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Abstract

Purpose Breast cancer (BC) patients who achieve a favor-
able residual cancer burden (RCB) after neoadjuvant
chemotherapy (NACT) have an improved recurrence-free
survival. Those who have an unfavorable RCB will have
gone through months of ineffective chemotherapy. No ideal
method exists to predict a favorable RCB early during
NACT. Diffuse optical tomography (DOT) is a novel
imaging modality that uses near-infrared light to assess
hemoglobin concentrations within breast tumors. We
hypothesized that the 2-week percent change in DOT-mea-
sured hemoglobin concentrations would associate with RCB.
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Methods We conducted an observational study of 40
women with stage II-IIIC BC who received standard
NACT. DOT imaging was performed at baseline and
2 weeks after treatment initiation. We evaluated the asso-
ciations between the RCB index (continuous measure),
class (categorical 0, I, II, III), and response (RCB class
0/1 = favorable, RCB class II/IIl = unfavorable) with
changes in DOT-measured hemoglobin concentrations.
Results The RCB index correlated significantly with the
2-week percent change in oxyhemoglobin [HbO,]
(r = 0.5, p = 0.003), deoxyhemoglobin [Hb] (r = 0.37,
p = 0.03), and total hemoglobin concentrations [HbT]
(r = 0.5, p = 0.003). The RCB class and response signif-
icantly associated with the 2-week percent change in
[HbO;] (p < 0.01) and [HbT] (p < 0.02). [HbT] 2-week
percent change had sensitivity, specificity, positive, and
negative predictive values for a favorable RCB response of
86.7, 68.4, 68.4, and 86.7%, respectively.
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Conclusion The 2-week percent change in DOT-measured
hemoglobin concentrations was associated with the RCB
index, class, and response. DOT may help guide NACT for
women with BC.

Keywords Breast cancer - Neoadjuvant chemotherapy -
Diffuse optical tomography - Imaging

Abbreviations

A Doxorubicin

BC Breast cancer

BMI Body mass index

C Cyclophosphamide

CT Computerized tomography
DOT Diffuse optical tomography
[Hb] Deoxyhemoglobin concentration
[HbO,] Oxyhemoglobin concentration
[HbT]  Total hemoglobin concentration
HER2  Human epidermal growth factor receptor 2

HR Hormone receptor

MRI Magnetic resonance imaging
NACT Neoadjuvant chemotherapy
nm Nanometer

NPV Negative predictive value
pCR Pathologic complete response
PET Position emission tomography
PPV Positive predictive value
RCB Residual cancer burden

ROI Region of interest

SD Standard deviation

T Paclitaxel

US Ultrasound

WF Water fraction
Introduction

Neoadjuvant chemotherapy (NACT) results in a similar
survival as adjuvant therapy for women with operable
breast cancer [1, 2]. However, it also allows for breast
conserving surgery in patients who would have otherwise
required a mastectomy [1, 3, 4], and provides an in vivo
assessment of tumor responsiveness to treatment. Resid-
ual cancer burden (RCB) measures the response of breast
tumors to NACT. The RCB index is a continuous measure
derived from the primary tumor dimensions, cellularity of
the tumor bed, and axillary nodal burden. In a multi-
variate model, Symmans et al. [5]. found that the RCB
index was independently prognostic of disease-free sur-
vival, with a twofold increase in relapse risk for each unit
increase. The RCB index can be subdivided into RCB
class, a categorical measure where RCB-0 is defined as a
pathologic complete response (pCR), RCB-I is defined as
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an RCB index greater than 0-1.36, RCB-II as an RCB
index 1.37-3.28, and RCB-III as an RCB index greater
than 3.28. The RCB class can be further grouped into
favorable responders (RCB class 0/I), or unfavorable
responders (RCB class II/IIl) based on distant relapse
rates.

Patients who do not achieve a favorable RCB response
are exposed to months of ineffective treatment and
unnecessary side effects. A method to assess early tumor
response could provide physicians the ability to make
evidence-based changes in treatment. Unfortunately, there
is no clear and cost-effective way to predict which patient
will respond well to NACT. Physical exam, mammogra-
phy, ultrasound (US), magnetic resonance imaging (MRI),
and positron emission tomography with computed tomog-
raphy (PET-CT) are either insensitive to early response to
NACT, expensive to perform serially, require IV contrast,
or expose patients to ionizing radiation and/or radioactive
isotopes [6—-10].

Diffuse optical tomography (DOT) is a non-invasive,
functional, three-dimensional imaging modality that
quantitatively measures near-infrared light absorption and
scattering to determine the tissue concentration of oxy-
hemoglobin [HbO,], deoxyhemoglobin [Hb], total
hemoglobin [HbT], and water fraction (WF). Vascular
changes precede measurable structural changes in mouse
tumor models [11], suggesting that DOT could charac-
terize breast tumor response to NACT and may do so
earlier than other modalities. A number of studies
demonstrate that responders have statistically significant
changes in DOT parameters after initiation of NACT
compared to non-responders [12—14]. Several limitations
of these prior optical imaging studies include the use of
hand-held operator-dependent devices that decrease
reproducibility and do not allow for a full three-dimen-
sional tomographic assessment of the entire breast, as well
as the use of non-uniform chemotherapy. We hypothe-
sized that early changes in DOT parameters after 2 weeks
of NACT would predict the 20-week response to NACT
as measured by the RCB.

Methods
Study population

We conducted an observational study of 40 women. The
main inclusion criteria were women over the age of 18 with
clinical stage II to IIIC invasive breast cancer, scheduled to
undergo NACT with 12 weeks of weekly taxane (paclitaxel
or nab-paclitaxel) followed by four cycles of doxorubicin
(A) and cyclophosphamide (C) given every 2 weeks with
growth factor support. Additional biologic therapies, such
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as trastuzumab for patients with human epidermal growth
factor 2 + (HER2+) disease, were allowed if clinically
indicated. Hormone receptor (HR) and HER2 status were
defined as per ASCO-CAP guidelines from biopsy speci-
mens prior to treatment. The institutional review board at
Columbia University Medical Center determined the DOT
imager to be a low-risk device and approved the study
protocol. Informed consent was obtained from all patients
prior to their enrollment.

Study procedures

Upon enrollment, each participant had a baseline assess-
ment including complete history, physical exam, breast
tumor size (mm) measurement with calipers, breast MRI
(with and without intravenous contrast unless contraindi-
cated), and mammogram. Subjects were followed at
2-week intervals with clinic visits, physical exams, and
tumor sizes measurements with physical exam. DOT
evaluation for determination of [HbO,], [Hb], [HbT], and
WF in the affected breast occurred before initiation of
chemotherapy and after 2 weeks of taxane chemotherapy.
Mammograms and MRI were performed at baseline and at
completion of NACT before surgery.

The DOT imager used in this study has been previously
described [15]. DOT imaging was performed by placing
each subjects’ breasts into the DOT imager where light
from four laser diodes (wavelengths: 765, 808, 827, and
905 nm) were sequentially coupled into fibers contacting
both the affected and healthy breasts. Transmitted light
intensities were collected by fibers coupled to individual
silicon photodiodes. The measured data were then pro-
cessed to produce three-dimensional optical maps, from
which values for [HbO,], [Hb], [HbT], and WF were
determined. The DOT images were examined by JEG
without prior knowledge of tumor location and areas
suspicious for tumor were identified. Using custom soft-
ware in MATLAB (MathWorks, Natick, MA), the maxi-
mum value (M) of the chromophore concentration was
identified within a 2 cm radius, and a standard deviation
(SD) of the volume was calculated. The region of interest
was defined as all the voxels with value V; that satisfied
the condition M—SD < V; < M. The weighted average of
the ROI was taken as the measured chromophore
concentration.

Final pathology specimens (mastectomy or lumpec-
tomy) were scored according to Symmans et al. [5]. (http://
www3.mdanderson.org/app/medcalc/index.cfmpagename=
jsconvert3) for the RCB index (continuous), RCB class (0,
I, II, II), and a dichotomized RCB response (RCB class 0
or I: favorable response; RCB class II or III: unfavorable
response).

Outcome measures

The primary outcome was the association between the
2-week percent change from baseline of DOT-derived
parameters ([HbO,], [Hb], [HbT], and WF) and pathologic
response as assessed by the RCB response. We also
assessed complete response rates as seen on MRI and
mammography, comparing those obtained at baseline and
those obtained after NACT and prior to surgery. A com-
plete response for either imaging modality was defined as
the absence of breast masses or abnormal appearing lymph
nodes seen on the pre-surgical evaluation.

Statistical analysis

Descriptive statistics were generated for all data collected.
For continuous variables, means, medians, standard devi-
ations, and interquartile ranges were computed. For cate-
gorical and discrete variables, frequency tables were made.

Correlation analysis, ANOVA testing, and Wilcoxon
rank sum tests were used to evaluate the relationship
between the 2-week changes in DOT-derived parameters
and the RCB index, class, and response, respectively.
Sensitivities, specificities, positive (PPV) and negative
predictive values (NPV) were calculated, and receiver
operator curves were generated for each DOT-derived
parameter, mammogram, and MRI. Statistical analyses
were performed using SAS 9.4 Software (SAS Institute
Inc., Cary, NC). Receiver operator curves were generated
and the areas under the curve (AUC) were calculated using
MATLAB.

Results

We enrolled 40 subjects between June 2011 and September
2015. Of the 40 subjects, 6 were not evaluable for the
primary outcome. One subject was lost to follow-up after
her first dose of chemotherapy, 1 subject received con-
current chemotherapy with radiation prior to surgery, 2
subjects missed DOT imaging at the 2-week time point,
and 2 subjects had DOT data that were not evaluable due to
instrumentation failure during their imaging session.

Of the 34 evaluable patients (Table 1), the mean age
was 49.9 years (standard deviation: SD 11.3) and mean
BMI was 30 (SD 6.2). Fifteen subjects were pre-meno-
pausal, while 19 were post-menopausal. The majority of
patients had invasive ductal carcinoma (n = 30), and four
had invasive lobular carcinoma. Twenty-three subjects had
high-grade disease, 10 had intermediate-grade disease, and
one had low-grade disease. Most patients had HR+/
HER2— disease (n = 17), followed by HR-+/HER2+
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Table 1 Demographics and Results of RCB data for the 34 subjects
enrolled on study, received NACT, and had data from their 2-week
DOT evaluation

Characteristic

Age (mean + SD) 49.9 years &+ 11.3

BMI (mean £ SD) 30 £ 6.2
Tumor histologic subtype
Invasive ductal carcinoma (n, %) 30 (88%)
Invasive lobular carcinoma (n, %) 4 (12%)
Hormone/HER?2 status
HR+/HER2— (n, %) 17 (50%)
HR-+/HER2+ (n, %) 9 (26.5%)
HR—/HER2+ (n, %) 3 (8.8%)
HR—/HER2— (n, %) 5 (14.7%)
RCB class
RCB 0 (n, %) 13 (38.2%)
RCB 1 (n, %) 2 (5.9%)
RCB 2 (n, %) 13 (38.2%)
RCB 3 (n, %) 6 (17.6%)

BMI body mass index, HR hormone receptor; estrogen and proges-
terone receptor staining >1% of cells was classified as HR positive,
HER2 human epidermal growth factor receptor 2, RCB residual
cancer burden

(n = 9), HR—/HER2—, (n = 5), and HR—/HER2+ breast
cancer (n = 3).

Responses to NACT by RCB class included 13 subjects
with RCB 0 (pCR), 2 subjects with RCB-I, 13 subjects with
RCB-II, and 6 subjects with RCB-III (Table 1). Figure 1
shows representative DOT images for a subject who had a
favorable RCB response and another who did not.

The RCB index (continuous measure) was statistically
significantly correlated with the 2-week percent change in
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Fig. 1 Representative data from two patients who received the same
NACT, one had a pathologic complete response (RCB 0) and the
other had an unfavorable response to NACT (RCB 2). At 2 weeks
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[HbO,] (r = 0.5, p = 0.003), [Hb] (r = 0.37, p = 0.03),
and [HbT] (r = 0.5, p = 0.003), but did not correlate
significantly with the 2-week percent change in WF
(r =0.095, p = 0.59) (Fig. 2). The RCB index did not
correlate with baseline DOT measurements (data not
shown). The RCB class (categorical variable) was found to
be statistically significantly associated with the 2-week
percent change in [HbO,] (p =0.01) and [HbT]
(p = 0.02), but did not associate significantly with the
2-week percent change in [Hb] (p = 0.15) or WF
(p = 0.75) (Fig. 3a; See Online Appendix for subject level
data). Finally, the RCB response (dichotomized variable)
was also significantly associated with the 2-week percent
change in [HbO,] (p = 0.004), [Hb] (» = 0.05), and [HbT]
(»p = 0.003), but not with WF (p = 0.89) (Fig. 3b).
Receiver operator curves (ROC) were generated from the
data evaluating RCB response. The ROC for the 2-week
percent change in [HbT] had the highest AUC at 0.807
(Online Appendix). Using the Youden index for the 2-week
percent change for [HbT], the calculated sensitivity,
specificity, positive, and negative predictive values were
86.7, 68.4, 68.4, and 86.7%, respectively.

There were 15 subjects who had repeat mammograms
and 18 who had repeat MRI scans following NACT and
prior to surgery. Repeat MRI and mammograms were done
after completion of NACT rather than 2 weeks into treat-
ment due to cost. Thirty-two subjects were followed with
physical exam measurements of their breast tumors every
2 weeks. Subjects who were not imaged prior to surgery
declined repeat mammography and/or MRI. Mammogra-
phy had a sensitivity of 57%, specificity of 75%, PPV and
NPV of 67% to predict a favorable RCB response (RCB
0/T), while the values for MRI were 62, 80, 71 and 72%,
respectively. Physical exam sensitivity was 83%, however,
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Fig. 2 Correlation of the RCB index (continuous measure) with the 2-week percent change in a oxyhemoglobin concentration,
b deoxyhemoglobin concentration, ¢ total hemoglobin concentration, and d water fraction

specificity was only 41%, with a PPV of 50% and NPV of
78%. The AUC for MRI was 0.71, for mammogram was
0.66, and for physical exam was 0.66 (Online Appendix).

Discussion

We found that serial imaging of breast tumors in women
receiving NACT with DOT was possible. We were able to
recruit 40 subjects and successfully perform serial DOT
assessments in 34 subjects receiving NACT. There were
statistically significant declines in DOT-measured [HbO,],
[Hb], and [HbT] 2 weeks after starting chemotherapy in
subjects who had a favorable RCB response compared to
those who did not. Sensitivity, specificity, PPV, and NPV
for DOT in predicting a favorable RCB response were
86.7, 68.4, 68.4, and 86.7%, respectively. The ROC for the
2-week percent change in [HbT] to predict a favorable
RCB had an AUC of 0.807.

A number of studies have evaluated the use of optical
spectroscopy or optical tomography to assess breast can-
cers. Some have focused on the use of DOT for diagnostic
purposes to improve the accuracy of breast cancer

diagnoses in conjunction with other imaging modalities
such as ultrasound or MRI [16, 17]. Other studies have
evaluated the use of DOT as a way to evaluate the biologic
activity of breast tumors. Ueda et al. noted that optical
imaging was associated with more mitotically active
tumors with higher FDG uptake on PET imaging [18].
Other evaluations of optical tomography have also noted
significant associations with tissue vascularity, larger
tumor size, and tissue-based biomarkers including HR and
HER?2 status [19-21].

The correlation between DOT and biologic markers of
tumor aggressiveness led to studies looking at whether
DOT can predict response to NACT. Many of these studies
have evaluated the ability of DOT, or similar technology,
to predict a pCR. The largest and most recent of these
studies, by Ueda et al., recruited 100 subjects to receive
NACT with 84 of them undergoing diffuse optical spec-
troscopic imaging. Similar to our study, they found a larger
decline in tumor hemoglobin levels in subjects who had a
complete response compared to those who did not. While
the sensitivity of this approach for predicting a pCR was
81.2%, the specificity was only 47%, with a PPV of 26.5%
and NPV of 91.4% [22]. Other earlier studies have
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Fig. 3 a Two-week percent
change in DOT parameter and
RCB class showed a significant
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similarly found statistically significant declines in hemo-
globin levels in patients who went on to have a pCR
compared to those who did not [12-14, 22-27].

Prior optical imaging studies such as that by Ueda et al.,
have used hand-held, operator-dependent devices to image
the breast. This approach can decrease the reproducibility
of the evaluations and may account for the issue of limited
sensitivity and specificity. Hand-held devices also do not
allow for a full three-dimensional tomographic assessment
of the entire breast, as our machine is able to do. Prior
studies also used a variety of chemotherapy regimens,
while ours used a uniform standard regimen (12 weeks of
taxane followed by 8 weeks of doxorubicin and
cyclophosphamide) for all enrolled patients, allowing for a
more standardized evaluation. Finally, almost all prior
studies used pCR as the outcome. While pCR is a good
predictor of survival, it does not allow for a more graded
evaluation of response. Zhu et al. addressed this issue by
assessing response with the Miller—Payne grading system,
which allows for less than a pCR for breast tumors [17].
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One problem with this system, however, is that it does not
account for disease in the regional lymph nodes as does the
RCB assessment [28]. Recently published guidelines rec-
ommend use of the RCB system to quantify residual dis-
ease in clinical trials [29].

Diffuse optical tomography measurements occurred at
baseline and at 2 weeks after starting NACT, while MRI
and mammographic assessments took place at baseline and
prior to surgery. A direct comparison of sensitivity,
specificity, PPV and NPV, and RCB outcomes can there-
fore not be made across the different imaging modalities.
The comparison between DOT and MRI or mammography
would have been possible if repeat MRI and mammo-
graphic imaging took place 2 weeks after starting
chemotherapy, however, this was not feasible due to cost
constraints. MRI has been evaluated to monitor breast
cancers during NACT and was shown to be effective in
monitoring HR—/HER2— or HER2-positive disease, but
was found to be inaccurate for HR+/HER2— breast cancer
[30]. Furthermore, MRI is expensive, requires the injection
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of intravenous contrast, is time consuming, and can be
uncomfortable to those who experience claustrophobia,
making it less appealing as an imaging modality for this
purpose.

While our study complements the findings of prior
studies, additional investigations to confirm our findings
and further explore this technology are needed. Strategies
to increase contrast within the breast, such as changing
blood flow with simple maneuvers such as breath holds or
using intravenous chromophores, may improve the ability
of DOT to detect more subtle changes. Whether DOT has
better predictability for different subtypes of breast tumors
is also an area of interest. As DOT changes were detected
as soon as 2 weeks following the initiation of NACT, it
provides an early time point in treatment to allow for
changes to a patient’s chemotherapy regimen. Whether
intervening early in the course of NACT will result in
improved pathologic response, disease-free and overall
survival is still not clear. Prospective studies to use DOT
response as a guide to change chemotherapy regimens for
those who do not have a favorable response will eventually
help to fully realize the potential of NACT and this
emerging technology.

Conclusions

Using DOT imaging to monitor women receiving NACT
for breast cancer, we were able to distinguish statistically
significant declines in hemoglobin concentrations between
favorable and unfavorable responders. At considerably
lower cost compared to breast MRI or PET-CT, and with
no ionizing radiation or intravenous contrast needed, DOT
promises to be a reliable, easy to administer, low cost,
comfortable, and safe early predictor of tumor response.
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