20-55% Svo,-blood range (SD = 7.8%)
than in the 55-95% range (SD = 3.6%).

Effect of muscle exercise on Svo,-NIRS,.s;(BP). The
result reported in Fig. 11 serves the purpose of further

-illustrating the potential of the Svo,-NIRS;.or(BP)

measurement approach. In fact, Fig. 11 shows the
feasibility of monitoring the Svo, in real time on a
breath-to-breath basis (one data point every 4-5 s).
Furthermore, the baseline Svo,-NIRS ¢:p(BP) value of
75-78% and the exercise-induced drop indicate the
venous origin of the saturation measurement, since the
Sag, measurement provided by the pulse oximeter
stayed constant at 98 + 1% for the whole measurement
period. On the other hand, Fig. 11 reports only one
representative case, and more studies are required to
quantify the effect of muscle exercise on the measure-
ment of Svo,-NIRS;esp.

In conclusmn we have presented a noninvasive
approach to measure the Svo, in tissues from the
near-infrared spectrum of the amplitude of respira-
tion-induced absorption oscillations. We have imple-
mented this approach, which we call near-infrared
spiroximetry, by processing the optical data with a
FFT method or with a digital BP filter in conjunction
with a MA. More sophisticated data processing
schemes may further improve the effectiveness and
the range of applicability of spiroximetry. The Svo,
measurements reported in this article complement
previously demonstrated NIRS measurements of
Sto, (8, 27) and Sag, (21). Therefore, our results may
lead to the design of a noninvasive optical instru-
ment capable of providing simultaneous and real-
time measurements of local Sao,, Sto,, and Svo,. .
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7.1 INTRODUCTION

- In frequency-domain spectroscopy, the intensity of the light source is sinusoidally
modulated at a frequency f. One can fully describe the modulated intensity using
three parameters: namely, the average intensity (DC intensity), the amplitude of the -
intensity oscﬂlat;ons (AC amplitude), and the phase () of the intensity wave. The
* modulation is defined by the ratio AC/DC. Because the phase measurement and the
intensity modulation are the kéjy features of frequency-domain spectroscopy, the
term phase modulation is sometimes used interchangeably with frequency domain.
The phase measurement is related to the time-delay experienced by the probing in-
tensity wave. If T is a typical time delay, the phase is of the order of wt, where
w = 2mnf is the angular modulation frequency. To obtain phase measurements
with good signal-to-noise ratio, it is required that wt ~ 1, which is the condition -
that guides the choice of the modulation frequency, f. In the case of near-infrared
spectroscopy and imaging of tissues, T ~ 1 ns for source-detector separations on
the order of a few centimeters.!? Consequently, the condition wt ~ 1 determiines
f ~ 100 MHz, which falls within the radio-frequency range. The 100-MHz fre-
quency range is the one typically used for frequency-domain optical studies of
biological tissues. -
In this chapter, we describe the frequency-domain instrumentation (Sec-
tion 7.2), the theoretical modeling of light propagation in tissue (Section 7.3), and
in vivo applications of frequency-domain spectroscopy (Section 7.4) and imaging
(Section 7.5). We have tried to make this chapter self-contained, while providing
extensive reference to the literature as a guide for additional reading and for in-
depth coverage of topics that are only briefly mentioned here.

7.2 INSTRUMENTATION, MODULATION METHODS, AND
SIGNAL DETECTION

Frequency-domain spectroscopy can be implemented using several instrumen-
tal schemes. For instance, homodyne techniques [in-phase quadrature (IQ), or
zero-cross detection] perform amplitude and phase measurements without down-
converting the radio frequency, while heterodyne detection (using two oscillators)
relies on down conversion of the radio frequency from the 100-MHz range to the
kilohertz range. Furthermore, signal processing may-involve zero crossing detec-
tors and analog filters, or analog-to-digital conversion and Fourier filters. A com-
prehensive review of the instrumentation for optical studies of tissue in the fre-
quency domain can be found in Ref. [3]. In Sections 7.2.1-7.2.5, we describe
the various light sources and modulation methods, and the principles of hetero-
dyne detection with digital signal processing and Fourier filtering. In Section 7.2.6,
we describe a specific frequency-domain instrument for near-infrared tissue spec-
troscopy.
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7.2.1 FLASERS AND ARC LAMPS

The emission of continuous-wave lasers and arc lamps can be modulated using
devices based on thé electro-optical (Pockels cells)* or acousto- optlcal5 6 effect.
A Pockels cell is a birefringent crystal whose indices of refraction can be varied by
applying an electric field. The application of a time-varying voltage to the Pockels
cell modulates the relative phase delay of the light components polarized along the
- two principal axes of the cell. If this relative phase delay, or retardation, oscillates -
between 0 and 7t when the modulated Pockels cell is sandwiched between two
crossed linear polarizers, each at an angle of 45 deg with respect to the principal
- axes of the cell, one achieves an intensity modulator. In fact, no light is transmitted
when the retardation is 0, while all light is transmitted when the retardation is 7.
An acousto-optic modulator is a material that uses piezoelectric and photoelastic
effects to convert an oscillating eléctric field into mechanical vibrations, which in
turn induce a spatially dependent index of refraction. When a standing acoustic
wave is established, the acousto-optic crystal behaves as an oscillating refractive
index grating that modulates the transmitted light by time-varying diffraction. Both
electro-optic and acousto-optic devices require the light beam to be collimated. In
the case of arc lamps, appropriate collimation optics are required. Pockels cells
provide effective modulations up to about 500 MHz, and acousto-optic modulators
up to about 300 MHz.

The wavelength of the laser is chosen on the basis of the requirements of
the particular application (absorption band of a chromophore, optimal penetration
depth in tissues, etc.). Examples of externally modulated CW lasers suitable for
optical studies of tissues include the krypton ion (647 nm) and He-Ne (633 nm)
lasers. Dye lasers pumped by either argon or krypton lasers afford continuous tun-
ability over a wide spectral range that covers the whole visible band. Arc lamps
(Xe, Xe-Hg, etc.) provide continuous spectral emission from the UV (230 nm) to
the near-infrared (1100 nm). Therefore, they are ideal sources for spectrosc0plc
studies when a wide and continuous spectral range is required.

7.2.2 PULSED SOURCES

It is pos31ble to achieve a large modulation bandwidth by exploiting the harmomc :
content of pulsed sources with high repetition rates. These sources can be either

‘mode-locked pulsed lasers (Nd:YAG, Ti:sapphire, dye lasers, etc.)’ or synchrotron

radiation.®® The repetition rate of the pulses gives the fundamental frequency,
whereas the pulse width determines the width of the power spectrum band. The

power spectrum of mode-locked lasers extends well above 10 GHz, an upper limit

in frequency-domain spectroscopy imposed by the optical detectors rather than the

light sources. The wavelengths of the above-mentioned lasers are 1064 nm for the

Nd:YAG, 660-1180 nm (tunable) for the Ti:sapphire, and 625-780 nm (tunable)

for dye lasers using DCM or oxanine 1 dyes. A unique pulsed source is provided

by synchrotron radiation, which contmuously covers the UV/visible/near-infrared

spectrum : A '
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7.2.3 LASER DIODES AND LIGHT-EMITTING DIODES (LEDS)

Semiconductor lasers and LEDs can be intensity modulated by driving them with
an oscillating current. As aresult of the relatively fast response time of laser diodes,
they can be modulated at frequencies up to the gigahertz range. The LEDs’ mod-
ulation frequency bandwidth is typically limited to 150 MHz, and they emit light
over a spectral bandwidth of about 50~80 nm. Consequently, LEDs can be used
to measure continuous spectra. 10 For frequency-domain tissue spectroscopy, one
can find a number of laser diodes and LEDs emitting in the wavelength region
of interest extending from 600 to 1300 nm. Laser diodes are the most commonly
used light sources in frequency-domain optical studies of tissue because of their
cost-effectiveness, ease of modulation, and effective coupling to fiber optics, in ad-
dition to the fact that tissue spectroscopy can be effectively performed using a few
discrete wavelengths (see Sections 7.4.2 and 7.4.3).

7.2.4 OPTICAL DETECTORS

Optical detectors employed in frequency-domain spectroscopy include photomul-
tiplier tubes (PMTs),!}~1* microchannel plate photomultipliers (MCP-PMT),1%:16
avalanche photodiodes (APD),!7!8 and charge-coupled device (CCD) cameras in
conjunction with a gated image intensifier.!*?0 In all cases, the down-conversion
from the source modulation frequency f to the cross-correlation frequency Af
(see Section 7.2.5) can occur either internally to the detector by modulating the de-
tector gain at frequency f + Af, or externally by electronically mixing the detector
output at frequency f with the down-conversion signal at frequency f + Af. Pho-
tomultiplier tubes are very sensitive detectors. The cathode sensitivity is typically
50 mA/W, and a current amplification by about 107 determines an anode sensitiv-
ity as high as 1 A/uW. PMTs can operate in the visible and in the near-infrared up
to about 1000 nm. For internal down-conversion, their gain is modulated by a sig-
nal applied to the second dynode of the amplification chain. The typical rise time
of a PMT, which is in the nanosecond range, allows for a modulation bandwidth
of several hundred megahertz. The faster response of microchannel plates makes
them suitable devices for modulation frequencies of up to several gigahertz. The
frequency down-conversion can be performed by modulating the grid of the MCP-
PMT?" or by feeding the MCP-PMT output into an electronic mixer.!¢ CCD cam- -
eras with modulated image intensifiers are powerful tools for frequency-domain
spectroscopy, microscopy, and imaging. Finally, avalanche photodiodes can work
at higher modulation frequencies and/or longer wavelengths than those allowed by
PMTs. The APD output is usually directed to an electronic mixer for frequency
down-conversion. :

7.2.5 HETERODYNE DETECTION, DIGITAL SIGNAL PROCESSING,
AND FOURIER FILTERING

Heterodyne detection consists of down-converting the frequency f of the detected
signal to a lower-frequency Af. In the digital acquisition met_hod,”v after current-
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to-voltage conversion and low-péss filtering, the. low-frequéncy signal is digitized.
The A/D sampling rate is an integer multiple of Af(nAf), so that the digital sam-

 pling is synchronous with the cross-correlation signal. The sampling theorem??

states that n- must be equal to at least 2 for the compléte determination of the har- -
monic at frequency Af. A higher sampling rate allows for the discrimination of

~ higher harmonics: Typical values of n range from 4 to 256, The digital signal

processing consists of a prehmmary average of the data sampled over a number
of cross-correlation periods, followed by the discrimination of the frequency har-
monic at Af by discrete Fourier transform. The first filter (averaging) causes de-
structive interference of all the frequencies that are not multiples of Af, while the
discrete Fourier transform resolves each harmonic’ of Af. The rejection of higher

harmonics is accomplished by a factor greater than 2000 (Ref. [21]). Figure 7.1 *

shows a schematic illustration of the heterodyne detection and digital acquisition.
7.2.6 A FREQL-JENCY-DOMAIN TISSUE SPECTHOMETER

We now describe a specific frequency-domain instrument for near-infrared spec- -
troscopy and imaging of tissues. After the initial design and the implementation of

a working prototype at the University of Illinois,?? this instrument has undergone

engineering and software development at ISS, Inc., Champaign, IL. A schematic
diagram of the instrument is shown in Fig. 7.2. The light sources are laser diodes
that are DC biased near threshold for laser operation. A superimposed 110-MHz
radio-frequency current signal modulates the optical output of the laser diodes
with a modulation depth close to 100%. The optical detectors are photomultiplier

Iight source [« ! RF synthesizer 1
' ‘f sync
d‘:ali;ig::r ic FFsynthesizerZ
JAf’ P : : ‘ah;xpli'tude |
ggf)l—l::;eto _v .]9;;1 t[:s's W AD : - and phase

Figure 7.1 Heterodyne detection scheme and digital signal processing with
Fourier filter. The intensity of the light source is modulated at a radio-frequency
(RF) 7, typically on the order of 100 MHz. The beating between the detected signal
at frequency f and the down-conversion signal at frequency f + Af determines a
low frequency component Af that is filtered, digitized (A/D), and fast Fourier trans-
formed (FFT) to yield the amplitude and phase readings. The two radlo-frequency

~ synthesizers : are synchromzed (sync).
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Figure 7.2 Schematic diagram of a frequency-domain tissue spectrometer (Model
96208, 1SS, Inc., Champaign, IL). In the configuration for tissue oximetry (shown
here), each optical probe contains eight illuminating optical fibers and one detect-
ing optical fiber. These fibers are coupled to eight laser diodes (four emitting at
690 nm and four at 830 nm) and to a photomultiplier tube (PMT) detector, respec-
tively. RF electronics modulate the output of the light sources at a frequency of
110 MHz, and the PMT gain at a frequency of 110.005 MHz. A multiplexing cir-
cuit turns the lasers on and off in sequence at an adjustable rate controlled by
the software (a typical multiplexing rate of 100 Hz corresponds to a 10-ms on-time
per laser). The two optical probes can operate in parallel at two different tissue
locations.

tubes (PMTs) (Hamamatsu Photonics R928) whose sensitivity is modulated by a
110.005-MHz signal (amplitude: ~32 dBm) applied to the second dynode. This
heterodyne detection scheme down-converts the 110-MHz signal to a frequency .
of 5 kHz, which is called the cross-correlation frequency. The signal processing’
proceeds as shown in Fig. 7.1 to yield the ‘average value, the amplitude, and the
phase of the detected modulated signal. The choice of the laser diodes for tissue
- oximetry (case shown in Fig. 7.2) is dictated by the requirement of having two
wavelengths on the opposite sides of the isosbestic point at 800 nm for maximal
sensitivity (see Section 7.4.3). The choice of laser diodes emitting at 758 nm (Sharp
LT030MD) and 830 nm (Sharp LT011MS) is ideal, as these wavelengths corre-
spond to relatively flat portions of the absorption spectra of oxy-hemoglobin and
deoxy-hemoglobin (see Fig. 7.4) (in particular, these wavelengths closely match
a local maximum and a local minimum, respectively, in the deoxy-hemoglobin
spectrum). However, the particular values of these wavelengths are not critical, so
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that the 758-nm lasers (now discontinued) can be replaced by 690-nm lasers-(for
instance, Hitachi HL6738MG). Furthermore, the laser diodes are mounted on in-
terchangeable boards, so that one can change the laser wavelength according to the
specific application. For instance, one can use boards containing lasers emitting at
eight different wavelengths for tissue spectroscopy (for instance, Fig. 7.5 reports
data collected at 633, 670, 751, 776, 786, 814, 830, and 841 nm (Ref. [24])). Al-~

ternatively, one can use a laser board containing diodes ermttmg at the same wave- -

length to maximize the number of source locations in single-wavelength optical
imaging. In general, the instrument provides 2 parallel detectors and 16 sources,
resulting in 32 source-detector channels. The optical probes shown in Fig. 7.2 are
designed to perform quantitative tissue oximetry. They implement the multidis-
tance measurement scheme!%23 that was found to be robust and accurate for in vivo
applications. This scheme consists of placing multiple (in this case, four) source
fibers at different distances from the single detector fiber. In this fashion, one mea-
sures the spatial dependence of the DC intensity, AC amplitude, and phase data,

" which is related to the tissue optical coefficients by a diffusion model (see Sec-
tion 7.3.7). If two wavelengths are used, each illumination location consists of two
source fibers (one per wavelength). One of the advantages of the multidistance -
scheme is its insensitivity to motion artifacts, which allows for measurement while
the subject moves or exercises [see Fig. 7.6(c)]. Multiple laser diodes time-share
the optical detector by means of a multiplexing circuit that turis the laser diodes
on and off in sequence, so that only one laser is on at any given time. The mul-
tiplexing rate, which determines the on-time of each laser diode, is adjustable by
software. A typical multiplexing rate of 100 Hz corresponds to a 10-ms on-time per
diode. The laser rise time, determined by protection circuitry, is about 1 ms. There- -
fore, the data collected during the first 1 ms of the on-time period of each laser
are discarded. During a typical 10-ms-long laser on-time, 45 cross-correlation pe-
riods are processed (the 5-kHz cross-correlation frequency corresponds to a period

- 0f 0.2 ms). As few as 25 cross-correlation periods (5 ms) can be processed per
laser on-time, leading to a maximum multiplexing rate of about 170 Hz. Faster
computers and higher cross-correlation frequencies may further increase the data
acquisition rate. A number of multiplexing cycles (selected by software) can be
averaged to increase the s1gna1—to-n01se ratio when fast measurements are not re-
quired.

. The instrumental noise, which depends on the acqu1s1t10n time, is typlcally
much smaller than the physiological fluctuations observed in vivo. The noise can
be estimated by the standard deviation of the temporal fluctuations of the mea-
sured data. Figure 7.3 shows typical temporal traces of the average intensity, am-
plitude, phase, absorption coefficient, and reduced scattering coefficient measured
with an acquisition time per diode of 160 ms (average of sixteen 10-ms cycles) on
a tissuelike solid phantom (made of silicone). The optical coefficients of the phan-
tom [Fig. 7.3(d)] match typical optical properties of blood-perfused tissues in the
near-infrared. The standard deviation errors in the various readings are reported in

_ Table 7.1. The instrumental errors decrease for longer acquisition times.
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Figure 7.3 Temporal traces of the (a) normalized average intensity, (b) normalized
amplitude, (c) phase, and (d) absorption (1,) and reduced scattering (u;) coeffi-
cients measured at 690 nm on a synthetic tissuelike phantom with the instrument
of Fig. 7.2. The acquisition time for the average intensity, amplitude, and phase is
160 ms (10 ms on-time per laser diode, 16 multiplexing cycles averaged), and the
source-detector separation is 2.5 cm. The four-distance measurement scheme of
the absorption and reduced scattering coefficients (range of source-detector sep-
arations: 2.0-3.5 cm) determines an acquisition time of 640 ms (160 ms/diode x 4
diodes) for the optical coefficients.

Table 7.1 Instrumental noise estimated by the temporal standard deviation of the
raw data (average intensity, amplitude, and phase) and the optical coefficients (ab-
sorption and reduced scattering) measured on a solid tissuelike phantom with the
frequency-domain tissue spectrometer of Fig. 7.2. The acquisition time for the raw
data (average intensity, amplitude, and phase) is 160 ms. Because the measure-
ment of the optical coefficients at each wavelength requires the readings from four
source locations (four source-detector separations), the acquisition time for p, and.
W, is 160 ms x 4 = 640 ms). '

Instrumental noise

Acquisition
Parameter time (ms) -@ 690 nm @ 830 nm
Average Intensity (DC) 160 0.05% 0.05%
Amplitude (AC) 160 0.2% 0.1%
Phase (®) 160 0.1° 0.1°
Absorption coefficient (14) 640 0.0007 cm™} 0.0006 cm™!

Reduced scattering coefficient () 640 0.05cm™! 0.04 cm™!
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7.3 MODELING LIGHT PROPAGATION IN SCATTERING MEDIA

7.8.1 THE BOLTZMANN‘TRANSPOF!T EQUATION (BTE)_,

The Boltzmann transport equatlon (BTE) is a balance relatlonshlp that describes
the flow of particles in scattering and absorbing media. The propagation of light in
optically turbid media can be modeled by the transport equation, where the photons
are treated as the transported particles. If we denote the angular photon density
with u(r, Q, t), which is defined as the number of photons per unit volume per unit
solid angle travelmg i direction €2 at position r and time z, we can write the BTE
as follows:26

du(r,Q, 1)

= —v82- Vu(r, 2, 1) — v(ig + poulr, 2,1)

QTR / u(r, OO F&, 0aAdY + 9, 2,0, (1)
4 :

where v is the speed of light in the medium, p, is the absorptlon coefﬁc1ent (units
of cm™), i, is the scattering coefficient (units of cm™1), f &, Q) is the phase
function or the probability density of scattering a photon that travels along direc-

_ tion &’ mto dlrectxon 2, and q(r, Q t) is the source term. g(r, Q, t) has units of

~Im=35r~! and represents the number of photons injected by the light source

per umt volume per unit time, per unit solid angle at position r, time ¢, and di-
rection €2. The left-hand side of Eq. (7.1) represents the temporal variation of the
angular photon density. Each one of the terms on the right-hand side represents
a specific contribution to this variation. The first term is the net gain of photons

at position r and direction €2 due to the flow of photons. The second term is the
loss of photons at r and € as a result of collisions (absorption and scattering). The

third term is the gain of photons at r and €2 due to scattering. Finally, the fourth

term is the gain of photons due to the light sources. Let us now define some of the

quantities used to describe photon transport. :

. Angular photon density: u(r, SZ 1)

u(r, Q, t) is defined such that u(r, Q t)drd Q represents the number of photons

in dr that travel in a direction within dQ around €. The units of u(r Q. 1)
31

arem™

Photon radiance: L(r, Q, 1) :
L(r, Q t) = vu(r, Q t). L(x, Q t)dQ represents the number of photons t:ravelmg
per unit time per unit area (perpendicular to SZ) in a range of directions within d$2
around 2. The units of L(r Q. ares~Im=2srl.

Photon density: U(r, 1)
U(r,t) = [, u(r, Q, )d$. The photon dens1ty is the number of photons per unit
volume. The units are m™>
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Photon fluence rate: Eo(r, t) ' ‘
Eo(r,t)=vU(r, 1) = [, L(r, Q, t)dSZ The photon fluence rate is defined as the
number of photons traveling per unit time per unit area (perpendlcular to the direc-
tion of propagation) over all directions. The units are s™! m~2.

Photon current density, or photon flux: J(r, 1)

J(r,t) = j;mL(r &, HQdQ. The photon flux is a vector that represents the net
flow of photons. Its direction points in the direction of the net flux, while its ampli-
tude gives the net number of photons transmitted per unit time per unit area in that
direction. The units of J(r, #) are s~ 1 m~2.

The above definitions can be extended to describe radiant energy (instead of
photon number) by replacing the word “photon” with “energy,” and by introducing
a factor hv in all definitions (hv is the energy per photon, where A is Planck’s
constant and v is the light frequency). A complete nomenclature for quantities -
used in medical optics can be found in Ref. [27].

7.3.2 EXPANSION OF THE BOLTZMANN EQUATION IN SPHERICAL
HARMONICS

To model light propagation in highly scattering media, as are most biological tis-
sues, it is useful to expand the angular photon density u(r, Q. 0), the source term
q(r, £, 1), and the phase function f (€', £2) into spherical harmonics ¥} (£2).28-2
The so-called Py approximation to the Boltzmann equation (see Sectlon 7.3.3) is
based on such an expansion. As a result of the completeness property of the spher-
ical harmonics, any function h (@, <p) (with sufficient continuity properties) can be
expanded in the Laplace series:3!

h(6, ) —Z Z him Y[ (€2, (7.2)

=0 m=-I

where hyn _are coefficients mdependent of 6 and @, and the relationship among
6, ¢, and Q is § = sinf cos ©X + sinf singy + cosfz. Accordingly, we expand
u(r, Q 1) and g(r, $Q, t) into spherical harmonics as follows:

u(r,2,t) = Z z um (T, Y, 13)
1=0 m=~1
q(r, Q1) = Z Z i (r, DY (). (7.4)
1=0 m=-1

We assume that the phase function f (£, Q) only depends on < - € (i.e., on the.
. cosine of the scattering angle y). We can thus expand f (€, €) in Legendre poly-
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nomials, by recalling that a function H(x) (which is seet10na11y continuous to-
gether with its derivative in the interval [—1, 1]) has the general Legendre series
representauons‘1

H(x)—Z——Hsz(x), a9
1=0 ' '

where P;(x) is the Legendre polynomial of Order l, aﬁd H= f_ll H(x' )Pj(x’ Ydx'.
We then write

el e 20+1 ’
f& Q) = 2—4 HiP(&@ -9

o 1 '
=YY oarér@. 16
1=0 m=—I . _
where the last expressmn follows from the addmen theorerh for ‘sphencal -
harmomcs 31" namely P - ) =4/ + DY ¥ (SZ’)Y, ' (€2). Here,
27'cf f(cosy)Pi(cosy)d(cosy).
By substltutmg these expresswns into Eq. (7.1), we obtain

I

Z > {[ -+ Q2 V+v(ua+us)]uzm(r DY () — g, ()

=0 m=—I

— Vs f Upm (T, t)Y,'"(fZ’)Z Z‘ ﬁ,Y,',"’*(fz’)Y,',"'(s‘z)dé’} =0.(7.7)

in V=0m'=—I"

“The integral in d€’ can be calculated using the orthogonality property of the spher-
ical harmonics: f,, Y/ ()Y (Q)dS2 = 81 8m. The BTE thus becomes '

Z Z ({ -+ V+v[us<1—ﬁ)+ua]}u_zm@,t)‘—qzm(r,i))n"'(fz)=o.'

. 1=0 m——l

} ' (7.8)
We then multiply this equation by Y 1{” *(€) and integrate over 2 to obtain the
relationship between the specific coefficients u 1 »r and gz », and all the coefficients
of the spherical harmonic expansion of u, up:

5 ,
‘ E;MLM(I', ) +o[us(1 = fi) + ua]uLM(l‘, t)
!

+v2 2. | & VumEOY @Y @dQ=gLu.0). (19)
I=0 m=—ly,

E
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'The integral over §2 can be evaluated by writing the x, y, and z components of the
vector Y7 M ()& in terms of spherical harmonics. This can be done by using the
recurrence relatlons for the assoc1ated Legendre functions le (x). The result is the
followmg ‘ .

Y,{”(Q)Qx’;_: Y}?(@jsin&cosw . s
- ___1_[(L+M+ 1)(L+M+2):|1/2YM+1(Q)
T2l eL+neL+3) L+1
[(L—M)(L—M—-1)7"? 1
QL - 1)L +1) ] YN
(L—-M+DL-M+272 s
QL+1@2L+3) . ] Y @)
(LEMYL+M-DT2 .
QL-1)QL+1) ] Yll}'f—ll(Q)i ~(7.10)

+

+
N — Nl'—' Nl'—‘
T r T

’ Yf’(@)ﬂy = Y,{”(fl) sinf sing
_ [(L+M+1)(L+M+2)]” P @)
2i (2L + 1)(2L +3) L+1
1[(L-M(L-M-1T]"? s

2| @L-1QL+1) ] @
I[L-M+DL-M+272
T2 @L+1EL+3) ] 7A@
1 (L +MYL+M-1)]7?

(LA ML+ )] P,

+_

2i| @L-1)QL+1) (7.11)

Y (), = YM(Q)coso
(L-M+1)L+M+1)7]/? |
=[ QL+ 1)Q2L+3) ] en@
[(L M)(L + M)
QL—1DQL+1)

12 : ﬂ
] o) (7.12)

Using these expressions for the x, y, and z.components of Y,{" )&, it is possible
to calculate the integral using the orthogonality relations for spherical harmonics.
We find that the relationship between the specific coefficients uy » and g p does
not involve all the coefficients of the spherical harmonic expansion of u, u;, but it
only contains u;,, with indices ! ranging from L — 1 to L + 1, and m ranging from
M-1toM+1: :



FREQUENCY-DOMAIN TECHNIQUES FOR TISSUE'SPECTROSCOPY AND IMAGING 417

0
—upu(r, o)+ v[us(l - fL) + lla]uLM(l‘ 1) .

at
1/2
o .%. _(L (ZAZ-I*: i;g:L +A§)+ 2)] (5}' - l;)vuﬁl_gl(r, £)
L+ MY(L + b 12 N
B % F(L(;LA:IF)S(;L% 1)1)] (aﬁ— l'--;—)buf:f(r,. t)
1/2
_% & ﬂ:gif;g;ﬁ; 1)] : ( Y +’3%‘>””L +1(r 9
+%_FL(2LA-JI-—1-)2(LL— 11;4)]1/2(31 i )vuﬁl(r, 1)
* [(L +(21111 %{ﬁf 1)] 33 vugly (x, 1)
(GG o 01

7.3.3 THE Py APPROXIMATION

The expansion of the BTE into spherical harmonics has led to an infinite set of
equations with indices L (ranging from 0 to 00) and M (ranging from —L to L).
Truncation of the Laplace series at L = N, leads to the so-called Py approxima-
tion. The reason for this name is that the last term in the truncated Laplace series
contains Y (Q) which can be written in terms of the associated Legendre func-
tions PM (x), which in turn can be written in terms of the Legendre polynomial
Py (x). The relationships are the following: \ .

2N +1) (N — M)!

: 1/2
Y%(Q):(—UM[ ] PM(cose)eMe,  (7.14)

4t (N +M)!
. aM .
P = (1= Py (7.15)

7.3.4 THE Pl APPROXIMATION

We now consider the P; approximation, which is often used to descnbe photon

migration in tissues. In the P, approximation uy (¥, ?) is set to 0 for L > 1. In

the P, approxnnatlon Eq. (7.13) is a set of four equations. The first, for L =0,

M=0:

0

0 1 /2 0
5;”0,0(1', 1)+ v[ps(1 = fo) + Ha Juo,0(, 1) + 5\/—3'(5; - lg)vul -1(x,7)

120 .9 12 B o
- 5\/;(5; +1i 3y)vul,l(l', 1)+ \/;a—zvul;o(l‘, 1) ——.qo.o(l‘, 1); (7-1§)
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the second, for L=1, M =—1: |

9 S '
—uy, 10,0 +v[ps (1= fi) + lla]ul',—l(“f 1)

ot ' :
1./2/9 - .0 : : .
+ '2'\/;(5; + 15;)-1)“0.0(1', t)=q1,-1(r,1); | 7.17)

the third, for L = 1, M =0

) |
57100 D+ v[us( = i) + Ha Ju1,0(r, 1)

\/;-—-vuoo(r t)=q1,0(r,1); - | (7.18)

and the fourth, for L=1,M =1:

a ‘
5—tu1,1(1.‘, 1)+ v[ps(1 = f1) + HaJur,1(r, 1)

1/2/9 d ‘
~-2-»§(é-;—15;)vuoo<r N=grn.  (119)

The coefficients ug o(r, t) and uy,p(r,t) are related to the photon density U(r, t)
and to the photon flux J(r, ¢), respectively. In fact,

U,t) = f u(r, ,1)dQ

47

= ): Z Uim(T, 1) f Y ()8 = VAo o(r, 1), (7.20)

1=0 m=-1]
(since [, ¥ (Q)dS = 0 for m 5 0 and ¥J($) = 1/+/4m), and

Joe,p) = f wu(r, §, QA0

4n
00

! v o
Z v (r, 1) f(sine cos gk + sin@ sin ¥ + cos OZ) ¥/ (2)d

=0 m=~I

[
Z}: VU (E, 1)

1=0 m=—I

\/- 1@+ @)% | o
f \/_ , Y (Q)d$2

\/j—[yll*(sz) + Y7 ()]5 + Y22

-~
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fam g o
= \/_—S-Ev[\/;(_ul,l(r’t)'i‘ul,—l(r’ 't))x

f(ul 1(r, t)+u1 -1(1' 1))§ + u1,0(r, t)z] (7-2'1)

~ The set: of four Egs. (7.16)~(7.19) of the P1 approxnnatlon are thus equlvalent to
 the followmg two equations (one scalar and one vectorial):

——U(r )+ v[s (1 = fo) + pa]U G, 1) + V - 3, 1) = Vango o(r, 1), (122)

» ——J(r 0+ [s(1 = )+ 1 JIE D + 39VUGE D)

ot

- i\/;(‘h,—l (r, 1) + g1,1(x, O))§ + g1,0(r, t)Z]- (7.23)

(q1,-100,0) — g1 (@, t))

ﬁl
«H,

The vectorial equatlon is obtained by combmmg Egs. (7.17), (7. 18) (7.19) accord-
ing to the following formal relationship:

V21/3[(7.17) — (1.19)IX — i/27/3[(7.17) + (7.19)]§ + /47/3(7.18)z.

From the general definition of the coefficients fj, we find that fp and fi are given
by

1

fo= 27tf f(cosy)Py(cos y)d(cosy) —271/ f(cosy)d(cosy) = 1 (7.24)
-1

h= 2ﬁff(cosy)P1(cos y)d(cosy)

= 27'cf f(cosy)cosyd(cosy) = (cosy), , o (7.25)'

where in Eq. (7.24) we have used the fact that the scattering probability is nor-
malized according to the condition [, f('-€)d<' = 1, which is equivalent to
21 f_ll Sf(cosy)d(cosy) = 1. Therefore fy is 1, whereas fi is the average cosine

of the scattering angle y ({cosy}). The source terms in Egs. (7.22) and (7.23) are
formally a monopole term (spherically symmetric) and a dipole term, respectively.
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We will indicate them with the symbolsSo (r, ) and S;(r, t), respectively. The final
expressions for the P| equations are o

—UED oD+ Y-IED =0, (126

S 30,0 # 11 = (cosy) + pJIE 0 + 50VU D =810 (72)

7.3.5 THE REDUCED SCATTERING COEFFICIENT

Equations (7.26) and (7.27) show that, in the P} approximation, and cosy only
appear in the term (1 — (cosy)). In this section, we give a physical meaning to
this térm on the basis of an analysis reported by Zaccanti et al. 32 Suppose that a
photon is emitted at the point Py = (0, 0, 0) in direction Z. This photon will first be
scattered at a point P = (x|, y1, z1) after having traveled a distance ry. Then jt will
be scattered at point P, = (x2, y7, z2) after having traveled a distance r, and so on.
In general, we refer to the scattering at point P, as the n-th order scattering. We
warit to define the reduced scattering coefficient, ), as the inverse of the average
distance projected along the z axis that the photon has to travel to lose memory
of the initial direction of propagation. In other words, 1/ represents the average
distance between what are effectively isotropic scattering events. In the derivation
of u, we neglect the absorption of the medium, since we are only interested in
its scattering properties. The probability density, g(r), of traveling a distance r

without suffering a scattering event is defined as g(r) = pse™"". The first order
scattering occurs at Py = (0, 0, r1), whose average coordmates are32
{(x1) = (y1) =0,
o - (7.28)
(z1) =frlg(r1)dr1 =—
)
0

The second order scattering occurs at P, = (rpsinf; cos ¢z, rpsinb, singy, 71 +
rpcos8;. Since r, ra, 62, ¢ are not statistically correlated, the average values of
the coordmates of P, are’?

(xg) = {r2)(sin62) (cos ga) = : '

(y2) = (r2)(sin6,)(singz) =0, : (7.29)
1 .

(z2) = {r1) + (r2)(cosf) = I{'(l + (cos y)).

3
The third order scattering occurs at P3 = (x3, y3, 23) where:
x3 = X7 + r3(sinf; cos @3 cos B cos ¢ — sin 3 sin @3 sin @2 + cosf3 sinfy cos ¢y),

y3=y2-+ r3(sin 03 cos 3 cos B, sin @, + sin 3 sin 3 cos @2 + cosf3 sinb; singy),
23 =22 + ra(—sin63 cos 93 sin; + cos 3 cos6s). (7.30)
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The average values of the coordinates of P are3?

(x3) = (y3) =0,

| | (731
(z3) = —(1 + {cos8) + (coso.)z).

In general, at the n-th order of scattering, the average values of the coordmates of S

‘ the scattermg point P, are’?

n) = (¥n) =0,

(%a) = (3n) | a2
_1 g - 1={(cosy)" |

(&) @‘“’S” Aus(l (cos )’

where we have used the result for the geometric series Y . k=0 Lok = (1 ay)/(1—-a),
with @ < 1. In the limit of a high number of ‘scattering events (n — oo, (Xoo) =
{yoo) = 0-and (Zeo) = 1/[ps(1 — (cosy))] give the coordinates of the center
of symmetry of the statistical photon distribution. In particular, the coordinate-
(zo0) can be interpreted as the average distance between consecutive, effectively
isotropic scattering events, and its inverse is defined as the reduced scattering co-
‘efficient p:

1, = (1 — (cosy)). | (7.33)

In the case of isotropic scattering, (cosy} = 0 and u; = L. In the case of forward :
scattering, (cosy) =1and u} =0.

7.3.6 THE P; EQUATION AND THE STANDARD DIFFUSION
EQUATION (SDE)

We now reduce the P, approximation to a single equation for the photon density
U (r,t). From Eq. (7.27) we obtain J(r, t):

1 8 v 1 |
I, ) = —W_EJ(P, 1) — mv (r, )+_ msl(r, 1)
= —?-I-?-—?—J(r t)— DVU(x,t) + -3-—-51(1', 1, .- . (7.34)

where we have defined the diffusion coefficient D = v/[3(}} + pg)]. By substitut-
ing this expressmn for J(r, t) in Eq. (7.26), we get

] D
S U, + o e, 1)~ i—g—v X(r, 1) — DV2U(, 1)

+ %P—V Si(r, 1) = Sp(r, 1). 4 (7.35)
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. From Eq. (7.26), V - J(r, 1) = So(r, 1) — a/at(U(r' 1)) —vugU (x, t). By substitut-
 ing this expression and by rearranging the terms, we finally get the 2 equat1on for
the photon densny

5 ‘_3_32U(rt) _1_( 31_) )aU(rt) Uity
VU( r)_,———--at2 L Gl rvenies 2 e, 1)

3350 1., .3 o
. °v. . .
— S — SSHEN IV SIEm . (736)

- By making a few assumptions, which are often satisfied in the case of light
propagation in biological tissue, Eq. (7.36) reduces to the standard dlffusmn equa-
tion (SDE). The assumptions are the following: : Co

(1) Strongly scattering regime, or p, < . This condition means that a pho-
ton, on the average, will undergo many effectively isotropic scattering
events before being absorbed. In this case, 3Dy, /v = Ha/(1g + M) <1,
and the second term on the nght-hand side of Eq. (7.36) reduces to
(1/D)a(U(r,1))/at.

(2) Time scale of the variations of U(r, ¢) and Sp(r, ¢) are much greater than
the average time between collisions 1/[v(y, + p})]. This condition can be
expressed by the formal inequality 8/8¢ < v(ig + 1) = v2/(3D). Conse-
quently,

3 32U(r, 1) 18U, 1)

Z a2 D 737
3 88(r,¢

S200D & —Sote,). (138)
v ot

In the frequency domain, where the harmonic time dependence is given
by a factor exp(—iwt), the time derivative operator becomes a multipli-
cation by —iw. Here, o is the angular modulation frequency of the in-
tensity modulation (which should not be confused with the frequency of
light). Consequently, this condition poses an upper limit to. the modu- -
lation frequency given by w > v?/ (3D). In the case of blologlcal tis-
sues, the SDE usually breaks down at modulation frequencies on the
order of 1 GHz.16
(3) The source term is isotropic; i.e., Sy (r, 1) = 0.

With these assumptions, the P; equation (Eq. 7.36) reduces to the standard diffu-
sion equation:

au(,t)
ot

=DV2U(r, 1) —vpaUG, 1) + So(r, 0); - (7.39)
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and the photon flux J (:r, 1) is related to the photon density U(r, ¢) by Fick’s law:
Y@= —DV.U(r, 0. o (7.40)

In the frequency domam 0/t - —iw and the d1ffus1on equatlon takes the form"
of the Helmholtz equatlon

So(r)

(V+A)U@ = -7, (7.41)

-where k2 = (iw—vyy)/D.

7.3.7 SOLUTION OF THE STANDARD DIFFUSION EQUATION IN THE
FREQUENCY DOMAIN

The solution to the diffusion equation for a homogeneous, infinite medium con-
taining a harmonically modulated point source of power P(w).at r =0 is given
by‘33 . .

P(w) elkr
Uirnw)= 4nD r

(7.42)

The explicit expressions for the average photon density (Upc), and for the ampli-
tude (Uac) and phase (®) of the photon-density wave are?>-3433

. Ppc e--r(vua/D)'/2

Upc(r) = anD " ) (7.43)
' - 2D) 21422y 24 11112
P(w)e r(vpe/2D)V[( m) e

Uac(r,o) = anD " , (7.44)

: Wl \ M2 12
O(r,w) = r(vua/ZD)1/2[(1 + vzp.z) — 1] ~+ @, (7.45)
’ a N . . o

where @ is the source phase in radians. Analytical solutions in the frequency do-
main have also been reported for a semi-infinite medium,2-*336 infinite slab,3’
cylindrical, and spherical geometries.3” Equations (7.39) and (7.41) refer to homo-
geneous media. For quantitative tissue spectroscopy and oximetry (Section 7.4),
one typically assumes that tissues are macroscopically homogeneous, so that
Eqgs. (7.39) and (7.41) are applicable. By contrast, optical imaging of tissues (Sec-
tion 7.5) aims at measuring the spatial distribution of the tissue optical properties,
and Eq. (7.39) must be generalized to account for the spatial dependence of u,
and D.




404 ' CHAPTER 7
7.4 TISSUE SPECTROSCOPY AND OXIMETRY

7.4.1 OPTICAL PROPERTIES OF BIOLOGICAL TISSUE

As discussed in Section 7.3.1, the propagation of light inside bi‘Ologieal tissues
can be described in terms of the flow of photons. In this perspective, the light

source injects a given number of photons per unit time, per unit volume, per unit -

solid angle into a specific tissue location, and these photons travel inside the tis-
sue along certain trajectories. The collective motion of photons along these tra-
jectories is called photon migration. While traveling inside tissues, photons can
undergo a number of different processes, such as absorption, elastic scattering, in-
elastic scattering (for instance, dynamic light scattering and Raman Scattering),
and fluorescence. In this Chapter, we consider only absorption (Section 7.4.1.1)
and elastic scattering (Section 7.4.1.2) events. The scattering process from nonsta-
tionary scattering centers in tissues (cells, cellular organelles, etc.), which strictly
speaking is an inelastic process, involves such small wavelength changes that it
is also referred to as quasi-elastic scattering. Quasi-elastic scattermg is the basis
for dynamic hght scattering,3® diffusing-wave spectroscopy,’® photon correlation
spectroscopy, " and laser Doppler flowmetry.#! When a photon is absorbed, it dis-
appears and transfers its energy to the absorbing center. When a photon is elas-
tically (or quasi-elastically) scattered, its direction of propagation changes, while
its wavelength remains essentially unchanged. By contrast, Raman scattering and
fluorescence processes cause larger photon wavelength changes related to the in-
volvement of vibrational energy levels.

7.4.1.1 Absorption

The main absorbers of near-infrared (NIR) light in blood-perfused tissues are oxy-
hemoglobin, deoxy-hemoglobin, and water. Their absorption spectra between 300
and 1500 nm are shown in Fig. 7.4, which is obtained from compiled absorp-
tion data for water*? and hemoglobin.#> In Fig. 7.4, the concentrations of oxy-
hemoglobin and deoxy-hemoglobin are assumed to be 50 uM, which is a typi-
cal value in blood-perfused tissues. We observe that the absorption coefficients
reported in Fig. 7.4 are defined to base e, and those for hemoglobin refer to a
complete molecule (four heme groups). The so-called “medical spectral window”

extends approximately from 700 to 900 nm, where the absorption of light shows a

minimum (see Fig. 7.4). As aresult, light in this spectral window penetrates deeply
into tissues, thus allowing for noninvasive investigations. The optical penetration
depth into tissues is limited, at shorter wavelengths, by the hemoglobin absorption,

and at longer wavelengths by the water absorption. Other NIR absorbers in tissues -

that may be important in particular cases include myoglobin, cytochrome oxidase,
melanin, and bilirubin.

The absorption properties of tissue are described by the absorption coefficient
(Mg), which is defined as the inverse of the average photon path length before ab-
sorption. From this definition, it follows that 1/, is the average distance traveled

.
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Flgure 7.4 Absorption spectra of the three dominant near-infrared chromophores
in tissues, namely oxy-hemoglobin (HbO,), deoxy hemoglobin (Hb), and water
(H20). The absorption coefficient is defined to base e. The concentrations of Hb
and HbO, are both assumed to be 50 uM, a typical value for blood-perfused tis-

sues. These spectra are obtamed from compiled absorption data for water*? and
hemoglobin.43

by a photon before being absorbed. In the NIR, typical values of He in:tissues_ range
from 0.02 to 0.30 cm™!. The photon mean free path for absorption thus ranges be-
tween about 3 and 50 cm. '

7.4.1.2 Scattering

The scattering properties are determined mainly by the size of the scattering par-
ticles relative to the wavelength of light, and by the refractive index mismatch
between the scattering particles and the surrounding medium. In biological tissues,
the scattering centers are cells and cellular organelles. In the medical spectral win-
dow (700-900 nm), cellular organelles have dimensions conmiparable to the wave-
length, and their index of refraction is relatively close to that of the cytosol and
extracellular fluid. As a result, light scattering in tissue is mainly forward directed

(i.e., the scattering angle y introduced in Section 7.3.2 is less than 90 deg) and
shows a weak wavelength dependence.

As d1scussed in Sections 7.3.1 and 7.3.5, the scattering properties of tissues are
described by two parameters: (1) the scattering coefficient (1;), defined as the in-
verse of the average photon path length between successive scattering events; and
(2) the average cosine of the scattering angle (fi = (cosy}). From the definition
of g, it follows that 1/u; is the average distance traveled by a photon between
successive scattering events, as shown by Eq. (7.28). Even though each scattering
event is mainly forward directed, after a number of collisions a photon loses mem-
ory of its original direction of propagation. Under these conditions, we can say that
the photon has experienced an effectively isotropic scattering event. As discussed
in Section 7.3.5, the reduced scattering coefficient [p; = (1 — fi)s] represents
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the inverse of the average distance over which the direction of propagation of a
photon is randomized. In other words, we can say that 1/ is the average distance
between effectively isotropic scattering events. Note that ug coincides with p in
the case of isotropic scattering (f; = 0). Typical values of u in"biological tissues
range from 2-to 20 cm™!, while fj is typically 0.8-0.9 (so that pt/, is about one
order of magnitude smaller than u;).** The average distance traveled by a photon .
in tissues before losing memory of its initial dlrectxon of propagatlon is typxcally a
few millimeters or less. ‘

7.4.2 ABSORPTION SPECTROSCOPY OF TISSUES

Since 1}, is typically much larger than i, NIR light propagation in tissue is dom-
inated by scattering. This is one of the conditions discussed in Section 7.3.6 for
the validity of the diffusion equation [Eq. (7:39)]. The frequency-domain solution
given by Eq. (7.42) provides a quantitative description of photon migration in an
infinite medium with uniform optical properties. However, biological tissues are
neither infinite, nor homogeneous. With regard to tissue inhomogeneity, Eq. (7.42)
is a reasonable approximation as long as the characteristic size of the tissue in-
homogeneities (for instance, muscle fibers, blood vessels, etc.) is small compared
with the source-detector separation. A second problem is determined by the bound-
ary conditions that are associated with the finite volume of the investigated tissue.
In a reflectance geometry, where the source and the detector are located on the
same side of the tissue, one typically applies the semi-infinite boundary condition.
This condition implies that the tissue acts as an effective half-space, which is a rea-
sonable assumption if the tissue depth is greater than the optical penetration depth
(which is typically on the order of 2-3 cm or less). This assumption is not valid in
a transmission geometry (where the source and the detector are located on oppo-
site sides of the tissue), or in the case of a small tissue volume. In these cases, the
application of more appropriate boundary conditions (such as a slab, cylmder or
sphere) may be needed. 37
Tissue spectroscopy aims at determining certain properties of the investigated
tissue volume (for example, the oxygenation or the hemoglobin concentration of
_ a muscle) on the basis of measurement of the optical properties (absorption and
scattering) of the tissue. Since the absorption coefficient of tissues is due to a num-
ber of chromophores (oxy-hemoglobin, deoxy-hemoglobm water, cytochrome 0x-
idase, melanin, bilirubin, lipids, etc.), multiwavelength measurements have been
employed to determine the relative contributions of each chromophore. The basic
idea is that the contribution to p, from the i-th chromophore can be written as
the product of the extinction coefficient (g;) times the concentration (C;) of that
chromophore. As a result, in the presence of N chromophores, the absorption co-
efficient u, at wavelength 1 ; is given by

N .
o) =D 6i())Ci. (7.46)
i=1
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If the extinction spectra ¢;(A) of all N species are known, the concentrations C;
can be determined by measuring p, at N or more wavelengths, so that the lin-
ear system of Eq. (7.46) is fully -determined. This approach requires that p, be .
measured independently of . In the frequency domain, Egs. (7 43)—(7.45), or the
correspondmg equations for semi-infinite or other geometries, can be used to quan-
titatively measure p, and y}.% The spatiall® or the frequency!” dependence of the
DC intensity, AC amplitude, and phase can also be used effectively for in- vivo tis- -
sue spectroscopy. It is worth noting that this approach to tissue spectroscopy yields 4
quantitative, absolute values of the concentration of chromophores in tissue. '

7.4.3 NEAR-INFRARED TISSUE OXIMETRY

-In many cases, the absorption spcctré of tissues can be well described by con-

sidering only three chromophores; namely, oxy-hemoglobin, deoxy-hemoglobin,
and water. For example, Fig. 7.5 shows the absorption coefficients of human mus-

cle (forearm) and brain (forehead) measured at eight NIR wavele_ngths (squares)

under resting conditions. The lines in Fig. 7.5 are the best fit absorption spectra
corresponding to a linear combination of the water, oxy-hemoglobin, and deoxy-
hemoglobin extinction spectra. The water concentration (by volume) is assumed
to be 75% for the muscle, and 80% for the brain,** while the concentrations of
oxy-hemoglobin ([HbO,]) and deoxy-hemoglobin ([Hb]) are the parameters for
fit. The best fit spectra of Fig. 7.5 yield values of [HbO;] and [Hb] of 58 uM and

04,

0.3

H, (cm?)

02}

0.1

600 650 700 750 800 850
; WaVelength (nm)

Figure 7.5 Quantitative absorption spectroscopy of tissues in vivo.24% The
squares represent the eight-wavelength spectra measured with frequency-domain
spectroscopy in the skeletal muscle and in the forehead (according to the label) of -
human subjects. The lines are best fits using a linear combination of the extinction

. spectra of oxy-hemoglobin, deoxy-hemoglobin, and water. -
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26 puM, respectively, in the muscle, and 30 uM and 10 uM, respectively, in the
brain. Consequently, the measured hemoglobin saturation in the muscle is 69%,2*
while in the brain it is 75%.%6 The good fit between the experimental data and
the three-component absorption spectra indicates that oxy- and deoxy-hemoglobin
are indeed the dominant absorbing species over the wavelength range considered -
(630-840 nm) (water absorption introduces only a relatively small correction at
these wavelengths). This result allows for measurements of the oXygen saturation
. of hemoglobin in tissues using just two wavelengths. The possibility of using dual-
wavelength optical measurements for blood oximetry have been known for a long
“time,*” and it is exploited by pulse oximeters to measure the arterial saturation.*®
The novelty introduced by frequency-domain and time-domain spectroscopy is the
capability of performing absolute tissue oximetry.2349
The two wavelengths A; and A, for near-infrared oximetry are usually cho-
sen such that A < Ajg0 < A2, Where A5 is the NIR isosbestic wavelength at
which the extinction coefficients of oxy-and deoxy-hemoglobin have the same
value (Ajso is about 800 nm as can be seen in Fig. 7.4). This choice maximizes
the sensitivity of the optical measurement to changes in the tissue oxygenation.
The measurement of p, at two wavelengths translates Eq. (7.46) into a linear sys-
tem of two equations (one pér each wavelength) and two unknowns (namely, the
concentrations of oxy-hemoglobin and deoxy-hemoglobin in the tissue). Its so-
Iution gives the oxy- and deoxy-hemoglobin concentrations, which in turn yield
the total hemoglobin concentration (THC = [HbO,] + [Hb]) and the tissue satu-
ration (StO; = [HbO,]/THC). Figures 7.6(a), (b), and (c) show typical traces of
total hemoglobin concentration and tissue saturation measured with the frequency-
domain tissue oximeter described in Section 7.2.6 (see Fig. 7.2). Panels (a) and (b) ,
of Fig. 7.6 refer to measurements on the brachioradialis muscle (forearm) of a
human subject during arterial and venous occlusion, respectively, while panel (c)
refers to a measurement on the vastus lateralis muscle (thigh) during treadmill
exercise.’0
The two wavelengths employed in this particular case are 758 and 830 nm,
and the acquisition time per data point is 1.28 s. The traces appear in real time
on the computer screen during the examination. We stress again that the y-axes
for hemoglobin concentration and saturation are quantitative and absolute. Fig-
ure 7.6(a) shows that the tissue desaturation during ischemia results from a rate
of decrease of [HbO,] that is equal to the rate of increase of [Hb] (because
the total hemoglobin concentration THC remains constant during ischemia). The
rate of conversion of HbO, to Hb can be used to quantify the muscle oxygen
consumption.>!"2 The main effect of the venous occlusion [Fig. 7.6(b)] is to in-
crease the hemoglobin concentration, as a result of blood accumulation. In fact,
while the arterial inflow is unaffected by the venous occlusion, the venous outflow
is blocked. The initial rate of increase of THC during venous saturation can be
used to measure the muscle blood flow.33-5% Figure 7.6(c) provides an example
of an oxygenation and hemodynamics study in vivo during muscle exercise, with
potential applications in the area of sports medicine.>
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Figure 7.6 Temporal traces of optically measured total hemoglobin concentration
(THC = [HbO4} 4 [Hb]) and tissue saturation (StO,) in human subjects. The mea-
surements were conducted on a forearm muscle during (a) arterial or (b) venous
occlusion, and (c) on a calf muscie during treadmill exercise. In panel (c), the step
function represent the treadmill speed, which was changed by steps of 1 mph
every 2 minutes.5° Running started at a speed of 4 mph. The frequency-domam
measurements allow for absolute y-axis readings-

Near-mfrared oximetry lends itself to measurements on the human head as
well. Figure 7.7(a) shows the arrangement of optical fibers on the forehead of a
human subject. The cerebral oxygenation may be varied by changing the fraction
of oxygen inspired by the subject. The resulting changes in the cerebral tissue
oxygenation (StO;) are reported in Fig. 7.7(b). Figure 7.7(b) also shows a com-
parison between two traces of arterial saturation (Sa03); one is measured with a
commercial pulse oximeter, while the other is measured with a frequency-domain
tissue oximeter.* Both instruments use the oscillatory components of the opti-
cal signals at the frequency of the heartbeat (which are directly associated with
the arterial pulsation, and therefore with arterial blood volume). The key dlffer—
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Figure 7.7 (a) Application of optical fibers to the forehead of a human subject for
frequency-domain brain oximetry. (b) Temporal traces of arterial saturation (SaO,)
measured systemically (on a finger) by a pulse oximeter and locally (on the fore-
head) by a frequency-domain oximeter that also measured the cerebral tissue sat-
uration (St0-).6 The fraction of oxygen inspired by the subject was varied between
21% and 10% (by volume) as indicated in the figure.

~ ence is that while the pulse oximeter applies an empirical calibration to translate
" the pulsatil_e‘-components of the optical densities into a reading of arterial satura-
tion, the frequency-domain oximeter directly measures the pulsatile components
of the absorption coefficients and quantifies the arterial saturation by applying
Eq. (7.46).46

The lack of discomfort associated with near-infrared measurements in vivo, and
their noninvasive character, renders near-infrared tissue oximetry a suitable tech-
nique for newborn infants. For instance, Fig. 7.8 shows a comparison between the
systemic reading of arterial saturation (with a pulse oximeter attached to a toe), and
the cerebral oxygenation measured locally with a frequency-domain tissue oxime-
ter. In this case, the decrease in the measured oxygenation was induced by a con-
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Figure 7.8 Frequency-domain, near-infrared oximetry of the newborn infant brain.
(a) Photograph showing the application of a flexible optical probe to the infant’s
head. (b) Temporal traces of cerebral tissue saturation (StO;) measured with
frequency-domain optical oximetry, and systemic arterial saturation (SaO,) mea-
sured with a pulse oximeter at an infant’s toe. Deoxygenation is achieved by
a controlled reduction in the fraction of inspired oxygen (in collaboratlon with
G. P. Donzelii and S Pratesi, University of Florence, ltaly).

“trolled decrease in the fraction of inspired oxygen. The arterial saturation and the

cerebral saturation show a qualitatively similar trend. However, a local cerebral de-
oxygenation would be detected only by the NIR cerebral measurement. The manual
application of the optical probe shown in Fig. 7.8(a) can be replaced by a flexible
headband®’~® or by an infant cap for continuous long-term monitoring.

7.4.4 MEASUREMENTS OF OPTICAL SCATTERING IN TISSUES -

Traditionally, optical studies have been targeted at measurements of the absorption
properties of tissnes. The strong scattering of light in tissue constitutes a com-
plication in quantitative absorption spectroscopy. However, it has recently been
suggested that the reduced scattering coefficient itself may provide information
about physiologically relevant parameters. For instance, it has been shown that
mitochondria are the main source of light scattering in the liver, and possibly in
other tissues as well.* Since a number of metabolic processes related to cellular
respiration occur in the mitochondria, the reduced scattering coefficient may be




432 ) . CHAPTER 7

related to the cellular activity and viability. Furthermore, some studies have shown
a correlation between blood glucose concentration and the reduced scattering co-
efficient of tissue.%0-62 This correlation is suggested by the fact that the scatter-
ing properties of tissues depend on the mismatch between the refractive indices

of the scattering centers (cells, cellular organelles) and the host medium (extra-

cellular fluid,: cytosol) Since the index of refraction of the extracellular fluid is

sensitive to glucose concentration, it is a plausible hypothesis that T would be

“affected by the blood glucose concentration. In-vitro studies have predicted that
the sensitivity of p, to the blood glucose level should be adequate to monitor
glucose concentrations within the physiological rangeS! (80120 mg/dl in blood).
This prediction is confirmed by Fig. 7.9, which shows a trace of y; measured by
frequency-domain NIR spectroscopy on the thigh muscle of a healthy 26-year-old
male subject during a glucose tolerance test.5! The reduced scattering coefficient
decreases as the blood glucose increases, because of the glucose-induced reduction
in the refractive index mismatch between the scattering centers and the host fluid.
However, this kind of measurement yields only a relative deterrmnatlon of glucose
concentration. 1

Furthermore, there are a number of additional factors, such as changes in tem-
perature and pH, that yield variations in p} that compete with the glucose-induced
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Figure 7.9 Comparison between the blood glucose concentration dynamics and
the temporal evolution of the reduced scattering coefficient (1) measured on the
thigh muscle by frequency-domain spectroscopy during a glucose tolerance test.%!
The diffusion model is not able to separate p; from the refractive index » of the
tissue [in Eq. (7.42) n and y are coupled in the expression for D = v/[3(y} + )] =
¢/(3np), where c is the speed of light in vacuum], so that the y-axis reports the
product ny’,.
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effects. Theoretical and experimental studies of the optical properties of the human
sclera (the white outer coat enclosing the eyeball) have also shown a significant
scattering change induced by glucose and by other osmotically active species.53
While the monitoring of glucose concentration by NIR spectroscopy is, at the
present stage of development, far from being clinically applicable, it nevertheless
points out the diversity of potential diagnostic applications of medical optics.

7.5 ‘OPTICAL IMAGING OF TISSUES
7.5.1 GENERAL CONCEPTS

Optical imaging relies on its sensitivity to optical properties of tissues, namely ab-
sorption and scattering. Consequently, the contrast in NIR imaging originates from
spatial variations in the optical absorption and scattering properties of the tissue.
These spatial variations can be due to a local change in hemoglobin concentration
‘or saturation (for instance, a hematoma or heterogeneous vascularization, blood
flow, or oxygenation), a localized change in the tissue architecture (for example,
a result of microcalcifications), or the concentration of cellular organelles. In any
case, NIR imaging is sensitive to physical propertles of tissues that are different
than those probed by current diagnostic imaging modalities such as x-ray tomog-
raphy (mass density, atomic number), ultrasound (acousti¢c impedance), magnetic
resonance imaging (proton density, nuclear relaxation times), and positron emis-
sion tomography (accumulation of a radioactive tracer). In this sense, NIR imaging
is not necessarily an alternative to these imaging modalities but could constitute an
adjunct technique that complements existing methods. We point out here that the
- promise of optical tomography is not in achieving a high spatial resolution (which
is intrinsically limited by the diffusive nature of light propagation in tissues), but
rather in achieving high contrast and specificity.

NIR tissue imaging aims at generating spatial maps that display either struc-
tural or functional properties of tissues. Since optical imaging studies the spatial
distribution of the optical properties, Eq. (7.39) must be replaced with the diffusion

equation for inhomogeneous media:
\

aUv;:"t) ~V DOV )+ 0a®UE D =g(E). (4]

Equation (7.47) can be used to solve the forward problem, which consists of find-
ing the photon density U(r, t) corresponding to a given spatial distribution of the
optical properties and of the photon sources. Analytical solutions of Eq. (7.47)
are available only for a few inhomogeneous cases such as those of spherical®3
and cylindrical®* inclusions. For arbitrary inhomogeneous cases, Eq. (7.47) can be
solved using numerical methods such as the finite-difference method (FDM)65 or
the finite-element method (FEM).5 Alternatively, a perturbation expansion in g,
and D leads to a solution of Eq. (7.47) in terms of a volume integral involving -
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the appropriate Green’s function.5”68 Besides using diffusion theory, the case of

inhomogeneous media can also be treated with stochastlc methods such as Monte

Carlo simulations®70 or Iattice random walk models.”! :

. The goal of imaging is to solve the inverse problem, which cons1sts of deter-

" mining the spatial distribution of p, and D (or p, and p.s) within a volume'V,
from optical measurements at the boundary of V. Perturbation methods linearize
the problém by keeping only the linear term in an expansion of the change in the
measured quantities induced by a perturbation in the optical properties. The in-
verse problem reduces to inverting the Jacobian (i.e., the first derivative) matrix of
the measured quantities with respect to the optical properties. The Jacobian ma-
trix can be estimated using a Monte Carlo’? or an analytical5”-*8 model. The main
practical disadvantage of the perturbation method is that it requires a difference
between measurements with and without the perturbation. For in vivo applications,
this is sometimes impractical, save the cases of dynamical perturbations such as
those mduced by evoked cerebral activity or by the injection of optical contrast
agents.”

Nonlinear approaches are based on minimization of the distance (in measure-
ment space) between the measured data and the projection of the distribution of
optical properties onto the measurement space (according to the forward problem).
The minimization process involves repeated iterations, so the computational speed
of the forward model is a relevant factor. One example of a nonlinear approach is
the Newton-Raphson scheme for minimization, which has been used in conjunction
with an FEM forward model to do optical tomography.”*76 The above-mentioned
methods usually require relatively long computation times that render them unsuit-

_able for real-time imaging. For applications where real-time information is impor-
tant, simplified algorithms based on back projection’’~"® or on direct projection for

2D mapping®® have been proposed. A recent and comprehensive review of medical

optical imaging can be found in Ref. [30].

7.5.2 NONINVASIVE OPTICAL IMAGING OF THE HUMAN BRAIN

7.5. 2 1 Detectlon of intracranial hematomas

Several studies have demonstrated that near—mfrared hght propagates through the
‘intact skull.81-83 One technique using continuous-wave (CW) light (wavelength:
760 nm, source-detector separation: 3.5 cm) has been used to detect intracranial
hematomas in head-injured patients.3* This is based on the fact that there is a
greater concentration of hemoglobin in a hematoma with respect to normal brain
tissue, resulting in a higher absorption of NIR light. A significant asymmetry be-
tween the optical signals collected over the two hemispheres will indicate a condi-
tion that could possibly be related to the presence of a hematoma. This technique is
not aimed at displaying optical images of the brain. Rather, it involves a compari-
son of optical measurements at two different brain locations. In this sense, although

this is not a true imaging technique, spatially resolved measurements are involved.
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* Another approach, using a hybrid of CW and frequency-domain techniques has
been employed to perform real-time imaging (image acquisition rate: 5.2 Hz) of an
experimental brain hemorrhage in a piglet model. 85 Figure 7. 10 shows the opti--
cal image recorded noninvasively through the intact scalp and skull immediately
following the subcortical injection (depth of injection: 1.2 cm) of 0.5 cc of autol-
ogous blood. In Fig. 7.10, a photograph of a brain slice obtained after autopsy is
supenmposed to the near-infrared image to show the geometrical relationship be-
tween the optical image and the piglet brain. The optical image was obtained by
linearly combining the readings from 10 source-detector pairs according to a lin- -
ear back-projection scheme.?> While this scheme is computationally fast, it does
not lead to quan'utatwe readings, so that the absorption scale in Fig: 7.10 is quali-
tative (i.e.; the i image gives reliable spatially resolved information on whether the
absorptlon increases or decreases, but the absorption changes are not accurately

- injection site

001 0005 000 0005 001 0015
Ay, @ 830 nm (cm'h)

Figure 7.10 Optical absorption image of a4 x 4 cm? area of the piglet brain, mea-
sured non-invasively immediately after the subcortical injection of 0.5 cc of blood.85
The injection site is indicated by the white circle. A picture of a brain slice taken
after autopsy is superimposed to the optical image to show the geometrical rela-
tionship between the imaged area and the piglet brain. One can see the'increased
optical absorption over the area surrounding the injection site, which corresponds
to the subcortical hemorrhage
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quantified). The lack of quantitative capabilities in optical imaging of tissues is a
general shortcoming of back-projection schemes.

'7.5.2.2 Functional imaging of the brain

The relatxonshlp between neuronal activation and local cerebral hemodynamlcs
is provided by neurovascular coupling.8687 In the brain, local blood flow is con-
tinuously adjusted according to functional activity and metabolic demand. This
adjustment occurs due to the vasomotor action of the cerebral arteries and arteri-
oles. Both of the leading methods in functional neuroimaging, positron emission
thomography (PET) and functional magnetic resonance imaging (fMRI), use neu-
rovascular coupling to asses brain activity. Electro-encephalography (EEG) and
magneto-encephalography (MEG), on the other hand, can measure the fast (la-
tency: 50-100 ms) electrical and magnetic signals directly related to neural acti-
vation. The spatial localization of the signals detected by EEG and MEG is prob-
lematic, however, because these techniques are sensitive to the whole brain. Near-
infrared (NIR) imaging shows promise of being a unique technique, since it is the
only existing modality that is sensitive to both ends of the neurovascular coupling,
namely the neuronal activity and the vascular response. Iri vitro optical measure-
ments on neurons have shown that neuronal activity is associated with an increase
in light scattering, induced by a change in the index of refraction of the neuronal
membranes.88-89 In the last few years, several attempts have been made to measure
such light scattering changes in human subjects in vivo and noninvasively. Using a
frequency-domain system, G. Gratton et al.%® have reported a transient increase in
the pathlength of light in the visual cortex with a latency of 50-100 ms following
the onset of visual stimulation. This signal shows a time course consistent with the
electrophysiological response measured with EEG. ‘

It has been proven that the hemodynamic changes monitored with NIR spec-
troscopy correlate with the activation state of the cortex in response to a stimu-
lus. In fact, studies combining PET and fMRI with NIRS were able to demon-
strate that the optically measured oxy- and total hemoglobin changes correspond
to regional cerebral blood flow increases as measured by PET,”192 whereas deoxy-
hemoglobin changes correspond to the BOLD signal measured by fMR1.%394 The
circulatory effect of functional activation is an increase in cerebral blood flow
(CBF) (higher blood volume and blood velocity) resulting from an increase in oxy-
gen consumption. An increase in CBF that overcompensates the increase in oxygen
consumption accounts for the observed decrease in the cerebral deoxy-hemoglobin
concentration.>

Local cerebral studies are just a first step toward optical brain imaging. The key
to functional brain imaging is a fast acquisition rate, which is required by the rela-
tively short latency of the neural activation (~0.1 s) and the evoked hemodynamic
signal (1-5 s). For structural brain imaging, the requirement of a fast acquisition
time is not as important as for functional imaging. Several groups have reported
noninvasive optical brain imaging with acquisition times per image of 3=5 5,997
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<30 5,%8 2.5 min,” several hours,’8 and not-quantified “slow data acquisition

rate”!%0 and “long measurement times.”** Faster optical imaging approaches, suit-
- able for noninvasive functional brain imaging, have been reported- recently with
image acquisition times of 500 ms!%! and 160 ms.” Noninvasive optical studies of
the brain are reviewed in Ref. [102].

_ Figure 7.11 shows the results-of a functional brain imaging study that used a
" multichannel frequency domain optical instrument (a modified version of Model
No. 96208, ISS, Inc., Champaign, IL, shown in Fig.-7.2).7° The optically mea:
'sured maps of cerebral deoxy-hemoglobin concentration show the activated cor-
tical area during voluntary hand tapping. Image reconstruction was based on a
linear superposition of the optical signals from 10 source-detector pairs. The fast
image acquisition rate (6.25 Hz) leads to online, continuous optical mapping of
the cerebral cortex during the examination. Figure 7.11 shows one optical im-
age every 10 measurements (i.e., every 1.6 s) for space reasons. The real-time
movie of the cerebral activation recorded with near—mfrared imaging can be viewed
in Ref. [79].

Currently, most optical functional stud1es of the brain have been based on
continuous-wave (CW) spectroscopy. Even Fig. 7.11 shows results based on the
DC component of the measured amplitude-modulated signal. The reason for the
more common use of CW data in optical brain imaging is twofold. (1) The study
of cerebral activation requires the measurement of changes in the optical signals
that correlate with brain activity. Therefore, even relative readings, i.e., changes
from an arbitrary initial value, yield meaningful information. (2) The absolute
measurement capability afforded by time-resolved methods requires the applica-
tion of a physical model for light propagation inside tissues. An accurate model
for the highly inhomogeneous and geometrically irregular case of the human head
is yet to be achieved. However, there are a few exceptions to the use of CW spec-
troscopy for optical studies of the brain.98:99-103.104 These studies show that even
without absolute measurements, time-resolved data can be extremely valuable in
optical studies of the human brain. In fact, the additional information content of
time-resolved data (the phase in the frequency-domain, the time-of-flight distrib-
~ ution in the time-domain) may lead to more effective approaches to human brain -
studies, for instance by affording the optimization of the spatial region of sensitiv-
ity, and the maximization of the sensitivity to localized absorption and scattermg
changes.

7.5.3 OPTICAL MAMMOGRAPHY

From a practical point of view, the human breast lends itself to near-infrared tis-
sue spectroscopy and imaging. In fact, it is easily accessible and its relatively low
hemoglobin concentration (10-20 uM)10%:1% determines near-infrared absorption
coefficients (~0.02-0.04 cm™!) that account for a deep optical penetration depth
and the optical transmission through the whole breast. Furthermore, there is much
appeal in the possibility of detecting breast cancer using a noninvasive method that
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Figure 7.11 Real-time, noninvasive functional imaging of the brain using near-
infrared light.”® The schematic diagram of the head shows the locations of the
illuminating optical fibers (eight small circles) and the collecting optical fibers (two
large circles). A linear back-projection scheme reconstructs an optical image of the
4 x 9 cm? area indicated by the rectangle. The motor cortex activation is induced by
voluntary hand tapping. The sequence of optical images of the brain collected over
a period of 20 s is shown to the left (the sequence actually shows one image every
ten images acquired, as the image acquisition time was 160 ms per image). One
can see the localized decrease in the cerebral deoxy-hemoglobin concentration
observed during hand tapping, and the recovery following the end of hand tapping.
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does not involve ionizing radiation. The optical detection of breast cancer may rely
on the perturbations induced by cancer on the host tissue rather than on a direct
detection of optical signatures associated with cancer éells.!%” These perturbations
include angiogenesis, 07108 alterations to the blood flow and oxygenation,'®® and
fibroblast proliferation,'%? whichi may yield modifications to the optical scattering .

" and absorption properties. However, it is not known whether these cancer-induced °
- opucal perturbations can lead to an effective optical approach to breast cancer de-_

tection over the wide range of cases observed in the clinical and screening practice
(different types and stages of cancer, various benign tumors, different levels of tis-
sue heterogeneity, etc.). In vitro optical studies of normal and diseased breast tis-

. sues have not found significant differences between their optical properties.[0%:110 -
. Thiis result further suggests that the optical contrast induced by cancer may result

only from modifications to the vascularization, oXygenation, or tissue architecture,
which are signiﬁé:antly altered for the measurements in vitro. In fact, in vivo mea-
surements have indicated that cancerous breast tissue has a significantly larger ab-
sorption coefficient and a marginally larger reduced scattering coefficient with re-
spect to normal breast tissue.!117113 Since it is yet to be demonstrated that optical
mammography can rely solely on the intrinsic optical contrast associated with can-
cer, it has recently been proposed to use dyes as optical contrast agents.”3:114.115
The first clinical tests of breast transillumination for diagnostic purposes were
performed by Cutler in 1929.11¢ This approach was soon abandoned because of

_ the poor sensitivity and specificity of the method. In the 1970s and 1980s, techni-

cal developments led to two new optical techniques called diaphanography'!” and
118 which induced a renewed enthusiasm for optical mammography.
These approaches employed a broad beam of visible and NIR continuous-wave
light that illuminated one side of the breast. On the opposite side of the breast, the
examiner visually inspected the light transmission pattern and used a video cam-
era for image recording. The examination had to be performed in a dark room,
and the examiner’s eyes needed to be dark-adapted. Despite some encouraging

initial results,!!% several clinical studies conducted in the late 1980s have shown

that diaphanography and lightscanning are inferior to x-ray mammography both
as a screening and as a clinical tool.12%:121 As a result, medical acceptance of d1-
aphanography and lightscanning has been subdued.

The ‘introduction of time-resolved methods for tissue imaging has yielded -
new instrumental tools for optical mammography. Furthermore, the application
of the diffusion equation [Eq. (7.47)] provides a mathematical model that al-
lows for a more rigorous approach to optical mammography with respect to the
mainly empirical studies of the past. As a result, new time-domain’3-112:122-124
and frequency-domain!8105:113.125-128 a55r0aches for optical mammography have
recently been developed. Siemens AG, Medical Engineering (Erlangen, Germany)
has recently designed and clinically tested a frequency-domain prototype for op- .
tical mammography.!? Figure 7.12 shows a block diagram of this prototype and
two representative optical mammograms obtained on a patient affected by breast
cancer. The optical mammograms shown in Fig. 7.12 are 2D projection images ob-
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Figure 7.12 (a) Schematic diagram of the prototype for frequency-domain
(70 MHz) optical mammography developed by Siemens AG, Medical
Engineering.'®® The slightly compressed breast is optically scanned to ob-
tain 2D projection images at four wavelengths (690, 750, 788, and 856 nm). The
optical detector is a photomultiplier tube (PMT). The scanning time is about 2
minutes per image. The optical image of the breast is displayed in real time during
the examination. (b) Craniocaudal (cc) and oblique (ob) views of the left (L) breast
of a 72-year-old patient (patient No. 197) affected by invasive ductal carcinoma.
Cancer size is 2.5 cm. The cancer, indicated by arrows, appears with high contrast
- in both views of the breast. The imaged parameter (N at 690 nm) is related to the
optical absorbance of breast tissue,®0 so that the higher value of N at the cancer
location indicates a higher optical absorption with respect to healthy tissue.

tained by scanning two collinear optical fibers (one for illumination, one for light
collection) placed on the opposite sides of the slightly compressed breast. The
total time required to scan the breast is 2-3 min. The frequency-domain optical
data have been processed with an algorithm designed to enhance tumor contrast
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by minimizing the effects of the breast geometry on the optical data.80 As in x-ray
mammography, the breast is imaged in two directions, leading to a craniocaudal

~ (cc) and an oblique (ob) view. Figure 7.12 shows that breast cancer can be de-

tected with excellent contrast using optical methods. However, optical mammog-

. raphy still needs to improve its performance in the detection of small tumors and

in the discrimination between malignant tumors and benign breast lesions. A pre-

- liminary analysis based on the criterion that an optical mammogram is positive if'it.

shows a region of abnormal absorbance in both the craniocaudal and oblique views, -
has led to a-sensitivity (fraction of cancerous breasts successfully detected) of 72%
and a specificity (fraction of noncancerous breasts correctly evaluated as nega-
tive) of 52% on a clinical population of 131 patients.!*® This result is consistent
with the sensitivity of 73% obtained on 69 patients!3! with a similar frequency-

. domain prototype developed independently by the research laboratories of Carl

Zeiss (Oberkochen, Germany).132 It must be stressed that these results, which are
based on optical mammograms like the ones shown in Fig. 7.12(b), rely on 2D pro-
jection data at a single wavelength. The potential of optical mammography goes

beyond these capabilities, so that there are a number of possibilities for developing
more effective approaches. For instance, testing nonplanar geometries without (or
with minimal) breast compression, exploiting the spectral information, quantify-
ing and discriminating the breast absorption and scattering coefficients, achieving

_a true 2D or 3D spatial reconstruction of the breast optical properties, performing

oxygenation or blood flow imaging, and developing imaging approaches based on
dynamic perturbations (such as periodic light compression and decompression of
the breast), are some of the areas currently under investigation by research groups
worldwide.

7.6 FUTURE DIRECTIONS

The key difference between continuous-wave and frequency-domain spectroscopy
is the phase measurement capability afforded by the frequency-domain. For optical
studies of tissues, the phase information can be exploited in at least two ways.
First, by combining the phase measurement with the DC intensity, AC ampli-
tude, or modulation measurement, one can separately measure the absorption and
the reduced scattering coefficients of tissues, This is of paramount nnportance for

. quantitative tissue spectroscopy, imaging, and oximetry. In this chapter, we have

illustrated the capability of frequency-domain spectroscopy to quantify the absorp-
tion and the reduced scattering coefficients [Figs. 7.3(d), 7.5, and 7.9], and to per-
form absolute tissue oximetry (Figs. 7.6-7.8).

The second relevant aspect of the phase measurement is that the phase is sensi-
tive to a different tissue volume with respect to the DC intensity and AC amplitude.
The region of sensitivity can be evaluated by the effect on the measured quanti-
ties of a small perfectly absorbing object located at r. In particular, the DC, AC,
and phase sensitivities can be expressed by the parameters epc(r) = DC(r)/DCy,
eac(r) = AC(r)/ACy, and ep(r) = & (r) — P, respectively, where DCy, ACy, Pg;
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are the measured values in the absence of the absorbing object, and DC(r), AC(r),
® (r) are the measured values in the presence of the absorbing object at point r. The
- theoretical and experimental regions of sensitivities for the DC, AC, and phase are
illustrated in Fig. 7.13 for an infinite medium (other 'co_nd'itio‘ns are listed',iri, the

Theory _ Experiment

C)

05 - 06 07 08 0.9 1

(®
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Figure 7.13 Regions of sensitivity for the DC (panels (a) and (d)), AC (panels (b)
and (e)), and phase (panels (c) and (f)) in an infinite medium. The source and the
detector (not shown) are located respectively in (-2, 0) and (2, 0). The optical
properties of the medium are p, = 0.03 cm™!, w. = 19 cm~!, and the source
modulation frequency is 120 MHz. The gray scales represent the parameters epc,
eac, and eg, which are defined in the text. The left panels are theoretical predictions
based on diffusion theory, while the right panels are experimental results.'33
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figure captioh).133 Figure 7.13 shows that the DC and AC measurement are most -

‘sensitive to the region along the line joining the source and the detector, which,

by contrast, is hot the highest region of sensitivity for the phase. In a noninva-
sive tissue measurement, which is better modeled by a semi-infinite geometry,

* where the illuminating and collecting optical fibers are located ori the tissue/air

interface, the phase measurement is typically less sensitive to the superficial tis- -
sue layer with respect to the DC and ‘AC measurements. As a result, the phase
information may contribute to achieving depth dlscnmmatmn in opucal imaging
of tissues.

Future applications of frequency-domain techniques to the optical study of bi-
ological tissues will exploit the two above-mentioned features, with the objective

~ of developing innovative approaches for medical imaging and diagnosis.
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