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Frequent Optical Imaging during
Breast Cancer Neoadjuvant
Chemotherapy Reveals Dynamic
Tumor Physiology in an

Individual Patient

Albert E. Cerussi, PhD, Vaya W. Tanamai, BS, Rita S. Mehta, MD, David Hsiang, MD, John Butler, MD,

Bruce J. Tromberg, PhD

Rationale and Objectives: Imaging tumor response to neoadjuvant chemotherapy in vivo offers unique opportunities for patient care and
clinical decision-making. Detailed imaging studies may allow oncologists to optimize therapeutic drug type and dose based on individual
patient response. Most radiologic methods are used sparingly because of cost; thus, important functional information about tumor
response dynamics may be missed. In addition, current clinical standards are based on determining tumor size changes; thus, standard
anatomic imaging may be insensitive to early or frequent biochemical responses. Because optical methods provide functional imaging end
points, our objective is to develop a low-barrier-to-access bedside approach that can be used for frequent, functional assessment of
dynamic tumor physiology in individual patients.

Materials and Methods: Diffuse Optical Spectroscopic Imaging (DOSI) is a noninvasive, bedside functional imaging technique that quan-
tifies the concentration and molecular state of tissue hemoglobin, water, and lipid. Pilot clinical studies have shown that DOSI may be
a useful tool for quantifying neoadjuvant chemotherapy response, typically by comparing the degree of change in tumor water and
deoxy-hemoglobin concentration before and after therapy. Patient responses at 1 week and mid-therapy have been used to predict clinical
outcome. In this report, we assess the potential value of frequent DOSI monitoring by performing measurements on 19 different days in
a 51-year-old subject with infiltrating ductal carcinoma (initial tumor size 60 x 27 mm) who received neoadjuvant chemotherapy (anthra-
cyclines and bevacizumab) over an 18-week period.

Results: A composite index, the Tissue Optical Index (TOI), showed a significant (~50%) decrease over the nearly 18 weeks of chemo-
therapy. Tumor response was sensitive to the type of chemotherapy agent, and functional indices fluctuated in a manner consistent with
dynamic tumor physiology. Final pathology revealed 4 mm of residual disease, which was detectible by DOSI at the conclusion of chemo-
therapy before surgery.

Conclusion: This case study suggests that DOSI may be a bedside-capable tool for frequent longitudinal monitoring of therapeutic func-
tional response to neoadjuvant chemotherapy.
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resurgical neoadjuvant chemotherapy (NAC) has an

increasingly important role in breast cancer patient

care and drug development (1-3). Also referred to
as  “preoperative systemic therapy,” NAC has become
standard of care for locally advanced and inflammatory
breast cancer (2). In this setting, chemotherapy is administered
before surgery to improve breast tissue conservation by
reducing tumor size (4). Additional important benefits
compared to adjuvant chemotherapy include the ability to
directly assess an individual’s sensitivity to specific drugs, and
initiating treatment of possible nodes and metastases before
surgery.

Imaging individual tumor response can provide sufficient
information for oncologists to alter therapeutics with a goal
of improving overall survival, decreasing cancer recurrence,
and minimizing exposure to ineffective drugs. Several groups
are developing advanced imaging techniques for monitoring
the effects of neoadjuvant chemotherapy, using for example
magnetic resonance imaging (MRI) and spectroscopy
(MRS), and positron emission tomography (PET) (1,5-15).
These studies provide compelling evidence that functional
imaging can be used to monitor and perhaps even predict
therapeutic outcome (16). However, it is unclear what are
the most sensitive and informative imaging end points and
how often they should be assessed.

As multiagent, targeted therapies become more popular,
optimizing decisions for individual patients may require
frequent updating with functional information that reflects
therapeutic mechanisms and pathways. In conventional
imaging, measurement frequency is typically low, generally
because the high cost and complexity of scans is restrictive.
Diffuse optical imaging and spectroscopy (DOI, DOS) are
emerging diagnostic techniques that are being explored to
address a variety of problems in breast cancer (17). These
methods quantitatively measure the concentration of near-
infrared (NIR) absorbing molecules in tissues using absorp-
tion spectroscopy and model-based computation. Typically
DOS/DOI measures the tissue concentration of deoxy-
hemoglobin (ctHHDb) and oxy-hemoglobin (ctO,Hb). By
increasing  spectroscopic  information  content,
(ctH,O), bulk lipids, and other molecules can also be quanti-
fied (18-20). The relationship between DOS and DOI are
similar to that of MRS and MRI. MRI and DOI typically
emphasize spatial resolution/image formation at the expense
MRS/DOS
generally have reduced spatial resolution, but excel in

water

of spectral information content, whereas
spectral information content. Our approach, diffuse optical
spectroscopic imaging (DOSI), is a technique that can be
used to generate low spatial resolution (ie, two-dimensional
maps) functional images, yet maintain high spectral
information content (~1000 wavelengths).

We reported the first use of DOS with limited imaging capa-
bilities to track breast tumor response to neoadjuvant chemo-
therapy of Adriamycin/Cytoxan (A/C) in a human subject
(21). In that study, DOS measurements were performed over
a 68-day period. Significant reductions in tumor total hemo-
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globin concentration (ctTHD) and ctH>O of 56% and 67%,
respectively, were observed by the final treatment. In addition,
bulk lipid content increased by nearly 28%. Recent DOI
studies have supported these findings by comparison with
MRI and ultrasound after long-term treatment (22—24). We
further demonstrated that DOS, again with limited imaging
capabilities, may be able to predict tumor response to A/C
therapies by observing that changes in ctHHDb and ctH,O in
the first week of treatment are strongly correlated (P = .008,
n = 11) with the degree of tumor pathological response
assessed months later after surgery.

In this article, we present a longitudinal case study of a breast
cancer patient who received two different therapeutic stages
(anthracyclines and bevacizumab) over an 18-week period.
DOSI was used at the bedside to measure tumor response
on 19 different dates, starting before chemotherapy and
ending just before surgery. A composite index, the Tissue
Optical Index (TOI), showed a significant (~50%) decrease
over the nearly 18 weeks of chemotherapy. Tumor response
was sensitive to the type of chemotherapy agent, and func-
tional indices fluctuated in a manner consistent with dynamic
tumor physiology. These results highlight the capabilities of
DOSI for detailed longitudinal studies and provide insight
into the optimal timing of therapeutic imaging measurements
for clinical decision making.

MATERIALS AND METHODS

Instrumentation

The concepts of our combined frequency-domain (25) and
continuous-wave (26) tissue spectrometer system, as well as
the specific details of the instrument used for this study have
been reported (Fig 1) (21). Both components are necessary
for the separation of absorption from scattering over a wide
spectral range. Briefly, the frequency-domain component of
the instrument allows for absolute quantitation of tissue
optical properties at discrete wavelengths, whereas the contin-
uous wave component determines the optical properties at
continuous wavelengths across the near-infrared (650—1000
nm) spectrum. The frequency-domain portion of the DOS
instrument employs six commercially available diode laser
sources (660, 690, 780, 808, 830, and 850 nm), and an
avalanche photodiode detector. The steady-state portion of
the DOSI instrument employs a fiber-coupled broadband
white-light source and a fiber-coupled 16-bit, 1024 pixel,
cooled CCD spectrometer. The spectrometer system detects
broadband light from 650 to 1000 nm with approximately
0.4 nm/pixel at 8 nm spectral resolution (ie, resolving power).
A handheld probe incorporates all source optical fibers, as well
as the avalanche photodiode and spectrometer detector fiber.
A reflectance geometry with a 28-mm source-detector sepa-
ration is used. Frequency-domain and steady-state measure-
ments are performed using a preset timing technique with
less than 20 mW of optical power launched into the tissue
per source. Frequency-domain instrumental artifacts are
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Figure 1. Current Diffuse Optical Spectroscopic Imaging (DOSI)
instrument. The DOSI instrument measures tissue complete absorp-
tion and scattering spectra from 650 to 1000 nm through the use of
a handheld probe (seen on top of system). Spectroscopic images
are generated by translating the handheld probe along a rectilinear
grid on the surface of the breast.

removed by calibrating with a tissue-simulating phantom with
known absorption and scattering properties. Spectral artifacts
are removed by calibrating on a Spectraflect-coated inte-
grating sphere.

All DOSI measurements and procedures were per-
formed under institution-approved regulatory protocols
(Protocol #02-2306; Hsiang, PI). Woritten
consent was provided by subjects in order to participate

informed

in this study.

Measured Information Content

Simple calculations using the Beer-Lambert law and known
absorber extinction coefticients were used to convert the
absorption spectra into quantitative measures of tissue
concentrations of ctHHb (uM), ctO,Hb (uM), ctH,O
(%), and bulk lipids (%), which are the primary NIR
absorbers in breast tissue (27). ctH,O is the concentration
of measured tissue water divided by pure water concentra-
tion (55.6 M). Tissue lipids are reported as the percentage
lipid measured relative to an assumed “pure” lipid density
of 0.9 ¢ mL™". Thus, reported water and lipid percentages
are relative figures of merit compared to pure solutions of
the substance, and are neither strict volumes nor add to
100%. The reduced scattering properties of tissue are
reported as the results of a power-law fit to the measured

frequency-domain reduced scattering values (28). The abso-
lute value of the exponent resulting from this fit is termed
the scatter power. In general, the scatter power is related
to the size of the tissue scattering particles in relation to
the optical wavelength. Further, we calculated a TOI,
defined as ctHHb x ctH,O/lipids, which has been shown
to be a reasonable contrast function for identifying diseased
tissues that was derived from an analysis of 58 malignant
tumors (18).

DOSI Measurement Technique

A handheld probe was used to map a grid of spatial locations
that covered both normal and tumor tissues. The lesion
location was known a priori from ultrasound and palpation.
A 10-mm spaced point grid was marked on the breast using
a nonpermanent surgical skin pen to denote the DOSI scan
area (Fig 2). The scan area was large enough to keep the
lesion within the optical field of view, despite possible
day-to-day variances in measurement technique. The
DOSI probe was placed with light gravitational pressure
without compression on the skin surface. Care was taken
to perform DOSI with the patient in a consistent position
each measurement session; subjects laid supine on a recliner
at about 30° from horizontal with their arm up above the
head. The handheld probe is mostly insensitive to the probe
application pressure; only light contact (gravitational pres-
sure) without compression was used for all measurements;
contact pressure is not a significant source of measurement
variation in DOSI (29).

Image Analysis

Functional maps of breast tissue physiological properties
(ctHHD, ctO,Hb, ctH,O, bulk lipids, TOI) were calculated
using the measured NIR absorption spectra from each grid
location. No tomographic reconstructions were used, and
the tissue within the field of view was assumed to be homoge-
neous in accordance with simple diftusion theory. Map points
were interpolated using two-dimensional nearest-neighbor
cubic splines to round out the discrete shapes. All image scale
bars were determined using the maximum and minimum
values of the image. A four-stage color bar was used in the
images with RGB values of (0,0,0), (0,0,255), (0,255,255),
and (255,255,255).

The tumor location was defined to be the location of
maximum TOI, which is defined as ¢tHHb X ctH,O/
bulk lipid; the TOI has been shown to be a sensitive
index for identifying malignant tissue regions (18). We
automatically thresholded the TOI image by the full-
width-at-half-maximum to define the tumor area. For all
DOSI calculations, we averaged each parameter (eg,
ctHHb) within the same area as the TOI full-width-at-
half-maximum. Feature-based stratification was preferred
to a strict spatial segmentation of lesion area to guard
against possible movement of the lesion or optically
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Figure 2. Measured areas. Dots represent Diffuse Optical Spectroscopic Imaging—-measured locations on each breast for the study. At each
spatial location, broadband near-infrared absorption and scattering spectra were obtained. The tumor location and orientation is identified by

the oval in the figure.

scanned area. Normal tissue values were taken to be the
background of the image. DOSI images were thresholded
independently by TOI full-width-at-half-maximum for
each measurement date. Because of the relatively low
of the lesion

spatial resolution, the specific nuances

contours are likely not meaningful.

Patient Selection

The subject in this case study was placed on neoadjuvant
chemotherapy by their attending physician (R.S.M.) using
a two-stage dose-density therapy schema that was approved
by a University Internal Review Board. The subject was
a 51-year-old female with an initial 60 X 27 mm lesion in
the left upper outer quadrant of the breast. Standard biopsy
before treatment identified the lesion as infiltrating ductal
carcinoma. The resulting lesion size posttherapy (see the
following section) was 4 mm. Residual tumor appeared on
MRI and DOSI and was classified as a partial pathological
response.

Measurement and Treatment Schedules

The initial therapy stage consisted of A/C at a dose of 60 mg/
m?” (Adriamycin) and 600 mg/m? (Cytoxan), administered for
two cycles lasting 2 weeks each. It is more customary to treat
with A/C for four cycles; however, according to the treatment
protocol the A/C stage was cut to two cycles if a desirable
response, assessed by palpation, ultrasound, and/or MRI,
was not achieved. The second therapy stage consisted
of a treatment cycle lasting 4 weeks with (a) one dose
weekly Carboplatin (area under the curve =2mg-mL ™'~ min ")
and Abraxane (100 mg/m?) for 3 weeks with 1 off week and (b)
Bevacizumab (Avastin, 10 mg/kg ™) in alternate weeks (HER 2-
negative patients). All chemotherapy decisions were made
without feedback from DOSI measurements.
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DOSI measurements occurred throughout the chemo-
therapy stages. The dates reported are the dates relative to
the initial A/C chemotherapy treatment; thus baseline
measurements have negative dates as they were performed
before treatment. Measurements were also performed at the
conclusion of all therapies just before surgery.

RESULTS

Baseline Tumor NIR Absorption Spectra

DOSI-measured NIR absorption spectra generally reveal
significant differences between tumor and normal tissues.
Figure 3 presents representative absorption spectra from
tumor and normal tissue regions for the patient. Malignant
and normal tissue spectra are represented by the solid (T)
and dotted lines (N), respectively. Briefly, we see that below
850 nm increased hemoglobin absorption (both oxy and
deoxy) in the tumor tissues relative to normal tissues (30—
34). At wavelengths near 980 nm, tumors display higher
absorption due to increased water (ie, OH bonds), as well as
spectral broadening and shifting that are suggestive of

0.04
a PATIENT #1
£ 0.03
£ T
g 002
g N
o 0.01
W
M
< 0.00 | 1 L 1 1 [P |

650 700 750 800 850 900 950 1000
WAVELENGTH (nm)

Figure 3. Diffuse Optical Spectroscopic Imaging-measured near
infrared absorption spectra. Sample near-infrared absorption
spectra from normal and malignant breast tissues before neoadju-
vant chemotherapy.
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changes in water binding state (18,20). The distinctive peak in
the normal tissue absorption spectrum at 930 nm is due to
high-bulk lipid concentration, which is typically lower in
tumor tissues.

Our previously reported measurements of malignant and
normal tissues showed statistically significant alterations in
physiology that were consistent with malignancy in a popula-
tion of 58 breast tumors (18). Table 1 summarizes DOSI
optical imaging biomarkers by comparing malignant and
normal tissues within this patient. The TOI composite index
was significantly higher in malignant tissues than surrounding
normal tissues. The malignant tumor values reported in Table
1 represent a spatial average (ie, above the threshold), whereas
the normal values represent averages of the surrounding
nonmalignant tissue (ie, below the threshold). The error
bars represent the spatial heterogeneity of the variable within
the tissue imaged volume and are not measurement errors.

Initial A/C Chemotherapy Stage

Three days after the initial A/C treatment, we observed a large
decrease in tumor ctHHDb (Fig 4). In these serial images, the
scale 1s provided immediately to the right of each image; the
scan area was similar in each case. Tumor ctHHDb levels
remained lower 4 days posttreatment. However, ctHHb
increased over the course of the next few days. After 1
week, ctHHDb returned to baseline values in terms of
maximum ctHHDb value and the area extent of elevated ctHHb
values. We have previously reported that A/C therapy causes
a significant decrease in tumor ctHHb and ctO,Hb in
responders within only a few days of treatment (21,35).

Interestingly, we note that although there was an initial
ctHHb decrease after approximately 6 days, ctHHDb levels
returned to near baseline levels. In a previous study of 11
patients treated with A/C, we found that in cases where
ctHHD returns to baseline within, on average, 6 days, the
end pathological response was poorer than for those who
had significantly decreased levels on day 6 (35). The variability
in response trajectories highlights the fact that for the best
functional view of the tissue, multiple time points may be
required, owing to the variability in individual patient
responses. The ctHHD ratio (tumor-to-normal) experienced
only a modest decrease (1.52 to 1.3). Thus there remained
a significant amount of ctHHD at the conclusion of two cycles
of A/C, which in our experience is still a strong indicator of
the presence of disease (18,35). The TOI ratio (tumor to
normal) had also dropped significantly, but still a discernable
lesion signature remained (about 3.5 to 2.5).

Bevacizumab Therapy Stage

Figure 5 displays serial DOSI images acquired after the conclu-
sion of all A/C chemotherapy. The numbers at the top of the
images represent days from initial Bevacizumab and, in paren-
theses, days from initial A/C. For example, the first DOSI image
was taken 7 days before the initial Bevacizumab treatment (20
days after the initial A/C treatment), and the second was taken
7 days after this initial Bevacizumab treatment. We observed
a ctHHb decrease, as evidenced by the decrease in ctHHb
maximum value (12.3 to 9.5). This trend continued for the
next few days (11 and 12 days post-Bevacizumab treatment).
However, we observed that after 2 weeks, the lesion ctHHb
maximum values began to approach the day -7 values (ie, Bev-
acizumab baseline). Thus we observed a significant decrease in
ctHHDb, but within 2 weeks the ctHHDb values returned to the
Bevacizumab pre-treatment levels. Similar temporal behavior
in vessel density has been observed in vascular endothelial
growth factor (VEGF)-targeted studies in late-stage pancreatic
islet tumors (36).

Entire Therapy Sequence

Figure 6 displays the long-term TOI measurements in Patient
#1, expressed as a ratio of tumor to normal. The shaded bars
on the top refer to each stage of the therapy: before all treat-
ment (PRE), during two cycles of A/C (AC X 2), during four
cycles of Bevacizumab (B X 4), after all chemotherapy (END),
and before final surgery (SRG). At baseline before all treat-
ment, the TOI ratio was 3.5, which is comparable to the
average malignant tumor contrast values found in our last pop-
ulation study (18). At the conclusion of the A/C stage, the
TOI ratio dropped significantly, but had not reached normal
levels. These findings were consistent with contrast-
enhanced MRI, which also showed an incomplete response
to the A/C therapy, taken on day 42 of the overall therapy
scheme. The Bevacizumab stage demonstrated further
decreases in tumor area, as evidenced by the resulting drop
of the TOI ratio to about 1.5 just before surgery many weeks
later. We observed a general and gradual decrease in TOI ratio
throughout all the DOSI measurements.

At the conclusion of the Bevacizumab stage, the TOI ratio
dropped significantly to a value of 1.8, and the ctHHD ratio
decreased to a still higher than normal value of 1.25. In our
experience, although these changes from baseline were signif-
icant, they are generally indicative of a partial pathological
response. These above-normal residual values were confirmed
by postsurgical observation: infiltrating ductal carcinoma with

TABLE 1. Tumor Functional Properties Measured by DOSI before Chemotherapy

ctOHb (uM) ctHHb (uM) ctH,0 (%) Lipid (%) TOI
Tumor 15.0 + 1.0 9.0+1.2 40.7 + 5.9 51.4 + 4.2 7.7+28
Normal 13.0 + 2.2 6.0 + 1.1 23.0 + 6.3 715+ 9.5 22411

DOSI, Diffuse Optical Spectroscopic Imaging; ctO,Hb, tissue concentration of oxy-hemoglobin; ctHHb, tissue concentration of deoxy-hemoglobin;

ctH,0, tissue concentration of water; TOI, tissue optical index.
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Figure 4. Serial Diffuse Optical Spectroscopic Imaging images: before initial Adriamycin/Cytoxan. Serial images of tissue concentration of
deoxy-hemoglobin (ctHHb) taken before all treatment (-8 days), as well as on days 3, 4, 5, and 7 after the initial Adriamycin/Cytoxan chemo-
therapy treatment. Each image is scaled independently, with the scale bar immediately to the right of the image. The maximum ctHHb value of
the tumor dropped significantly after the treatment (days 3 and 4), but quickly returned to pretreatment levels shortly thereafter (days 5 and 7).

Note that the entire tumor volume was not imaged in this example.

maximum size of the invasive component of 4 mm. MRI had
also revealed enhancing regions, and thus properly identified
a partial pathological response. Thus, for this patient, the final
pathological response was only partial, and both MRI and
DOSI were able to detect the presence of residual disease.
Given the relatively poor spatial resolution (~5-8 mm) gener-
ally reported for diffuse optical imaging, our ability to detect
a ~4 mm lesion suggests that the spatial extent of functional
optical contrast may exceed classic anatomic contrast dimen-
sions (37,38). These data further support for our previous
observations that breast tumor optical contrast extends
beyond the confines of tumor size assessed by standard
radiological imaging methods such as ultrasound (39).

DISCUSSION

Current standard-of-care techniques (mammography, ultra-
sound, palpation) are inadequate to evaluate NAC final path-
ological response. A recent study evaluating palpation,
mammography, ultrasound, and MRI showed 19%, 26%,
35%, and 71% agreement, respectively, with final pathological
response (40). Evidence of early tumor anatomical volume
change is not a guarantee of a favorable pathological response.

1036

For this reason, functional evaluation criteria are of great
interest and may be more useful than morphological
endpoints. Currently, only morphological criteria are stan-
dards for evaluating therapeutic efficacy. Functional imaging
of tumors from contrast-enhanced MRI (41), MRS (9), and
positron emission tomography (14) has shown improved
response assessment capabilities over conventional anatomic
imaging techniques. However, these functional techniques
are difficult for advanced-stage cancer patients (lengthy scan
times, exogenous contrast), particularly if frequent measure-
ments are desired. In addition, they are expensive. Finally,
response assessments are performed infrequently and mainly
in later therapy stages. Current scheduling and cost consider-
ations exclude frequent and early monitoring. Dose-density
strategies, drug cocktails, multistage therapies, and targeted
therapies imply that it may become critical to monitor each
therapy stage such that the oncologist can “tune” treatments
toward individual response.

Our approach offers a potentially cost-effective solution that
may help individualize breast cancer treatments and improve
both the success and quality of care. DOSI may be particularly
effective in the assessment of anti-angiogenic therapies because
DOSI is inherently sensitive to hemoglobin through NIR
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DAY  -7(20) 7(34)

20 30 40

11(38)

12(39) 14 (41)

Figure 5. Serial Diffuse Optical Spectroscopic Imaging images after Bevacizumab. Day -7 refers to a week before the initiation of a treatment
stage featuring Bevacizumab. The number in parentheses is the day count with respect to the start of all therapy. This patient received Bev-
acizumab on days 27 and 41. We observed an initial decrease in tissue concentration of deoxy-hemoglobin (ctHHb), yet the peak values of

ctHHb returned to the day -7 values after approximately 2 weeks.

absorption and does not require exogenous agents (though it is
also compatible with molecular imaging probes). A miniatur-
ized version of the technology is under development to further
reduce barriers to access and ease of use (42).

Therapeutic drug monitoring is ideally suited for diffuse
optical methods because it accentuates the strengths (func-
tional, portable) and offsets the limitations (low spatial resolu-
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Figure 6. Long-term tumor response. Tissue optical index (TOI)
ratio (tumor/normal) is plotted over the entire course of treatment.

tion). DOSI resolution limits are a consequence of multiple
light scattering in a relatively large sample volume. As a result,
diffuse optical methods provide macroscopically averaged
tissue absorption and scattering properties at depths up to
several centimeters. Consequently, the resolution of DOI
methods is on the order of a few transport scattering lengths
cm) (37,38,43).
limitations of DOI/DOS in localizing small lesions are not
important in characterizing neoadjuvant chemotherapy

(~5 mm-1 However, the potential

response in large, palpable stage II-IV tumors. This is due to
the fact that DOSI is inherently a functional imaging
technique that is highly sensitive to endogenous biochemical
composition and tumor pathological response (35).
Although DOSI lacks the specificity of conventional gene
or protein-based biomarkers, measurements report tissue
vascular and cellular physiology and metabolism. These quan-
titative functional end points may provide objective measures
to predict therapeutic outcome and minimize toxicity in indi-
vidual patients. Importantly, these results show that frequent,
detailed functional imaging can provide new insights into the
dynamics of tumor growth and regression. Although the
composite TOI showed a significant overall decrease
(~50%) during ~18 weeks of chemotherapy, daily tumor
sensitive to the mechanism of

response was clearly
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chemotherapy (ie, anti-mitotic vs. anti-angiogenic) and time
of measurement.

DOSI functional indices changed over 19 separate
measurement days in a manner consistent with fluctuating
patterns of cellular proliferation and death indicated, in part,
by increasing and decreasing levels of ctHHb, respectively.
These physiologic variations are difficult to follow in patients
using conventional radiological methods and have been previ-
ously reported in animal models (36). This information could
be used to help guide clinical decision making for individual
patients. For example, the timing and type of the second stage
of therapy could be optimally selected to coincide with phases
of cellular proliferation or regression, depending on the
desired outcome and drug mechanism. Similarly, timing of
surgery could be selected to minimize the possibility of
margin error and improve clinical outcome based on tumor
physiological status.

CONCLUSION

In conclusion, we have provided evidence that diffuse optical
methods may be well-suited to frequent monitoring of
chemotherapy response in breast cancer patients over long
time periods. Because DOSI is bedside-capable, it may offer
novel opportunities for studying drug mechanisms in indi-
vidual patients, and ultimately may be a useful tool for the
development of drugs and dosing strategies. DOSI in
conjunction with other imaging modalities may prove to be
a valuable strategy for improving efforts to quantify thera-
peutic response to improve care in individual patients.
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