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Abstract
Background:

Neoadjuvant Therapy (NAT) permits less aggressive breast and axillary surgery and better assessment of
systemic response. Establishing accurate and early predictors of NAT response would help limit morbidity of
ineffective regimens through modi�cation of treatment regimens and thereby optimize clinical outcomes. The
purpose of the study was to assess the utility of tumor biomarkers, ultrasound (US) and US-guided diffuse
optical tomography (DOT) in early prediction of breast cancer response to NAT.

Methods

This prospective HIPAA compliant study was approved by the institutional review board. Forty one patients
were imaged with US and US-guided DOT prior to NAT, at completion of the �rst three treatment cycles, and
prior to de�nitive surgery from February 2017 to January 2020. Miller-Payne grading was used to assess
pathologic response.  Receiver operating characteristic curves (ROCs) were derived from logistic regression
using independent variables, including: tumor biomarkers, US maximum diameter, percentage reduction of the
diameter (%US), pretreatment maximum total hemoglobin concentration (HbT) and percentage reduction in
HbT (%HbT) at different treatment time points. Resulting ROCs were compared using area under the curve
(AUC). Statistical signi�cance was tested using two-sided two-sample student t-test with P<0.05 considered
statistically signi�cant.  

Results

Thirty-eight patients (mean age =47, range 24-71 years) successfully completed the study, including 15 HER2+
of which 11 were ER+; 12 ER+ or PR+/HER2-, and 11 triple negative. The combination of HER2 and ER
biomarkers, %HbT at the end of cycle 1 (EOC1) and %US (EOC1) provided the best early prediction, AUC =
0.941 (95% CI: 0.869–1.0).  Similarly an AUC of 0.910 (95% CI: 0.810–1.0) with %US (EOC1) and %HbT
(EOC1) can be achieved independent of HER2 and ER status. The most accurate prediction, AUC = 0.974 (95%
CI: 0.933–1.0), was achieved with %US at EOC1 and %HbT (EOC3) independent of biomarker status. 

Conclusion

The combined use of tumor HER2 and ER status, US, and US-guided DOT may provide accurate prediction of
NAT response as early as the completion of the �rst treatment cycle.   

Clinical Trial Registration number: NCT02891681

Registration time: September 7, 2016

https://clinicaltrials.gov/ct2/show/NCT02891681

Introduction
Preoperative neoadjuvant therapy (NAT) for patients with locally advanced breast cancer downstages the
tumor to facilitate breast conserving surgery, and allows in vivo assessment of therapeutic e�cacy for tailored

https://clinicaltrials.gov/ct2/show/NCT02891681
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treatment approaches. Pathological response to NAT predicts clinical outcome. An absence of residual
invasive breast cancer cells, in the primary tumor bed and lymph nodes following NAT is strongly correlated
with improved disease-free survival and overall survival (1). However, breast cancer is a heterogeneous
disease; approximately 20–25% of breast cancers have ampli�cation of the human epidermal growth factor
receptor 2 (HER-2/neu), while 10–20% of breast cancers lack expression of estrogen receptor and
progesterone receptor and HER2 gene ampli�cation, known as triple-negative breast cancer (TNBC). Dual
HER2 blockade in the neoadjuvant setting has been shown to increase the pCR rate in HER2 positive disease
(2–4). Despite this, there is a signi�cant percentage of HER2 + patients who do not achieve a pCR or near pCR
(5). Those patients who have residual invasive breast cancer after HER2-targeted therapies have a worse
prognosis (6). Moreover, to date, no FDA-approved targeted therapies are available for early-stage TNBC
patients and re�ning TNBC breast cancers into molecular subtypes still is a signi�cant challenge in predicting
NAT (7). Thus, there is an unmet need for individual assessment before and during early NAC to guide
treatment options by switching patients to other therapies to achieve optimal outcomes with reduced toxicity.

Many ongoing investigations are exploring imaging techniques to monitor response. The use of imaging is
appealing because it is non-invasive and may provide a window of opportunity wherein ineffective treatment
regimens could be altered. Conventional imaging methods include mammography, ultrasound (US), magnetic
resonance imaging (MRI), and PET-CT. Mammography has low sensitivity in the evaluation of NAT response
(8). US is moderately accurate (9–12) and has the additional bene�ts of easy access and low cost. MRI and
PET-CT have both demonstrated high accuracy in predicting pCR (13–15). However, both MRI and PET-CT are
potentially cost prohibitive given the need for serial imaging evaluation.

Optical tomography and spectroscopy using near infrared (NIR) diffused light has been explored as a novel
tool to predict and monitor tumor vasculature response to NAT (16–26). The NIR technique utilizes intrinsic
hemoglobin contrast, which is related to tumor angiogenesis. Recently studies have shown that pre-treatment
total hemoglobin concentration (HbT) and changes in HbT measured at the early treatment cycles can predict
treatment outcome (16–26). Furthermore, the Diffuse Optical Tomography (DOT) can be easily integrated with
ultrasound systems for dual-modality imaging assessment of breast cancer response to NAT. This manuscript
reports a three-year prospective study of a considerable patient population evaluated with US and US-guided
DOT before, during, and after treatment completion in an attempt to identify the best and earliest predictors of
pCR for HER2+, ER+/HER2- and triple negative breast cancer subtypes.

Materials And Methods

Patient
This prospective study was approved by the local institutional review board and was HIPAA compliant. Sixty
female patients with newly diagnosed breast cancer presenting to medical oncology at Washington University
School of Medicine from February 2017 to August 2019 for preoperative systemic therapy signed informed
consent. Exclusion criteria included pregnancy, breastfeeding, prior history of breast cancer, prior history of
chest wall radiation, prior history of breast reconstruction, reduction, or augmentation and bilateral breast
cancers, biopsy less than 7 days of imaging. Fifteen patients were subsequently deemed ineligible including
biopsy less than 7 days before imaging (n = 3), contralateral masses in mirror positions (n = 2), prior cancer
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mastectomy of one breast (n = 2), prior breast reduction or radiation (n = 2), schedule restriction to participate
the study (n = 6) and 4 withdrew (see Fig. 1). Of the remaining 41 patients, two developed metastases and did
not complete the study and one had a contralateral abnormality preventing reference imaging. Data from
these three patients were not included in the analysis. Thus 38 female patients (mean age = 47, range 24–
71 years) constituted the study group and underwent US and US-guided DOT imaging of the index breast
cancer prior to the initiation of NAT, at the end of the �rst three treatment cycles and before de�nitive surgery.
Patients were treated with NAT regimens according to current clinical practice or based on therapeutic trial
protocols.

Baseline imaging was performed an average of 28 days after diagnostic core needle biopsy (median = 26,
range 7–56 days) and before the �rst treatment (median = 1 day, range 0–15 days). During treatment, imaging
occurred before patient scheduled treatment (median = 0, range 0–5 days). The average interval between post-
treatment imaging and de�nitive surgery was 25 days (median 20, range 1–163 days).

Us And Us-guided Dot Imaging
Ultrasound and US-guided DOT examinations were completed in a breast imaging clinic with 4 commercial US
units and associated US probes of SL15-4 (Aixplorer™, SuperSonic Imagine Inc., Aix-en-Provence, FR) and a 4th
generation DOT system. Standard US was performed by one of four dedicated breast imaging radiologists
with an average of 12 years of breast US experience (range 2–24 years) at study initiation. The index tumor
was imaged in orthogonal planes and the maximum diameter was recorded. Prior US examinations were
referenced during the exam to ensure consistency of measurements. The percentage ratio %US, largest
dimension of each post-treatment time point over the largest dimension pretreatment, was used to evaluate
the fraction reduction from NAT. After completion of the breast US examination, the commercial US probe was
inserted into the DOT probe. The breast radiologist then directed the engineer to the index tumor site and
assisted in US-guided DOT acquisition as needed.

Details of the 4th generation DOT system used for this trial have been previously reported (27). Brie�y, the US-
guided DOT probe consists of the commercial US transducer located centrally, with source and detector light
guides (optical �bers) distributed around the periphery. The foot print of the DOT probe is approximately 9 cm.
Four source laser diodes of 730 nm, 785 nm, 808 nm and 830 nm optical wavelengths were sequentially
switched to nine positions on the probe, while the re�ected light was coupled by the light guides to 14 parallel
detectors. The entire NIR data acquisition interval was less than 5 seconds. For each patient, US images and
optical measurements were acquired simultaneously of both the index tumor site and subsequently a normal
region within the corresponding quadrant of the contralateral breast (see insert of Fig. 3). Multiple datasets
were acquired of the index tumor and contralateral reference site. The perturbation or scattered �eld caused by
tumor, , between the measurements of the tumor site and the reference site was used for image reconstruction.
The measurements from the normal contralateral breast were used for calculating the background optical
absorption and reduced scattering coe�cients which were used for computing weight matrix for image
reconstruction.

The optical-imaging reconstruction algorithm has been described and validated (28). In brief, the
reconstruction problem is formulated as :
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where X is the unknown optical absorption distribution of the tissue that can be determined from the measured
data Usc, W and λ is a regularization parameter determined from the largest eigenvalue of

A conjugate gradient optimization method is employed to solve the above inverse problem. Furthermore, the
DOT reconstruction uses ultrasound lesion identi�cation to segment the imaging volume into a region of
interest (ROI) and background to improve the inversion. The ROI is two to three times larger in spatial
dimensions than the tumor size (as measured by co-registered US) due to the low spatial resolution of diffused
light. A tighter ROI in the depth dimension is set by using co-registered US. The pretreatment ROI is used for
data processing of all time points, thereby minimizing the effect of treatment related changes in tumor size on
the optical image reconstruction.

The optical absorption distribution at each wavelength was reconstructed, and the total hemoglobin
concentration (HbT), oxygenated-hemoglobin (oxyHb) and deoxygenated-hemoglobin concentration
(deoxyHb) maps were computed. An average maximum value of HbT, oxyHb, and deoxyHb was obtained from
5–10 quality optical images reconstructed from each of the multiple data sets acquired from the index tumor.
Data with patient motion as evaluated by using two co-registered US images before and after each optical
data set were excluded from averaging. To assess each patient’s response, the HbT obtained before treatment
was taken as the baseline and the percentage (%HbT) normalized to the baseline was used to quantitatively
evaluate the remaining tumor vascular fraction during NAT.

Pathology Assessment
Pathology data were extracted from pathology reports and from re-examination of formalin-�xed, para�n-
embedded slides to complete missing data. One breast pathologist (SS, 10 years experience) evaluated cases
from patients recruited between February 2017 to May 2019 and the second breast pathologist (ISH, 7 years
experience) evaluated the rest. Response to NAC therapy in each surgical resection specimen was graded
using Miller-Payne (MP) criteria (29), with comparison to initial core biopsy when necessary. There are �ve MP
grades based on reduction in tumor cellularity: Grade 1—no change or minor alteration in individual malignant
cells but no reduction in overall cellularity (no response, pNR). Grade 2—minor (up to 30%) loss of tumor cells
but overall cellularity remains high; partial pathologic response (pPR). Grade 3—estimated 30–90% reduction
in tumor cells (pPR). Grade 4—marked (> 90%) disappearance of tumor cells or near-complete pathologic
response (pCR). Grade 5—no malignant cells are identi�able in sections from the tumor bed (pCR), although
residual ductal carcinoma in situ (DCIS) may be present. The MD Anderson residual cancer burden (RCB) was
calculated based on the primary tumor bed, overall cancer cellularity, in situ disease, number of positive lymph
nodes and diameter of the largest lymph node metastasis (30). Since US and US-guided DOT were performed
on the index tumor, the MP grading system was used to evaluate pathological response and RCB was used as
a reference.
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Invasive carcinoma within the pretreatment core biopsies was graded using the Nottingham histologic score
(NS). Testing for estrogen receptor (ER), progesterone receptor (PR), and HER2/neu (c-erbB-2) expression was
performed by immunohistochemistry by an FDA-approved method on formalin-�xed, para�n-embedded
pretreatment core biopsy tissue. The ER and PR were scored by Allred scoring system (31), where the total
score ranges from 0–8 (scores > 3 are positive). HER2 was scored in accordance with 2018 ASCO/CAP
guidelines. Cases with equivocal HER2 immunostaining were re�exed to �uorescence in situ hybridization
(FISH).

Statistical Analysis
Generalized Logistic Regression (GLR) was used to relate treatment outcomes to individual predictor variables
for ROC analysis. Each predictor was �rst correlated with the MP grade using Spearman’s rho correlation
coe�cient to assess its predictive value. The t-test was used to evaluate the statistical signi�cance and P
values less than 0.05 were considered signi�cant. For each pair of signi�cant predictors, a correlation between
the two predictors was evaluated using Spearman’s rho correlation coe�cient. The correlated predictors were
not used together for ROC analysis. Minitab 19 software (Minitab, State College, PA) was used for statistical
calculations. When comparing %HbT and %US at different treatment cycles, the Bonferroni-Holm correction
was applied to obtain the corrected P value for the number of treatment cycles. The 95% con�dence interval
(CI) of each ROC was computed in R using the pROC package. To evaluate the signi�cance of different ROCs
with different sets of predictors, we used a function deltaAUC in R, which was specially designed to compare
AUCs with overlapping predictors (32).

In Appendix A, we developed treatment prediction models using combined data from 38 patients reported in
this study and 22 patients acquired in an earlier study with similar DOT system parameters, patient and
treatment characteristics (19).

Results
Table 1 summarizes patient and tumor characteristics, NAT regimens and MP grading. The histologic type of
35 patients was invasive ductal carcinoma of no special type; one patient had invasive mucinous carcinoma,
one patient had invasive lobular carcinoma and one patient had invasive mammary carcinoma with mixed
ductal and lobular features. One of the 38 patients had multi-focal disease consisting of three adjacent
distinct tumor masses with identical histology. For this patient, the largest of the three masses was used for
data analysis. Fifteen patients were HER2+, 11 were triple-negative (TNBC), and 12 were ER+/HER2- (n = 10) or
PR+/HER2- (n = 2). Eight patients had stage 3 disease, 27– stage 2, and 3– stage 1. For the three patients with
stage 1 disease, two had HER2 + tumors, and one had high grade TNBC. Based upon MP grade, 5 patients had
no response (pNR) (MP1), 11 patients had a partial response (pPR), including 3 with a minor response (MP2)
and 8 with an intermediate response (MP3), while 3 had a near-complete response (MP4) and 19 had a
complete response (pCR) (MP5).
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Table 1
Clinicopathologic characteristics, biomarkers, initial (clinical) tumor staging, residual (post-neoadjuvant)

staging, residual cancer burden, treatment regimens, and Miller-Payne grade
Subject
#

Age Histology

type

Grade1

score

Biological
subtype

Tumor

Stage

Residual
Tumor

(gross)/RCB
index

Treatment

Regimen

Miller-
Payne

grade

NIR005 40 IDC Intermed
(6)

ER + PR + 
HER2-

T2 2.1/2.796 ACT 3

NIR006 44 IDC High (9) ER-PR-
HER2-

T2 0/0 ACT 5

NIR008 31 IDC High (9) ER + PR + 
HER2-

T2 0.8/2.73 ACT 3

NIR011 45 IDC High (9) ER-PR-
HER-

T2 0/0 ACT 5

NIR014 38 IDC Intermed
(6)

ER + PR + 
HER2-

T2 2.5/3.19 ACT 2

NIR015 61 IDC High (9) ER-PR + 
HER2-

T2 2.4/2.368 ACT 1

NIR021 59 IDC High (8) ER-PR-
HER-

T1 0/0 ACT 5

NIR023 65 IDC High (9) ER-PR-
HER2-

T2 0.3/1.333 ACT 3

NIR025 59 IDC High (9) ER-PR-
HER2-

T3 0/0 ACT 5

NIR026 45 IDC High (9) ER + PR + 
HER2-

T2 0.7/1.355 ACT 4

NIR027 41 IDC High (9) ER + PR-
HER-

T2 3.1/3.52 ACT 1

NIR034 35 IDC High (8) ER + PR + 
HER2 -

T2 1.2/2.953 ACT 2

NIR038 44 IDC Intermed
(5)

ER + PR + 
HER2-

T3 2.0/4.024 ACT 3

NIR041 48 ILC Intermed
(5)

ER + PR + 
HER-

T3 4.1/4.251 ACT 1

NIR001 62 IDC High (8) ER + PR + 
HER2+

T2 0/0 TCHP 5

NIR003 48 IMC Intermed(4) ER + PR + 
HER2+

T2 2.9/1.642 TCHP 1

NIR007 42 IDC High (9) ER- PR-
HER2+

T3 0/0 TCHP 5
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Subject
#

Age Histology

type

Grade1

score

Biological
subtype

Tumor

Stage

Residual
Tumor

(gross)/RCB
index

Treatment

Regimen

Miller-
Payne

grade

NIR010 39 IDC High (9) ER + PR-
HER2+

T2 0/0 TCHP 5

NIR018 44 IDC High (7) ER-PR-
HER2+

T2 0/0 TCHP 5

NIR019 37 IDC High (9) ER + PR + 
Her2+

T2 0/0 TCHP 5

NIR022 30 IDC High (9) ER-PR-
HER2+

T2 0/0 TCHP 5

NIR029 52 IDC High (8) ER + PR-
HER2+

T2 0/0 TCHP 5

NIR032 38 IDC Intermed(6) ER + PR-
HER2+

T3 0/0 TCHP 5

NIR035 50 IDC High (7) ER-PR-
HER2+

T1 0/0 TCHP 5

NIR040 34 IDC High (7) ER + PR + 
HER+

T2 0.2/1.277 TCHP 4

NIR004 50 IDC High (9) ER-PR-
HER2-

T3 0/0 CarboT 5

NIR009 38 IDC High (8) ER-PR + 
HER-

PR + 
HER2-

T2 0/0 CarboT 5

NIR016 53 IDC High (9) ER + 2PR-
HER2-

T2 0/0 CarboT 5

NIR020 48 IDC High (7) ER-PR-
HER2-

T2 0.15/1.899 CarboT 3

NIR030 71 IDC High(9) ER-PR-
HER2-

T2 0.9/2.045 CarboT 2

NIR031 24 IDC High (9) ER-PR-
HER2-

T3 0/0 CarboT - AC 5

NIR012 49 IDC High (9) ER- PR-
HER2-

T2 0/0 ACP 5

NIR028 39 IDC High (8) ER-PR-
HER2-

T2 2.5/3.82 ACP 3

NIR013 52 IDC High (9) ER + PR-
HER2+

T3 1.3/1.59 PLT 3
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Subject
#

Age Histology

type

Grade1

score

Biological
subtype

Tumor

Stage

Residual
Tumor

(gross)/RCB
index

Treatment

Regimen

Miller-
Payne

grade

NIR033 56 IDC/ILC High (9) ER + PR-
HER2+

T2 1.1/1.561 PLT 3

NIR036 57 IDC High (8) ER + PR + 
HER2+

T2 0.1/0.598 PLT 4

NIR037 43 IDC High (7) ER + PR + 
HER2+

T1 0/0 PLT 5

NIR039 66 IDC Intermed
(5)

ER + PR + 
HER2–

T2 1.5/3.222 Anastrazole 1

1. Nottingham Grade: 1–3 low, 4–6 intermediate, 7–9 high

2. Initial receptor report from outside hospital was TNBC and corrected later as ER+.

IDC, invasive ductal carcinoma

IMC, invasive mucinous carcinoma

ILC, invasive lobular carcinoma

TCHP: Docetaxel, carboplatin, trastuzumab, and pertuzumab

ACT: AC (Doxorubicin hydrochloride and cyclophosphamide) every two weeks followed by weekly
paclitaxel (Taxol) for 12 weeks

CarboT: Carboplatin (Paraplatin ) and Docetaxel (Taxotere)

ClinicalTrials.gov Identi�er: NCT02124902

ACP: Atezolizumab Carboplatin Paclitaxel

ClinicalTrials.gov Identi�er: NCT02883062

PLT: Palbociclib Letrozole Trastuzumab

ClinicalTrials.gov Identi�er: NCT02907918

CarboT-AC: Carboplatin and Docetaxel for four cycles followed by Doxorubicin (adriamycin) /
Cyclophosphamide

Tumor characteristics, US measurements and optical parameters were correlated to pathologic outcomes, i.e.,
non- or incomplete response (MP1–3) vs. near-complete or complete response (MP4–5) using the Spearman’s
rho correlation. HER2 + status was signi�cantly associated with MP4–5 (P = 0.039), and ER+/HER2– status
was signi�cantly associated with MP1–3 (P = 0.036), while Nottingham grade and triple-negative status were
not (P = 0.115, P = 0.138). Pretreatment maximum tumor size measured by US corresponded to an incomplete
response (P = 0.011). MP1–3 had a baseline maximum of 34.4 mm 12.8 mm, vs. 26.9 mm 10.9 mm for MP4–
5, but the difference between the two responder groups was not statistically signi�cant (P = 0.066). Reduction
in tumor size compared to pretreatment baseline (%US) at the end of each of the �rst three cycles was
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associated with a pCR (EOC 1, P = 0.005, EOC 2, P = 0.045, EOC 3, P = 0.013), especially at EOC1. Post-
treatment %US was not associated with a pCR (P = 0.134), however, post-treatment tumor size was associated
a pCR (P = 0.012). Pretreatment HbT correlated with a complete response (P = 0.028), while oxyHb and
deoxyHb were not (P = 0.091, P = 0.132). Reduction in HbT (%HbT) showed the strongest correlation with a
pCR at the end of each of the �rst three cycles (P = 0.001, P < 0.001, P < 0.001). Post-treatment %HbT also
showed a strong correlation with a pCR (P = 0.007).

Figure 2 demonstrates the HbT, reduction in HbT, %HbT, and reduction in tumor size, %US, over the �rst three
treatment cycles. Bonferroni-Holm correction was applied to adjust for multiple comparisons of %HbT and
%US over treatment cycles. There was a difference in pretreatment mean maximum HbT between MP1–3 vs.
MP4–5. MP4–5 tumors had a pretreatment HbT of 85.9 M 20.0 [standard deviation], vs. 71.3M 19.1 for MP1–
3 (P = 0.029) (Fig. 2A). However, there was no difference at EOC1 or EOC2 because the mean HbT level
decreased at a faster rate in complete responders. At EOC3 complete responders had a signi�cantly lower HbT.
The faster rate of reduction is best visualized in Fig. 2B. MP4–5 tumors decreased rapidly to 78% (of
baseline)18.9, 64.2%18.5, 48.2%13.8 at EOC1, EOC2 and EOC3, respectively, whereas MP1–3 tumors changed
minimally to 97.3%22.6 (EOC1), 88.7%22.9 (EOC2), and 89.0%26.4(EOC3). The differences between the two
groups were increasingly signi�cant as treatment progressed through the �rst three cycles; Pc = 0.012 (EOC1),
Pc = 0.008 (EOC2) and Pc < 0.001 (EOC3), respectively.

The %US measurements showed a similar trend. The reduction in diameter was signi�cant with reduction rate
of 74.8%17.8, 61.8% 28.3, 52.4% 29.4 in MP4-5 tumors and 96.5% 17.8, 82.4%23.7 and 74.7% 23.5 in MP1-3
tumors, respectively ( Fig. 2C). The differences between the two groups were signi�cant with Pc = 0.003
(EOC1), Pc = 0.028 (EOC2), Pc = 0.040 (EOC3), respectively.

Examples of a treatment responder and a non-responder are shown in Figs. 3 and 4.

We performed ROC analyses using logistic regression to identify the best early predictors of response (MP4-5)
at different treatment time points, EOC1-3. Incremental AUCs are tabulated (Table 2) with and without
predictive biomarker status of ER and HER2, and subsets ROCs shown graphically in Fig. 5. As noted above
only HER2 and ER status were shown to predict treatment response (AUC = 0.773, 95% CI: 0.629–0.917). When
added to ER and HER2 status, %US at EOC1 noticeably improves the AUC (AUC = 0.883, 95% CI: 0.768–0.997).
Similarly, the addition of %HbT to biomarker status substantially increases the AUC. While each parameter is
independently helpful, the combination of %US and %HbT is most effective in enhancing the prediction. The
combination of predictive biomarkers, %US and %HbT at EOC1 provides the best prediction of response at the
earliest time point, AUC = 0.941 (95% CI: 0.869–1.0), which is signi�cant when compared with biomarkers and
%US at EOC1 (P < 0.001). The greatest AUC of any time during early treatment (AUC = 0.974, 95% CI: 0.932–
1.0) is achieved through the combination of predictive biomarkers, %US (EOC1) and %HbT (EOC3), which is
also signi�cant when compared with biomarkers and %US at EOC1 (P < 0.001). Even in the absence of ER and
HER2 status, the identical maximum AUC is achieved (AUC = 0.974, 95% CI: 0.933-1.0) using %US (EOC1) and
%HbT (EOC3), with only slight diminution at the earliest time point, i.e. %US (EOC1) and %HbT (EOC1), AUC = 
0.910 (95% CI: 0.810–1.0). The AUC improvements of adding %HbT (EOC1) and %HbT (EOC3) to %US (EOC1)
is statistically signi�cant (P < 0.001). Note that Miller-Payne grade and RCB are highly correlated, Spearman’s
rho = 0.941 (P < 0.001). To improve the robustness of the prediction we have combined data from the 38
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patients in this study with earlier data of a smaller patient population of 22 patients. Similar results were
obtained (details in Appendix A).
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Table 2
Logistic regression models based on tumor subtypes (HER2, ER) and TNBC, US measurements, and

hemoglobin parameters, AUC. Data were from this study of total 38 patients.
ROC Analysis including HER2 and ER Biomarker status  

Biomarkers, HbT and
US measured before
NAT

Biomarkers, %US
measured at EOCs
1–3

Biomarkers, HbT, %HbT
measured at EOCs 1–3

Biomarkers, %HbT and
%US measured at EOCs 1–
3

• HER2, ER

AUC = 0.773

95% CI: 0.629–0.917

• HER2, ER, HbT

AUC = 0.804

95% CI: 0.659–0.949

• HER2, ER,
%US_EOC1

AUC = 0.883

95% CI: 0.768–0.997

• HER2, ER,
%US_EOC2

AUC = 0.771

95% CI: 0.608–0.935

• HER2, ER,
%US_EOC3

• AUC = 0.842

95% CI: 0.710–0.975

• HER2, ER, HbT,
%HbT_EOC1

AUC = 0.903

95% CI: 0.808–0.998

• HER2, ER, HbT,
%HbT_EOC2

AUC = 0.911

95% CI: 0.811–1.0

• HER2, ER, HbT,
%HbT_EOC3

AUC = 0.968

95% CI:0.918–1.0

• HER2,
ER,%HbT_EOC1,%US_EOC1

• AUC = 0.941

95% CI: 0.869–1.0

• HER2, ER, %HbT_EOC2,
%US_EOC2

AUC = 0.900

95% CI: 0.797–1.0

• HER2, ER, %HbT_EOC3,
%US_EOC3

AUC = 0.968

95% CI: 0.918–1.0

• HER2, ER,
%HbT_EOC3,%US_EOC1

AUC = 0.974

95% CI: 0.932–1.0

ROC Analysis using Imaging Parameters only  

Biomarkers, HbT and
US measured before
NAC

%US measured at
EOCs 1–3

%HbT measured EOCs
1–3

%HbT and %US measured
at EOCs 1–3
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ROC Analysis including HER2 and ER Biomarker status  

• TNBC

AUC = 0.557

95% CI: 0.407–0.707

• US

AUC = 0.671

95% CI: 0.492–0.849

• HbT

AUC = 0.707

95% CI:0.540–0.8744

• %US_EOC1

AUC = 0.828

95% CI: 0.685–0.971

• %US_EOC2

AUC = 0.679

95% CI: 0.489–0.869

• %US_EOC3

AUC = 0.723

95% CI: 0.547–0.898

• HbT, %HbT_EOC1

AUC = 0.825

95% CI: 0.684–0.966

• HbT, %HbT_EOC2

AUC = 0.839

95% CI: 0.706–0.973

• HbT, %HbT_EOC3

AUC = 0.944

95% CI: 0.870–1.0

• HbT, %HbT_EOC1,
%US_EOC1

AUC = 0.910

95% CI: 0.810–1.0

• %HbT_EOC2, %US_EOC2

AUC = 0.889

95% CI: 0.774–0.993

• %HbT_EOC3%US_EOC3

AUC = 0.944

95% CI: 0.870–1.0

• %HbT_EOC3%, US_EOC1

AUC = 0.974

95% CI: 0.933–1.0

Discussion
In current clinical practice, clinical breast examination, mammography, US, MRI, and PET-CT have been used to
evaluate response in patients receiving NAC. In a comparative study of imaging modalities in 43 patients, Shin
and colleagues showed increasing correlation with pathologic tumor size, with intra-class correlation
coe�cients of 0.65 for clinical breast exam, 0.69 for mammography, 0.78 for US and 0.97 for MRI (33). In a
recent meta-analysis of 969 patients from 18 studies, MRI had a summary ROC (sROC) AUC of 0.89 (13).
When comparing PET-CT to MRI in a meta-analysis of 13 studies with 575 patients, MRI was more accurate,
summary ROC (sROC) AUC: 0.88 vs. 0.84 (34). In contrast, in a meta-analysis of 10 studies, PET-CT
outperformed MRI during NAC treatment (15). Mammography and/or breast MRI are recommended by NCCN
(35) and CT, MRI, FDG PET are endorsed by RECIST 1.1 (36). US has not been recommended for monitoring
disease status in clinical trials due to its perceived subjectivity and operator dependence (37).

However, because of its low cost and accessibility, US has been utilized and evaluated in several studies (9–
12). In the GepharTrio trial of 2090 patients bidimensional US measurements at EOC2 were used to classify
response and randomize patients to treatment with 6 vs 8 cycles of NAC (11). Candelaria and colleagues
evaluated mid-treatment breast US in 159 patients and showed association of percentage change in tumor US
measurements with RCB in TNBC and hormone receptor (HR) + and HER2– tumors but not in HR– and HER2 + 
tumors (10). Marinovich and colleagues applied RECIST 1.1 and WHO 1D and 2D measurement criteria in 832
patients who underwent US at EOC2 and demonstrated an average increase in AUCs of 2% and 3% to 0.79 and
0.80 respectively, with the addition of US to patient characteristics including biomarkers (9). In this study, we
found that the fractional change of US maximum diameter (%US), measured at EOC1 (AUC = 0.83) was more
predictive than EOC2 (AUC = 0.68). We further showed a substantial 11% increase, AUC = 0.77 to 0.88 at EOC1,
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in patients with known ER + or HER2 + disease. We believe that early US measurements at EOC1 can
substantially avoid measurement uncertainty caused by treatment induced in�ammatory and �brotic changes
in the tumor bed.

Recently studies of shear wave elastography (SWE) have shown that increased extracellular matrix stiffness is
associated with tumor progression and NCT resistance (38–39). SWE measures signi�cant differences in
tumor elasticity changes in pCR vs. non-pCR cases and AUCs of 0.613 (baseline), 0.745 (EOC1), 0.685 (EOC2)
have reported in a recent clinical trial (40). This tread is similar to our study using gray scale US.

Diffuse optical tomography and diffuse optical spectroscopy exploit changes in tumor vascularity and
metabolism and have demonstrated the potential for early prediction of breast cancer pathological response
(18–26). Studies have shown accurate predictions in the neoadjuvant setting by utilizing pretreatment
hemoglobin levels and changes in hemoglobin early in the course of treatment (19,21–26), or by monitoring
changes of blood oxygen saturation sO2 at day 1 of dose dense treatment (18) or day 10 during early
treatment (20). In the recent ACRIN 6691 trial evaluating 36 patients, the authors derived a tissue optical index
(TOI), a product of deoxygenated Hb and water concentration over lipid, and reported that the mid-treatment
TOI can predict pCR with AUC 0.6 to 0.83 (19). Gunther and colleagues developed a dynamic diffuse optical
tomography system that could distinguish between response groups. An ROC analysis showed that this
method could identify patients with a pCR two weeks into the treatment with AUC = 0.85 (17). In an earlier
investigation using data from two studies with limited patients treated with new dual HER2 blockade regiment
(19), Zhu and colleagues developed prediction models identifying HER2 status and HbT as the best
pretreatment predictors of pCR (AUC = 0.88). The pretreatment predictors “ER status and HbT”, and “TNBC and
HbT” predicted response with moderate AUC accuracies of 0.69 and 0.72, which are similar to the single
predictor HbT (AUC = 0.75). With known HER2 positivity, the best window to accurately predict response was at
the completion of the �rst and second cycles of NAT (AUC = 0.96, AUC = 0.97). For ER+/HER2- or TNBC
subtype, the best window was at the completion of the �rst cycle of NAT and the best predictors were HbT and
%HbT (AUC = 0.95).

In this new cohort of 38 patients, “HER2, ER and pretreatment HbT” has shown good prediction, AUC = 0.80
and HbT alone has shown moderate prediction AUC = 0.71. However, fractional reduction of HbT (%HbT) is a
much more powerful predictor of response as is fractional reduction of maximum diameter measured with US
(%US) in the �rst three cycles. In particular, combining tumor HER2 and ER status, %US EOC1 and %HbT at
EOC1 provided the best early indicator of treatment response, AUC = 0.941, and remained powerful even
without biomarker data, i.e. AUC = 0.910. As expected from log cell-kill kinetics of cytotoxic drugs, a given dose
kills a constant proportion of a tumor cell population rather than constant number of cells (41). Therefore, for
chemo-sensitive tumors, there are more total cells killed in the �rst cycle of treatment and more tumor
neovasculature damage which may cause a signi�cant decrease in tumor hemoglobin measured by the DOT
system and size reduction measured by US. Overall, the highest accuracy, AUC = 0.974, was achieved with the
combination of %US EOC1 and %HbT at EOC3 irrespective of biomarker status. To our knowledge, these AUC
values are among the highest reported results using NAT regimens in current clinical practice.

From an exam delivery perspective, the combination of US and US-guided DOT provides important potential
bene�ts for assessing NAT response compared to PET-CT and MRI. In the system used in this study, a
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commercial US probe was used for US measurements and then placed within the �ber-optic array to guide
DOT. Furthermore, in future iterations US could be completely integrated into a hybrid US – DOT system. The
combined exam has no ionizing radiation, has low intrinsic cost, is easily adaptable to current equipment, and
could be made widely available and portable. In contrast PET-CT and MRI are high cost and have limited
access. Additionally, MRI has associated medical risks and contraindications. Disadvantages to US/US-guided
DOT include: US-guided DOT imaging is not real-time and reconstruction currently takes a minimum of 20 to
30 minutes in computation time. US-guided DOT is not suitable for imaging tumors in the dark nipple-areolar
complex, and requires a sonographically visible index tumor and normal contralateral reference tissue. US-
guided DOT data acquisition requires training of operators to match the location of the lesion side and the
contralateral reference side for differential measurements and can be performed by radiologists or US
technologists. Dark skin absorbs more light than white skin, however, the DOT system has adequate source
power to acquire measurements with good signal to noise ratio for a range of skin colors.

Our study has a number of limitations. This is a single institution experience and the imaging procedure was
performed (US) and supervised (US-guided DOT) by dedicated breast imaging radiologists, which may affect
the generalizability of results. The treatment regimens were based on current practice at a research institution
and were not limited to a single regimen. The choice of systemic therapies for breast cancer patients are based
on multiple factors, including tumor biology, stage, patient characteristics and wishes, clinical trial availability.
The study population was not large (n = 38) and to develop prediction models, we included data from 22
patients from an earlier study with similar but not identical study criteria (19). While attempts were made to
image the index tumor in the same orthogonal scan planes, i.e., radial-antiradial or transverse-sagittal, in order
to optimize tumor conspicuity during treatment this was not always possible.

We chose our comparison groups as pCR and near pCR as “responders”, (Miller-Payne grades 4–5) versus
“non-responders” (Miller-Payne grades 1–3), because the MP grading system is used to evaluate index tumor
while residual cancer burden (RCB) additionally incorporates DCIS and lymph node status, which are not
assessed by our DOT procedure. In our study Miller-Payne grade and RCB were highly correlated. Symmans et
al. using the Residual Cancer Burden (RCB) system and another separate dataset for evaluating tumor
response after neoadjuvant chemotherapy also found that pCR and near-pCR had very similar survivorship
curves after surgery (30). Given that Ogston et al. originally reported that Miller-Payne grades 4 and 5 tended to
track together with regard to 5 year disease free survive after neoadjuvant chemotherapy (29), we felt justi�ed
in considering MP 4 and MP 5 collectively as the responder group.

Only one patient was treated with an antiestrogen regimen, i.e. anastazole, in our study cohort. Due to the
limited sample size, we have grouped this patient with the rest of the patients and used pCR as surrogate
endpoint. However, pCR is uncommon in neoadjuvant endocrine treatment and a poor surrogate for disease
free survival. Future studies assessing response to neoadjuvant endocrine therapy will likely rely on change in
the proliferation marker Ki67 and the preoperative endocrine prognostic index (PEPI), a composite score of
post-treatment ER, Ki67, tumor size and axillary nodal status, as a surrogate for endocrine sensitivity. Higher
Ki67 and PEPI scores have shown to correlate with an increased risk of relapse (42).

Our study has substantial implications for the combined use of tumor subtypes, conventional US and near-
infrared-measured tumor hemoglobin content in accurately predicting pathological response as soon as one
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treatment cycle is completed. A recently phase 3, open-label trial involving patients with HER2-positive early
breast cancer who were found to have residual invasive disease has shown that adjuvant trastuzumab
emtansine (T-DM1) for 14 cycles reduced the risk of recurrence of invasive breast cancer or death by 50% as
compared with trastuzumab alone (6). Another trial of 910 HER2– residual invasive breast cancer patients
after neoadjuvant chemotherapy showed that adjuvant capecitabine was safe and effective in prolonging
disease-free survival and overall survival (43). If the residual disease could be accurately estimated earlier in
the NCT, patients with an unsatisfactory response could be switched to investigational therapies or even
de�nitive surgery as soon as cycle 1 is completed, allowing for personalized treatment. This ability will gain
value as our armamentarium of interventions increases and responses can more effectively tailor the
therapeutic agents selected.

Conclusion
In conclusion, our results suggest that the combination of HER2 and ER status, %HbT at the end of cycle 1
(EOC1) and %US (EOC1) accurately predict NAT (AUC = 0.941), and %HbT (EOC1) and %US (EOC1) predict NAT
(AUC = 0.910) regardless of HER2 and ER status. A greater prediction accuracy can be achieved with AUC of
0.974 regardless of biomarkers when the treatment window is extended to EOC3. Early assessment of
response to NAT for breast cancer allows personalized treatment. The synergistic use of US and US-guided
DOT may provide a safe, available, low cost strategy to accurately predict neoadjuvant treatment outcomes
early in the course of therapy.
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Figure 1

Patient Study Flow Diagram
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Figure 2

(A) HbT of Miller-Payne grade 4–5 tumors (therapy responders) and grade 1–3 tumors after 1, 2, 3 cycles of
neoadjuvant therapy. (B) %HbT of grade 4–5 tumors vs. grade 1–3 tumors after �rst three cycles of
neoadjuvant therapy. (C) %US of grade 4–5 tumors vs. grade 1–3 tumors after �rst three cycles of
neoadjuvant therapy. Pc is Bonferroni-Holm corrected P value.

Figure 3

A 59 year-old patient with a T3 triple negative cancer and treated with ACT. The US/DOT imaging were
performed at baseline, end of cycle 1 (EOC1), 2, 3, 5 and before surgery. Panel (A)-(C) are co-registered US
images obtained at baseline, EOC1 and EOC3. The largest lesion diameters measured by US were 4.6 cm, 3.4
cm,1.0 cm. The corresponding %US at EOC1 and EOC 3 were 73.9% and 21.7%. Panel (E)-(F) are corresponding
HbT maps. Each map has 7 slices reconstructed at depths from 0.5 cm to 3.5 cm with 0.5 cm spacing. Each
slice has spatial dimensions of 9 cm by 9 cm. The maximum HbT measured at baseline, EOC1, and EOC3 were
108.7 µM, 73.5 µM, and 45.0 µM. The %HbT were 67.6% and 41.4% at EOC1 and EOC3. The patient achieved
pCR with Miller-Payne of 5.
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Figure 4

A 62 year-old patient with a T2 ER negative PR positive and HER2 negative IDC and treated with ACT. The
US/DOT imaging were performed at baseline, end of cycle 1, 2, 3 and before surgery. Panel (A)-(C) are co-
registered US images obtained at baseline, EOC1 and EOC3. The largest lesion diameters measured by US
were 3.6 cm, 2.4 cm, 1.7 cm. The corresponding %US at EOC1 and EOC 3 were 66.7% and 47.2%. Panel (E)-(F)
are corresponding HbT maps. Each map has 7 slices reconstructed at depths from 0.5 cm to 3.5 cm with 0.5
cm spacing. Each slice has a spatial dimensions of 9 cm by 9 cm. The maximum HbT measured at baseline,
EOC1, and EOC3 were 70.3 µM, 79.3µM, and 65.8 µm. The %HbT were 112.8% and 93.6% at EOC1 and EOC3.
The patient had 2.4 cm residual tumor with no histologic evidence of tumor response as evaluated after the
surgery. Miller-Payne grade was 1.
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Figure 5

ROCs obtained from different set of predictor variables. (A) ROCs of known HER2/ER subgroup with 5 sets of
predictor variables, and (B) ROCs based on HbT, %US-EOC1, %HbT and %US changes regardless of biomarkers.
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