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Abstract

Rationale and Objectives—We present an optical mammography study that aims to develop 

quantitative measures of pathologic response to neoadjuvant chemotherapy (NAC) in patients with 

breast cancer. Such quantitative measures are based on the concentrations of oxy-hemoglobin 

([HbO2]), deoxy-hemoglobin ([Hb]), total hemoglobin ([HbT]), and hemoglobin saturation (SO2) 

in breast tissue at the tumor location and at sequential time-points during chemotherapy.

Materials and Methods—Continuous-wave, spectrally resolved optical mammography was 

performed in transmission and parallel-plate geometry on ten patients prior to treatment initiation 

and at each NAC administration (mean number of optical mammography sessions: 12; range: 7–

18). Data on two patients were discarded for technical reasons. Patients were categorized as 

responders (>50% decrease in tumor size), or non-responders (<50% decrease in tumor size) based 

on imaging and histopathology results.

Results—At 50% completion of the NAC regimen (therapy midpoint), responders (6/8) 

demonstrated significant decreases in SO2 (−27% ± 4%) and [HbT] (−35 ± 4 µM) at the tumor 

location with respect to baseline values. By contrast, non-responders (2/8) showed non-significant 

changes in SO2 and [HbT] at therapy midpoint. We introduce a cumulative response index (CRI) 

as a quantitative measure of the individual patient’s response to therapy. At therapy midpoint, the 

SO2-based CRI had a sensitivity of 100% and a specificity of 100% for the identification of 

responders.

Conclusion—These results show that optical mammography is a promising tool to assess 

individual response to NAC at therapy midpoint to guide further decision making for neoadjuvant 

therapy.
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INTRODUCTION

Neoadjuvant chemotherapy

Neoadjuvant chemotherapy (NAC) is administered to patients prior to surgery in an effort to 

reduce the primary tumor size, whereas adjuvant chemotherapy is administered following 

surgery in an effort to reduce the risk of residual disease and cancer recurrence. A patient’s 

response to NAC may be assessed by physical exam or breast imaging (clinical response), or 

by histology post-surgery (pathologic response) [1, 2]. Assessing response to neoadjuvant 

treatment is crucial, as a pathologic complete response (pCR), defined by having no residual 

carcinoma in the resected breast tissue and in axillary lymph nodes, has been associated with 

improved survival [2–5]. Strictly defined, pCR requires the absence of invasive tumor in the 

resected specimen, although some clinicians use the more restrictive requirement of no 

residual invasive or in situ disease [3]. Because of the better outcome associated with pCR, 

finding tools that can define the individual clinical response during the course of therapy and 

accurately predict pathologic response would be of great benefit. This is also true in patients 

with poor response to treatment, as early identification of this problem may allow the 

physician to alter the chemotherapy regimen to avoid disease progression and to identify a 

more effective chemotherapy option.

Imaging modalities under investigation to monitor therapy response

Imaging methods sensitive to functional tissue changes are being investigated for monitoring 

breast cancer patients’ response to neoadjuvant chemotherapy. Functional tumor changes are 

of particular interest due to the limitations of structural assessment of tumor response based 

on physical examination, ultrasound imaging, or mammography [6]. Current imaging 

methods used to assess clinical response are via a decrease in the standard uptake value 

(SUV) of 18-fluorodeoxyglucose (18F-FDG) by positron emission tomography-computed 

tomography (PET/CT) [7, 8], or a decrease in tumor size by contrast-enhanced magnetic 

resonance imaging (MRI) [7, 8]. Both of these methods, however, are expensive and 

invasive, as PET/CT requires injection of a radiopharmaceutical, and MRI requires injection 

of gadolinium-based contrast. Furthermore, the appropriate timing and frequency for 

assessing clinical response have not been established, and studies thus far have typically 

imaged at a single time point during therapy [7, 8].

Optical mammography utilizes light in the wavelength range of 650–1000 nm to sense the 

absorption and scattering properties of breast tissue. Diffuse optical imaging techniques have 

intrinsically low spatial resolution (on the order of 1 cm); however, this is not a limiting 

factor in a study on patients undergoing NAC, as they often have large palpable tumors that 

are several centimeters in size. Functional tissue information can be obtained by recovering 

the concentrations of oxy-hemoglobin, deoxy-hemoglobin, water, and lipids (denoted in the 

text as [HbO2], [Hb], [H2O], and [lipid], respectively) based on the wavelength-dependent 

absorption of light in breast tissue [9]. Scattering amplitude and scattering power can also be 

Anderson et al. Page 2

Acad Radiol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



measured, which relate to the size and density of the scattering centers in tissue [9]. Optical 

breast imaging approaches have been developed using a handheld probe for diffuse 

reflectance measurements [10–17], a circular arrangement of optical fibers around the 

pendulous breast [18–21], or a parallel plate, planar geometry for transmission 

measurements on the mildly compressed breast [22–29]. Quantification of breast tissue 

optical properties may be performed using homogeneous models [10, 12, 14, 15, 17, 24], 

which yield average measurements over the interrogated tissue volume, or perturbation 

approaches [23, 29] and tomographic reconstructions [11, 13, 16, 20–22, 25–28]which yield 

spatially resolved measurements. Homogeneous models are not able to accurately recover 

the localized tumor properties because they provide overall optical properties of the probed 

breast volume, which may be comprised of both cancerous and healthy tissue. However, the 

approach based on homogeneous models benefits from being robust against measurement 

errors and able to provide fewer, but more reproducible, parameters; these are two important 

features for a longitudinal study where patients are imaged at multiple time points during 

neoadjuvant chemotherapy.

Following initial case studies that first demonstrated the optical approach [17, 30, 31] [31], 

several groups have investigated optical methods to assess response to treatment in patients 

with breast cancer undergoing neoadjuvant therapy. Studies aiming to predict therapeutic 

response early in the treatment have shown significant differences between responders and 

non-responders one day [14] or one week [12, 27, 32, 33] after the start of therapy. Other 

studies report the response during the course of treatment, typically using 3–8 measurement 

time points, to determine if and when different therapeutic response levels can be 

distinguished during NAC [13, 15, 16, 20, 21, 26, 28, 34–37]. The primary focus of these 

studies has been on the chromophore concentrations measured at the tumor location over 

time, but some work has also focused on exploring the correlation between baseline, pre-

treatment optical measurements and the level of response to NAC [16, 21, 38, 39]. More 

recently, dynamic optical measurements have been reported to discriminate responders and 

non-responders on the basis of the breast tissue hemodynamic response to breath holding 

[36] or breast compression [40]. Table 1 lists the published studies, in chronological order, 

of optical mammography in neoadjuvant chemotherapy; it reports the number of subjects, 

number of imaging sessions, duration, and major findings for each study. The last row in 

Table 1 refers to our study reported in this article.

Studies that used the baseline tumor properties (before chemotherapy starts) as the reference 

to which all sequential measurements (during chemotherapy) are compared have found 

significant differences between responders and non-responders one or four weeks after the 

start of chemotherapy [26, 27] and after the first cycle of chemotherapy [16, 21, 28]. In a 

study on ten patients, Soliman et al. reported that at four weeks into chemotherapy, 

responders have a significantly greater decrease in [Hb], [HbO2], and scattering power 

compared to non-responders using tomographic reconstructions [26]. Adding an additional 

five patients to the analysis performed by Soliman et al., Falou et al. examined a total of 

fifteen patients and found significant differences between the response groups at week 1 by 

examining the average properties taken over the entire cancerous breast (as opposed to just 

the tumor volume as previously done) [27]. Using the whole breast volume approach, [Hb] 

and [H2O] were found to be the best predictive parameters for distinguishing response to 
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treatment, with both [Hb] and [H2O] increasing in responding patients and decreasing in 

non-responders [27]. Obtaining measurements using a handheld probe and applying 

tomographic reconstructions, Zhu et al. performed a study on thirty-two patients undergoing 

neoadjuvant chemotherapy and found that, after the first treatment cycle, the responding 

patients had a significantly larger decrease in total hemoglobin concentration ([HbT]) 

compared to non-responders [16]. Jiang et al. measured nineteen patients with a circular 

arrangement of optical fibers around the pendulous breast and found a significantly larger 

drop in [HbT] for pCR patients compared to an increase in [HbT] for incomplete responders 

within the first cycle of chemotherapy [21]. In another study on twenty-two patients using a 

parallel plate, planar geometry, Schaafsma et al. also found significant differences in 

response groups after the first cycle of chemotherapy, where responding patients showed a 

decrease in [HbO2] and non-responders exhibited an increase in [HbO2] [28]. When 

monitoring patients throughout the duration of therapy, hemoglobin parameters seemed to 

best differentiate response groups. In particular, as can be seen in Table 1, a consistent 

response to NAC is a decrease in the concentration of hemoglobin (often separated into the 

two components of oxy- and deoxy-hemoglobin) at the tumor location [12, 13, 15–17, 20, 

21, 26, 28, 30–34, 36, 37, 41].

Research plan for this study

Our optical mammography study was designed to image patients more frequently than in 

previous studies, and to report the results of the optical measurements at each of the imaging 

sessions. We collected optical mammograms at baseline (prior to NAC) and each time the 

patient received a chemotherapy infusion - ranging from a minimum of 7 to a maximum of 

18 individual time points throughout the NAC regimen. As a point of reference, the majority 

of studies reported in the literature measure patients 3–8 times throughout treatment (see 

Table 1). A notable exception is a case study, where optical measurements were performed 

19 times during the course of NAC in a single subject who had a partial pathological 

response [41].

By collecting and reporting frequent optical measurements in this study, we aimed to 

achieve two objectives: first, to provide a more detailed characterization of the time 

evolution of chromophore concentrations in breast tissue during neoadjuvant chemotherapy 

which can be used to identify optimal approach and timing to predict pathologic response; 

second, to obtain indications on the reliability of the measured optical parameters on the 

basis of their intra-patient variance over the longitudinal measurements over the 20–30 

weeks of neoadjuvant chemotherapy treatment. Our main objective was to develop a 

quantitative index of the level of individual response to NAC.

MATERIALS AND METHODS

Optical imaging of patients with breast cancer

This study was approved by the Institutional Review Board of the Tufts Medical Center, and 

it was also compliant with the Health Insurance Portability and Accountability Act. Any 

woman over the age of 21 who was diagnosed with invasive breast cancer and scheduled to 

undergo neoadjuvant chemotherapy was eligible for this study. All patients read and signed 
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an informed consent before participating. Ten patients undergoing neoadjuvant 

chemotherapy were imaged in this study. The patients will be referred to as neoadjuvant 

chemotherapy patients using the acronym “NACP,” followed by an index number ranging 

from 1 to 10. Relevant information about each patient enrolled is shown in Table 2. Patient 

recruitment took place from September 2014 to December 2015. Optical mammograms 

were obtained on both breasts 2–27 days before the treatment began (baseline measurement) 

and each time the patient underwent a chemotherapy infusion (the frequency and number of 

infusions are detailed in Table 2). For each measurement session the right breast was always 

imaged first. Figure 1 shows the chemotherapy schedule (specifying the corresponding drugs 

administered) for all ten patients in the study. To compare the effects of treatment across 

patients, each infusion time point was converted from week No. to “percentage of therapy 

complete” to normalize for the length of treatment (which ranged from 18 to 22 weeks). The 

breast cancer subtypes in our study are also reported for all patients in Table 2: (1) positive 

for human epidermal growth factor receptor 2 (HER2+), (2) positive for estrogen receptors 

(ER) and negative for HER2 (ER+/HER2−), (3) negative for ER, progesterone receptors 

(PR), and HER2 (triple-negative breast cancer, TNBC) [7]. Four patients were 

premenopausal (NACP #1, 5, 7, 9), but chemotherapy caused a break in menstruation for all 

of them.

A continuous-wave optical mammography instrument was used to image the patients 

receiving neoadjuvant chemotherapy. This instrument is described in detail in our previous 

work [42], and here we report its relevant features. Either a xenon arc lamp (Model No. 

6258; Newport Corporation, Irvine, CA, for NACP ## 1–5) or a quartz tungsten halogen 

lamp (Model No. 66997; Newport Corporation, Irvine, CA, for NACP ## 6–10) served as 

the light source, with its optical emission spectrally filtered to pass the wavelength range 

500–1,000 nm. An illumination optical fiber and a collection optical fiber scan collinearly in 

transmission geometry over two parallel polycarbonate plates that mildly compress the 

breast. The detected light is spectrally dispersed by a spectrograph (Model No. SP-150; 

Princeton Instruments, Acton, MA) and measured by a cooled charge-coupled device (CCD) 

camera (Model No. DU420A-BR_DD; Andor Technology, South Windsor, CT). 

Transmission optical data through the breast were acquired spatially every 2 mm in the x and 

y directions and with a wavelength resolution of 8 nm over the spectral band of 650–850 nm. 

The time to scan one breast for each patient ranged from 3–10 min (average: 6 min) based 

on breast size. Each measurement session, including setup time and optical imaging of both 

breasts took 15–30 min.

Lab parameters and response categories

A complete blood count was obtained for every patient before each chemotherapy infusion 

and the hemoglobin concentration in blood (denoted at Hgb) was recorded. Since [HbT], the 

concentration of hemoglobin in tissue, is equal to the product of Hgb times the blood volume 

(i.e. the blood-to-tissue volume fraction), the Hgb data were used to translate [HbT] changes 

into blood volume changes. Specifically, the relative change in blood volume is given, to a 

good approximation, by the relative change in [HbT] minus the relative change in Hgb. This 

approach is important to separate the systemic effects of varying Hgb from the local effects 

of varying tissue vascularization on the measured [HbT] changes [17]. The relative blood 

Anderson et al. Page 5

Acad Radiol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



volume change with respect to the first chemotherapy infusion was determined for each 

patient throughout the course of treatment.

The response categories used in this work were determined from the tumor size pretreatment 

(with imaging) and post-treatment (from the pathology report based on histology following 

surgical excision/mastectomy). The two response categories are as follows:

1. Responders (R): Under this category, we include those patients who show a 

pathologic complete response (pCR) or a partial response 1 (PR1) (defined as 

any remaining tumor that had decreased by more than 50% in the maximum 

dimension, regardless of nodal status). The patients in the pCR and PR1 

categories are both considered to be associated with an improved prognosis and 

thus were grouped together in the R category.

2. Non-responders (NR): Under this category, we include those patients who show 

a partial response 2 (PR2) (defined as any tumor that decreased by less than 50% 

in the maximum dimension, regardless of nodal status). This categorization, in 

agreement with Roblyer et al. [14], considers that patients whose tumor size 

decreased by less than 50% may have a less favorable prognosis.

From a clinical point of view, it is desirable to identify poorly responding tumors early in the 

NAC treatment period to help make changes to treatment protocols and maximize the 

therapeutic effects. Accordingly, we aim to identify R and NR patients during therapy based 

on optically measured parameters over the course of NAC.

It is worth pointing out that some ambiguity exists in the identification of responders and 

non-responders. First, the choice of 50% as the minimum reduction in tumor size for 

responders is somewhat arbitrary. Second, a classification solely based on tumor size may 

not properly take into account microscopic responses at the cellular level, as done by the 

five-point, Miller-Payne histological grading system [43]. This cellularity-based grading 

system of pathologic response (ranging from 1: no response, to 5: complete pathologic 

response) was used in some optical studies. However, even this method leads to some 

ambiguity, as shown by different groupings of the Miller-Payne grades. Zhu et al. considered 

grades 1–3 for non-responders and partial responders, and grades 4–5 for near-complete and 

complete responders [16]. By contrast, Schaafsma et al. considered grade 1 for non-

responder and grades 2–5 for (partial) responders [28]. In some cases, criteria based on 

residual tumor size and decrease in cellularity were combined in the categorization of 

complete response, good pathologic response, or minimal pathologic response. A breast 

response index for continuous-scale assessment of NAC response (from 0: “no response” to 

1: “pCR of both breast and axilla”) was also introduced on the basis of a change in T stage 

before and after treatment [44]. Ultimately, the goal of any assessment tool of clinical 

response is to identify, as early as possible in the course of NAC treatment, those patients 

who will have a poor clinical outcome with the ongoing treatment regimen. The 

classification considered by us achieves this goal because the NR patients, as defined above, 

are those who have a less favorable prognosis, and for which a change in treatment may be 

beneficial. On the other hand, although the goal of pCR is always desired, a partial response 
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which is close to pCR is also favorable, and thus both categories were considered as R 

patients.

Data Processing

A continuous-wave optical diffusion model for a homogeneous, infinite slab geometry was 

used to process the optical transmission spectra in the wavelength range 650–850 nm [45] 

and further details on the model implementation can be found in prior work [42]. Briefly, the 

model inputs at each pixel were the measured transmittance spectrum (over the full 

wavelength band 650–850 nm) and an estimate of the tissue thickness [46]. An inversion 

procedure based on the Levenberg-Marquardt method [47] was applied to directly recover 

the concentrations of HbO2, Hb, water, and lipids by utilizing their known extinction spectra 

[48]. Since only continuous-wave light was used, the scattering properties were not 

measured and were set in order to recover unique chromophore concentrations [49]. There 

have been a few studies that measured scattering properties, and mixed results have been 

reported on the scattering contrast featured by breast cancer [9]. Therefore, the scattering 

amplitude and power (μs′(λ0) and b, which represent the magnitude and the wavelength 

dependence of scattering, respectively) were fixed to values derived from results in the 

literature (μs′(λ0 = 670 nm) = 10.5 cm−1, b = 1) [23]. Two additional optical parameters 

being reported in this study are total hemoglobin concentration ([HbT]) and hemoglobin 

saturation (SO2). Hemoglobin saturation is the ratio of [HbO2] to [HbT], a quantity 

representative of the balance between oxygen supply and the oxidative metabolic rate in 

tissue. The initial tumor location was identified in the cranio-caudal view X-ray 

mammogram, and a rectangular region including the tumor location was considered in the 

baseline [Hb] optical mammogram. The tumor region of interest (ROI) was defined as the 

collection of pixels within the rectangular region having [Hb] values greater than 75% of the 

maximum [Hb] value within the rectangular region [42]. We found that the specific 

threshold value (75% in this study) used to define the tumor ROI does not have a significant 

impact on the results reported in this manuscript. The placement and size of the tumor ROI 

was kept consistent for all sequential optical mammograms, by maintaining the distance of 

the ROI from the proximal and lateral edges of the breast. For each measurement session 

over the course of neoadjuvant chemotherapy, we compute the value of the optical 

parameters at the tumor ROI and the associated errors as the average and standard deviation, 

respectively, over all the pixels within the tumor ROI defined above.

Due to the homogenous tissue model being applied in this work, we observe that the 

recovered chromophore concentrations in the cancerous region represent contributions from 

both the tumor and healthy surrounding tissue. Since the tumors of NAC patients are 

typically large, the tissue being measured within the tumor ROI is mostly representative of 

cancerous tissue at baseline and at the start of treatment. However, if the patient responds to 

the treatment and the tumor shrinks, healthy tissue will contribute more and more to our 

optical measurements in the tumor ROI during the course of neoadjuvant chemotherapy. 

This is an important aspect to keep in mind for the interpretation of our results.

Two cases, NACP #1 and NACP #10, had to be discarded for technical reasons, since their 

tumor ROIs fell outside of the optical field of view in a number of imaging sessions as a 
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result of the tumor proximity to the chest wall. We point out that even though the tumor 

sizes determined by MRI and X-ray mammography are quite large (9.4 cm for NACP #1, 4.5 

cm for NACP #10), the size of the tumor ROI identified in the optical mammograms, on the 

basis of the optical contrast provided by [Hb], is significantly smaller (1.2 cm for NACP #1, 

1.9 cm for NACP #10).

The [H2O] and [lipid] data were found to not provide reliable longitudinal results, which is 

likely attributed to the spectral range of 650–850 nm not being highly sensitive to those 

chromophores. Specifically, we found that there was a lack of a consistent trend (decreasing 

or increasing) in the percent change of [H2O] and [lipid] from the baseline measurement for 

most patients. The frequency of the optical mammograms throughout the duration of therapy 

allows us to assess the variance and reliability of the observed trends in the optical 

parameters during neoadjuvant therapy.

Statistical analysis

Because of the relatively small number of patients analyzed in this study (8 of the 10 

enrolled patients), we used a non-parametric Wilcoxon rank-sum test (with p<0.05 to 

indicate significance) to determine when responders (R) could be discriminated from non-

responders (NR) on the basis of optical parameters at the tumor ROI. The statistical analysis 

was performed with MATLAB (Mathworks, Natick, MA). Grouping together pCR and PR1 

patients into the R category is in line with the primary goal of this work, which is to evaluate 

whether and when NR can be distinguished from R. However, further stratifying R into pCR 

and PR1 may be beneficial for better assessing those patients in need of treatment changes, 

and this option will be considered in future studies on larger patient populations.

RESULTS

Patient Measurements

Representative breast images for a R (pCR) patient (NACP #5) are shown in Figure 2, which 

shows the full-field digital mammogram, the axial contrast-enhanced subtraction MRI image 

and the optical maps of [HbT] and SO2 throughout NAC treatment. The outer 1 cm of the 

breast map is cut in the optical images due to the confounding contributions of edge effects 

in the optical data collected in the proximity of the breast edge. The rectangular region 

containing the tumor is shown in the X-ray image. The corresponding area is also shown in 

the optical mammograms at week 0 (dotted line) together with the tumor ROI (solid line) 

obtained from the [Hb] map as described in the methods section.

The decrease in [HbT] and SO2 throughout the course of chemotherapy within the tumor 

ROI is apparent in Figure 2. The decrease in [HbT] at the tumor ROI during treatment is 

expected for a responder, since breast cancer has a greater [HbT] than surrounding healthy 

tissue [9–11]. However, the decrease in SO2 at the tumor ROI may be somewhat surprising, 

especially considering our previous report of a lower SO2 in breast cancer compared to 

healthy tissue [42]. As we will further discuss in the discussion section, a longitudinal study 

during NAC treatment must take into proper consideration the systemic effects of therapy.
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We computed the mean value and standard error of the percent change from the baseline 

measurement (i.e. from before the start of NAC) for [Hb], [HbO2], [HbT], and SO2 at the 

tumor region of interest for each response group. The average percent changes over five 

binned temporal windows in the normalized time axis (defined in the materials and methods 

section) are reported in Table 3, which shows the response category in the first column, the 

five binned temporal windows in the second column, and the response to therapy at the 

tumor ROI in the third to sixth columns. From the definitions of [HbT] ([Hb]+[HbO2]) and 

SO2 ([HbO2]/[HbT]), it follows that the relative change in [HbT] is a weighted average of 

the relative changes in [HbO2] and [Hb] with weights given by the baseline values of SO2 

and (1-SO2), respectively. Each bin is identified by the center point of its time interval (10%, 

30%, 50%, 70%, or 90%) and the bounds of each bin are shown. The single parenthesis 

indicates the percentage therapy complete that is not included in the bin, whereas the bracket 

represents the percentage point that is included in the bin. Given the duration of NAC in this 

study (18–22 weeks), the 10% bin corresponds to approximately the first 4 weeks of 

treatment.

Group results and the individual patient data of the percent change from baseline for the 

[HbT] in the tumor ROI are shown in Figure 3. Figure 3 shows a decreasing [HbT] in R’s 

compared to a relatively constant [HbT] in NR’s. To translate these changes in hemoglobin 

concentration into changes in blood volume fraction, one needs to take into account the fact 

that the hematocrit, thus the hemoglobin concentration in blood, is also affected by NAC. 

The average relative change throughout treatment in [HbT], hemoglobin concentration in 

blood, and blood volume fraction for all eight patients is shown in Figure 4. It is apparent 

from Figure 4 that, during NAC, the concentration of hemoglobin in blood (Hgb) decreases 

in all patients, both R’s and NR’s. By calibrating the [HbT] changes by the Hgb changes, it 

can be seen that blood volume features an initial decrease after the start of NAC and then 

stays relatively constant in patients classified as R, whereas it increases in patients classified 

as NR.

To provide an indication of how perfusion and metabolic demand may be altered in 

cancerous breasts with varying levels of response, the tumor region SO2 changes are shown 

on a group level and for each individual patient in Figure 5. Figure 5 conveys that the SO2 

decrease in the cancerous region scales with the level of response, with responding patients 

featuring a larger SO2 decrease compared to the non-responding patients.

A non-parametric Wilcoxon rank-sum test was applied at all considered therapy complete 

time windows to determine if there was a significant difference between the observed 

changes in the [Hb], [HbO2], [HbT], and SO2 of the tumor ROIs for responding and non-

responding patients. The p values for this statistical test are reported in Table 4 and show 

that [HbO2], [HbT], and SO2 achieve a statistically significant discrimination (p ≤ 0.05) of 

the R and NR groups at therapy midpoint and beyond. A p value of 0.06, marginally greater 

than the significance level, was observed at the 20–40% therapy complete window for 

[HbO2], [HbT], and SO2.
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Cumulative Response Index

In an effort to move beyond a group analysis to assess individual patient response to NAC, 

we introduce a cumulative response index (CRI) at a single patient level. This CRI is 

calculated at each therapy session on the basis of the optical mammograms recorded at that 

session and all previous sessions, and thus it takes advantage of the cumulative information 

collected with optical mammography during the course of treatment. The CRI serves as an 

individual indicator for how the patient is responding and can take values between −1 (no 

response) and +1 (complete response). The CRI can be defined for any measured parameters 

of the tumor ROI ([Hb], [HbO2], [HbT], SO2, etc.). Here, to illustrate the CRI concept, we 

define the CRI in terms of SO2. To start, we compute a threshold value for therapy response 

at each % therapy complete time window by taking the weighted average of the mean 

percent change of SO2 for the R and NR group results, with weights given by the inverse of 

the standard error. In the case of SO2, the R group and NR group results are reported in 

Figure 5 by the solid line and dashed line, respectively. Then, a linear interpolation is 

performed to create an SO2 threshold line over the entire therapy period. This threshold line 

is taken to represent the boundary that separates SO2 changes in responding and non-

responding tumors. For each measurement session i, one can compute the difference di, as 

the threshold value of SO2 minus the percent change of SO2 at that particular time point 

(percentage of therapy complete). The standard deviation associated with di is denoted as 

σ(di) and refers to the standard deviation across all pixels within the tumor ROI for the i-th 

imaging session. Subsequently, the CRI at the n-th session is defined as follows:

(1)

The normalization factor in the denominator of the right-hand-side of Eq. (1) limits the CRI 

values to the range [−1, +1]. When the SO2 at a tumor ROI falls above the threshold line, its 

contribution to the CRI is negative, whereas when it falls below the threshold line its 

contribution to the CRI is positive. Therefore, positive CRI values are associated with 

responders, and negative CRI values are associated with non-responders.

The SO2 cumulative response index was found for each patient. Figure 6 shows each 

patient’s SO2 CRI, and Table 4 reports the sensitivity and specificity for response 

classification achieved at different time points during therapy using the CRI associated with 

[Hb], [HbO2], [HbT], or SO2. The sensitivity and specificity were calculated by considering 

positive and negative values of the CRIs to represent R and NR, respectively (in other words, 

we have considered a threshold value of 0 to categorize R (positive CRI) and NR (negative 

CRI)). Of course, one may chose a different CRI threshold value or define a different 

threshold line during the course of treatment, and build a receiver operating characteristic 

(ROC) curve. However, given the limited patient population, the point of this study is to 

illustrate our proposed approach to the assessment of individual response to neoadjuvant 

therapy, a point that is made by the results reported in Figure 6 and Table 4.
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Table 4 shows that the SO2 CRI achieved the best NAC assessment results, with sensitivity/

specificity of 83%/100% after 20% therapy complete, and 100%/100% after 40% therapy 

complete. Comparable results were achieved with [HbO2] and [HbT], but they were 

marginally worse than the SO2 results in this study.

DISCUSSION

[HbT] response to neoadjuvant chemotherapy at the tumor ROI

As shown in Table 1, a consistent result reported in the literature is the decrease of [HbT] at 

the tumor location during the course of NAC for patients who respond to therapy. In partial 

responders or non-responders, the tumor [HbT] was found to decrease by a smaller amount 

than in responders, or to remain either constant or increase slightly during NAC. 

Specifically, within the first four weeks of NAC, studies that included both responders and 

non-responders found that the [HbT] at the tumor location decreased by as much as 60% 

[12, 16, 20, 21, 28, 34, 36], whereas non-responders (or partial responders) showed a lesser 

decrease [26], no change [12, 16, 34, 36], or an increase [20, 21, 28] in [HbT] at the tumor 

location. In this study, we confirmed this result, having observed a reduction in [HbT] of 

about 30% in the tumor ROI for responding patients as opposed to a non-significant change 

in non-responding patients in the course of therapy (starting at 20% of therapy, i.e. about 4 

weeks into NAC) (see Table 3).

Changes in tissue [HbT] are the result of either or both of two factors: a change in tissue 

vascularization (i.e. in the blood volume ratio) or a change in the concentration of 

hemoglobin in blood (i.e. in hematocrit). On the basis of Figure 4, our results in responders 

are assigned to a combination of both factors - a reduction (by about 15%) in the tumor 

vascular density, which has been previously reported [34], and a systemic decrease (by about 

20%) in the hemoglobin concentration in blood (Hgb), resulting from NAC [50]. Because a 

comparable systemic decrease in Hgb was observed in responders and non-responders, our 

[HbT] results indicate that the tumors in non-responders feature an increased vascularization 

during the course of NAC (see Figure 4).

It is important to note that, in the case of patients who respond well to treatment, the tumor 

ROI contains more and more non-cancerous tissue during the course of treatment. Therefore, 

the decrease in [HbT] observed during NAC in responding patients represents NAC-induced 

changes in cancerous tissue (early in NAC) as well as in healthy tissue (later in NAC). By 

contrast, in the case of non-responders, for whom the tumor ROI always contains a 

significant amount of cancerous tissue, the [HbT] evolution during NAC is mostly 

representative of changes in cancerous tissue.

Because of the systemic effects of NAC as a result of the systemic decrease in Hgb, one 

would expect a systemic decrease in [HbT] throughout the body, and in particular in the 

contralateral, healthy breast (as also reported in [14, 17, 51]). We similarly observed a 

reduction in [HbT] in the contralateral, healthy breast, to a different extent in responders and 

non-responders, suggesting that systemic effects of NAC in peripheral tissue may also be 

indicative of the level of therapeutic response.
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SO2 response to neoadjuvant chemotherapy at the tumor ROI

It is somewhat surprising that among all of the published studies only a few have reported 

results of the evolution of tumor SO2 during the course of NAC. For example, the two 

pioneering case studies reported a tumor-to-normal SO2 ratio of about 0.9 throughout NAC 

with an increase to 1.4 after the end of NAC [17] and a decrease in the tumor SO2 after the 

5th NAC cycle from ~81% to ~60% [30]. In part, this paucity of SO2 data in optical NAC 

studies may be due to the fact that several optical mammography studies have reported a 

lack of contrast provided by tumor SO2 [9]. However, as noted at the end of the previous 

section, the combination of systemic and local effects of NAC may introduce new 

physiological and metabolic processes that differentiate responders and non-responders. In 

fact, in this study we found that the oxygen saturation of hemoglobin at the tumor ROI was 

the quantity most strongly associated with the level of patient response to neoadjuvant 

chemotherapy. At the tumor ROI, we observed a stronger decrease of SO2 in responders 

(about −10% at 20–40% therapy complete, and about −30% throughout the rest of NAC) 

than in non-responders (a decrease of a few percent, significant only toward the end of NAC) 

(see Table 3). Furthermore, the SO2 CRI achieved the best sensitivity and specificity for 

patient response assessment (see Table 4).

The physiological sources of decrease in tissue SO2 are: (1) a decrease in tissue 

vascularization, associated with a regression of angiogenesis, (2) a decrease in blood flow, 

which reflects the local gradient in blood pressure as well as the compliance, reactivity 

(dilation/constriction), and architecture of the vasculature, and (3) an increase in the tissue 

metabolic rate of oxygen which relates to cellular metabolism. While breast cancer is 

typically associated with angiogenesis, perturbations to cellular metabolism and tissue 

perfusion, the specific angiogenic, metabolic, and perfusion responses to chemotherapy are 

not fully understood or characterized.

From a technical point of view, optical measurements of SO2 are typically found to be robust 

since they rely on assessing concentration ratios ([HbO2]/[HbT]) rather than absolute 

concentrations. To test the qualitative accuracy of our homogeneous tissue model approach, 

we have generated forward data for an inhomogeneous medium using a perturbation 

approach in diffusion theory [52]. When we set the SO2 of the localized perturbation to be 

either lower or higher than that of the background medium, the recovered SO2 value (using 

the homogeneous tissue model reported here) is always qualitatively correct, i.e. it 

accurately reflects the direction (higher or lower) of the localized SO2 change from the 

background.

Results obtained using PET/CT techniques indicate a decrease in cellular metabolism when 

tumors respond to treatment due to the reduction in the absolute number of cancerous cells 

and in their proliferative activity [7, 53]. These results may appear to contradict our findings 

of decreasing SO2 in responders. However, one needs to recall that cellular metabolism is 

only one factor affecting the hemoglobin saturation within the tumor location. Tissue 

perfusion is another critical factor, as it affects the rate of oxygen delivery to tissue. Using 

contrast enhanced MRI or [15O]-water PET imaging, responding tumors have been found to 

show a significantly stronger decrease in perfusion compared to poorer responding tumors 

[54–57]. Therefore, our finding of a greater decrease of SO2 in the tumor ROI of responding 
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patients is consistent with a dominant effect of the reduction in blood flow vs. the reduction 

in cellular metabolism.

We stress again that chemotherapy is not a localized treatment, and it will also impact the 

healthy tissue being measured in the optical mammograms. The direction of the response in 

the SO2 of cancerous and healthy tissue depends on the relative magnitude of the changes in 

blood flow, oxygen consumption, and blood volume during treatment. The chemotherapy 

effects on the SO2 of healthy tissue were observed in the contralateral, healthy breast, which 

showed stronger decreases (~45% in responders, and ~15% in non-responders, after 

midpoint) than the tumor ROI in the cancerous breast. This finding provides insight into how 

the healthy tissue responds to chemotherapy, and it explains the apparent inconsistency 

between the observed decrease of SO2 in the tumor ROI of responders, and the previously 

reported lower SO2 of cancerous tissue with respect to the surrounding healthy tissue (by 

−5±1%) [42]. In fact, one should expect responding tumors to feature an SO2 value that 

approaches the SO2 value of healthy tissue. In the absence of any systemic effects, this 

means that responding tumors should feature an increase in SO2 during the course of NAC. 

However, in the presence of systemic effects that lower the SO2 of healthy tissue to levels 

below the baseline SO2 of cancerous tissue, responding tumors should indeed feature a 

decrease in SO2. Furthermore, such decrease should be lower than that of healthy tissue, 

simply because of the lower baseline value of SO2 in cancerous vs. healthy tissue. This is 

what we observed in our study and shows the importance of systemic effects of NAC in the 

interpretation of optical mammography data. Systemic effects of neoadjuvant chemotherapy 

should also be taken into account when considering tumor-to-normal (T/N) ratios, and 

whether the choice for a reference tissue should be a tissue area in the cancerous breast or in 

the contralateral breast.

Limitations of the study and future directions

The results reported in this work are limited by the small sample size of patients that we 

were able to enroll in the study. Because of the small sample size, the cumulative response 

index (CRI) was calculated on the basis of a threshold line computed from data collected on 

the same patients that were then classified with this method. In a larger study, the robustness 

of this method would be tested by only using a subset of the patient data to generate the 

criteria used to classify the rest of the patients. However, the results reported here do show 

the potential of optical mammography to discriminate responders and non-responders on an 

individual basis during the NAC regimen.

The limited statistical significance achievable with a small sample size is further exacerbated 

by the heterogeneous patient population, in terms of both the prescribed chemotherapy 

agents and the NAC duration and infusion frequency. However, we observe that optical 

mammography is sensitive to the end result of vascular, hemodynamic, and metabolic 

perturbations, regardless of the biological mechanisms that are responsible for them. 

Furthermore, the relatively large number of optical measurements reported in this study 

throughout treatment (ranging from a minimum of 7 to a maximum of 18, mean number: 12) 

shows their robustness as reflected by their progressive trends during NAC. Of course, 

optical mammograms can in principle be performed on a regular weekly or biweekly 
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schedule, independent of the NAC infusion schedule, thus providing a more regular and 

temporally refined monitoring of NAC response.

A key assumption of our approach is that the optical scattering properties of tissue are kept 

constant. This means that any changes in tissue scattering that may occur during 

chemotherapy are not considered. To test how changes in the scattering properties may 

impact the recovered chromophore concentrations and their corresponding trends throughout 

treatment, NACP #5 data at baseline, midpoint and end of therapy, were used with different 

set values of the reduced scattering coefficient and its wavelength dependence. There are 

limited tumor scattering parameters reported in neoadjuvant chemotherapy monitoring 

studies to guide our selection. The trend in scattering power (i.e. the wavelength dependence 

of scattering) considered by us was based on the percent changes at 4 weeks and pre-surgery 

reported by Soliman et al. [26]. The scattering amplitude (i.e. the absolute value of 

scattering) was then set to decrease by 10% at the therapy midpoint and by another 10% at 

the end of therapy. By fixing these decreasing scattering values, the trends in NACP #5 [Hb], 

[HbO2], [HbT], and SO2 were found to be all in the same direction, with magnitudes within 

one standard deviation of each point, compared to when the scattering parameters were fixed 

to the same value throughout therapy. Therefore, chemotherapy induced scattering property 

responses are unlikely to affect the chromophore concentration trends observed in this work.

The cancer-to-healthy-tissue contrast in the chromophore concentrations at baseline were 

examined to determine if the level of NAC response could be predicted before treatment 

began. This contrast measure was calculated at baseline in two different ways, as the 

difference between the average chromophore concentration at the tumor ROI and either the 

one at the healthy background tissue in the same breast or at the symmetrical region in the 

contralateral breast. The tumor contrast measured at baseline, however, was not able to 

distinguish response groups for this patient population.

With a larger sample size of patients, one may perform more refined statistical analyses, 

such as an ordinal logistic regression to determine which optical parameters at which time 

points are significantly different between R and NR groups. Additonally, a more stratified 

analysis of breast cancer subtypes, chemotherapy regimens, and response to therapy (i.e. 

partial vs. complete responders) may be performed. Since it has been reported that pCR is a 

more relevant endpoint for TNBC and HER2+ cases, one could determine if there are certain 

optical parameters that may serve as better outcome predictors for a given subtype.

CONCLUSIONS

Ten breast cancer patients receiving neoadjuvant chemotherapy were imaged at each 

treatment time point using broadband, continuous-wave, optical mammography. For eight of 

these ten patients, the tumor ROI fell within the field of view of the optical mammograms 

throughout NAC and were analyzed for discrimination of responders and non-responders. 

The time evolutions of [HbT], [HbO2], and SO2 at the tumor ROI during the course of 

therapy have been found to correlate with pathologic response. A cumulative response index 

(CRI), which may be based on any tumor parameter, was developed to assess how individual 
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patients respond throughout treatment. The best performance was obtained with the SO2 

CRI which achieved a 100% sensitivity and specificity at therapy midpoint and beyond.

To further confirm the clinical importance of early assessment of patient response to NAC, a 

published study reported a neoadjvuant chemotherapy trial where therapy was switched 

based on the initial clinical response as assessed by physical exam (palpation), ultrasound, 

and mammography at the end of the second NAC cycle [58]. By changing the therapy 

regimen for patients with a clinical poor response, the ER+/HER2− patients were found to 

have a significant improvement in disease free suvival [58]. A non-invasive, safe, and 

relatively simple imaging tool (like optical mammography) that can determine clinical 

response and also predict pathologic response can serve as a useful technique to assess the 

efficacy of NAC and allow for physicians to change treatment for non-responders.
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Abbreviations

[Hb] concentration of deoxy-hemoglobin

[HbO2] concentration of oxy-hemoglobin

[HbT] concentration of total hemoglobin

CRI cumulative response index

ER estrogen receptors

ER+/HER2 positive for estrogen receptors and negative for human epidermal growth 

factor receptor 2

HER2+ positive for human epidermal growth factor receptor 2

Hgb hemoglobin concentration in blood

MRI magnetic resonance imaging

NAC neoadjuvant chemotherapy

NACP neoadjuvant chemotherapy patient

NR non-responders

pCR pathologic complete response

PET/CT positron emission tomography-computed tomography

PR progesterone receptors
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PR1 partial response 1

PR2 partial response 2

R responders

ROI region of interest

SO2 hemoglobin saturation

TNBC triple-negative breast cancer
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Figure 1. 
Patients chemotherapy schedules. Week one corresponds to the first infusion time point. The 

times of biopsy, infusions, surgery, and blood transfusions are indicated for all ten patients. 

The type of drug administered is also indicated by the color within the chemotherapy 

infusion open circles. The baseline optical mammograms (open triangles) were obtained 2–

27 days before the treatment began. The overlapping baseline optical mammogram point and 

first infusion point for NACP # 6, 7, and 10 indicate that these occurred 2 days within one 

another.
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Figure 2. 
Left breast images for NACP #5, an R (pCR) patient. In all images, the left side of each 

image is lateral (L) and the right side of each image is medial (M). The craniocaudal full-

field digital mammogram (top left) depicts an irregular, partially spiculated mass (white box) 

located in the left breast corresponding to the patient’s biopsy-proven malignancy, prior to 

treatment. The MRI axial contrast-enhanced subtraction image (top right) demonstrates a 4.4 

cm irregular mass with additional areas of non-mass enhancement extending to the nipple 

and laterally. The optical [HbT] and SO2 maps obtained throughout NAC show the 

progressive decrease of [HbT] and SO2 at the cancerous region (identified at week 0 by the 

solid line within the dashed rectangle corresponding to the location of the mass visible in the 

X-ray image). Subsequent surgical specimen (not shown) revealed a pCR.
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Figure 3. 
(a) Trends of [HbT] at the tumor ROI for both response categories at a group level (the error 

bars represent the standard error). The threshold dashed line represents the weighted average 

of the mean percent changes of [HbT] for the R and NR groups using the inverse of the 

standard error as the weights.. This line is used for assessing patient response and is 

discussed in relation to the cumulative response index. The individual patient data 

throughout therapy are shown in (b) for responders and (c) for non-responders, along with 

the corresponding group average line.
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Figure 4. 
Average change in blood volume, [HbT], and hemoglobin concentration in blood (Hgb) 

relative to the first infusion throughout chemotherapy for responders and non-responders. 

All patients show a similar systemic decrease in Hgb during NAC, but blood volume fraction 

in breast tissue decreases in responders and increases in non-responders.
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Figure 5. 
(a) Trends of SO2 at the tumor ROI for both response categories at a group level (the error 

bars represent the standard error). The threshold dashed line represents the weighted average 

of the mean percent changes of SO2 for the R and NR groups using the inverse of the 

standard error as the weights. This line is used for assessing patient response and is 

discussed in relation to the cumulative response index. The individual patient data 

throughout therapy are shown in (b) for responders and (c) for non-responders, along with 

the corresponding group average line.
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Figure 6. 
Cumulative response index (CRI), based on SO2 at the tumor ROI, for each individual 

patient throughout the course of neoadjuvant chemotherapy. The CRI can take values 

between −1 (poor response) and +1 (good response).
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