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ABSTRACT
Purpose: This study evaluated pathological response to neoadjuvant
chemotherapy using quantitative ultrasound (QUS) and diff use optical spectroscopy
imaging (DOSI) biomarkers in locally advanced breast cance r (LABC).
Materials and Methods: The institution’s ethics review board approved this
study. Subjects ( n = 22) gave written informed consent prior to partici pating. US
and DOSI data were acquired, relative to the start of neo adjuvant chemotherapy,
DW ZHHNV DQG SUHRSHUDWLYHO\ 485COGAIDPHWKHWILE® EDQG (W
(MBF), 0-MHz intercept (Sl), and the spectral slope (S S) were determined from tumor
ultrasound data using spectral analysis. In the same patien ts, DOSI was used to
measure parameters relating to tumor hemoglobin and comp osition. Discriminant
analysis and receiver-operating characteristic (ROC) analysi s was used to classify
clinical and pathological response during treatment and t o estimate the area under
the curve (AUC). Additionally, multivariate analysis was ¢ arried out for pairwise QUS/
DOSI parameter combinations using a logistic regression model.
Results: Individual QUS and DOSI parameters, including t he (SI), oxy-hemoglobin
(HbO, DQG WRWDO KHPRJORELQ +E7 ZHUH VLJQ®U BRBHYWRRDWHNEUVHIU RQH
week of treatment ( p < 0.01). Multivariate (pairwise) combinations increased the
VHQVLWLYLW\ VSHFL/,FLW\ DQG $8& DW WHEL\shdwed & sensitivid/ 6 ,
VSHFL¢FLW\ RI DQG DQ $8& RI
Conclusions: QUS and DOSI demonstrated potential as coin cident markers
for treatment response and may potentially facilitate res ponse-guided therapies.
OXOWLYDULDWH 486 DQG '26, SDUDPHWHUYV L Q FFUMD VIHEBEG WKSHH F/LH:GA\L MY LR |
classifying LABC patients as early as one week after treat ment.
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INTRODUCTION

Breast cancer is the second leading cause of
cancer-related mortalities in women and a major public
health problem worldwide [1]. There are as many as 17
tumor subtypes, which are characterized by contrasting
histological and molecular features [2, 3]. However,
approximately 5-15% of all breast tumors will exhibit
similar disease patterns that are consistent with locally
DGYDQFHG EUHDVW FDQFHU /$%&
WXPRUV -
O\PSK QRGHV > @
operative (neoadjuvant) chemotherapy (NAC), followed
E\ GH{;QLWLYH VXUJHU\

(BOLD) contrast, have indicated some promising results

to measure vascular oxygenation as a marker for treatment
response in tumors [13]. BOLD-MRI detectsweighted

signals from deoxy-hemoglobin, and a number of studies to
GDWH KDYH H[SORUHG %2/' 05, LQ EUHLI
For example, a pilot study by Jiaeg al. demonstrated
VLIQL{FDQW GLIIHUHQFHY LQ WXPRU E
with complete pathological response versus patients with

partial response or stable disease to NAC [13]. Other

MRJ mngtloHsGelativg tpvwumaorHvaseular perfusion use

FP LQ VL]H DQG PD\ LdynaRiocorirar-@harrad (PGEYMRI to predict NAC
7UHDWPHQW WWsatnreptowcomesQ Pataxapoited o @HLABC patients

by Craciunescuet al. showed that predictive models

WKHQ U D G with/PCRPRMparame®rs courkahassifp parajogical

EHQH¢{W WR 1$& LV WR GRZQVWD JHregpanders and HaD-Yespondrrs MitlF 91G0L sensitinityd and

surgical resection, and to enable clinical surveillance of
the tumor in response to therapy [5]. NAC has not yet
been demonstrated to enhance long-term survival, but a

VSHFL{FLW\ > @ 2WKHU LPSRUWD!
MRI have included diffusion-weighted imaging (DWI)
to provide information on tissue microstructure related to

VXUYLYDO EHQH/W KDV EHHQ L QG L Frgl\eatsandghistechniguedias Yeanierplaied forDIAQ

complete pathological response in comparison to patients
with progressive or residual disease after NAC [6, 7]. In
general however, survival outcomes are poor; only 25% of
women may achieve complete pathological response [8]
DQG XS WR
5 years [9].
Breast cancer imaging during NAC can provide
important clinical information about response to
treatment, and potentially impact treatment outcomes if
used to guide therapy. Current imaging methods such
as x-ray mammography, and conventional computed
tomography imaging can be used to study anatomical
characteristics, but may be limited in showing functional
and biological changes which start to occur early after
treatment initiation [10]. Understanding these changes can
potentially improve treatment strategies for personalized
medicine. In response to these clinical challenges, imaging
biomarkers have gained widespread interest in recent
years as a potential tool to measure tumor response to
NAC. This is due to technological improvements in
imaging resolution, contrast, sensitivity and available
approaches to assess pathophysiological tumor changes.
Research into imaging biomarkers have aimed to match the

response in breast tumors. Previous studies using DWI-MRI
have demonstrated an increased accuracy in classifying
patient response to NAC for breast cancer [17]. However,
the routine implementation of such specialized methods

RI SDWLHQWYV PD\ G H YrenoWRs aod-PEX ig limitep bytheir invasiveness, need

for contrast agents, cost, or patient exposure to ionizing
radiation [18]. Additionally, other limiting factors include
patient motion during imaging and the dependency on other
factors such as cardiac output for contrast enhancement,
which may affect data stability [13, 19]. There is recent
evidence to suggest that imaging markers from quantitative
ultrasound (QUS) and diffuse optical spectroscopy
LPDJLQJ '26, FDQ UHAHFW HDUO\ ELR
chemotherapy. Previous studies have monitored treatment
using either QUS or DOSI individually, using both
laboratory or commercially based imaging devices [20-23].
Both QUS and DOS imaging modalities have the advantage
of being non-invasive, relatively cost effective, quick,
and provide functional information about metabolism,
physiology, and biological activity.

Quantitative ultrasound

VHQVLWLYLW\ DQG VSHFL¢{FLW\ RI JROG \Rueptitetve wigaspersl res reikhen low) rrphigh

immunohistochemistry and microscopy, while providing
quantitative and “real-time” results non-invasively.
Emerging technologies are demonstrating that imaging
biomarkers can detect important tumor characteristics
such as cell death, tumor vascularity, and metabolic
activity that relate to tumor response [11]. Rousstal.
measured tumor metabolic activity usiti§-FDG-PET

by quantifying the passage and clearance of radioactively
labeled metabolites in solid tumors. The study demonstrated

(> 20 MHz) frequency ultrasound for tissue
characterization, based on the desired acoustic resolution,

and required depth for imaging. QUS uses the spectral
information of radiofrequency (RF) signals that are
typically discarded in conventional grey-scale sonography

[Figure 1]. The spectral information of the RF signal is
retained and processed by applying a Fourier transform

to the signal to compute a frequency-dependent power
VSHFWUXP > @ 486 SDUDPHWHUV VX

VLIQL,FDQW GLIIHUHQFHV LQ WKH VWOWGHBUWE XS WDNHRWIOKHHBEBMW BHHB QG V!

responding/non-responding tumors during treatment [12].
Other developments in MRI-based functional imaging
techniques, such as blood oxygenation-level dependent

are determined by applying a linear regression function
within a discrete frequency bandwidth of the computed
SRZHU VSHFWUXP > = @ ,@aDUO\ VW
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QUS parameters were studied for therapy response
monitoring in hyperthermia-treated ocular tumors [27].
The results of their study showed an increase in the Sli
in responsive lesions, in comparison to the surrounding
normal tissuef = 0.003. This increase in the backscatter
intensity was explained as corresponding to changes in
tissue microstructure caused by focal areas of increased
cell death [27]. It was hypothesized that changes in the
scattering surfaces at subcellular levels from cell death,
such as fragmented nuclear structures, may modulate
acoustic scattering in tissue. Later reports by Czarnota and
colleagues applied Liz#t al’s theoretical framework to
study the effects of apoptotic cell death and QUS in acute
myeloid leukemia (AML) cells treated with chemotherapy
in vitro [25]. That work used QUS methods as markers
for apoptotic cell death. Chemotherapy-treated AML
cells demonstrated a 2.92-fold to 5.83-fold increase in
backscatter intensity compared to non-treated cells, and
histological data revealed morphological changes resulting
from cellular pyknosis, karyorhexis and apoptotic cell

RF Data Processing

Laser
Fiber

DOS Computing and Control System —

death [25]. In another study, Kolie$ al demonstrated

an increase in the MBF (+13 dB) after treating AML
cells to chemotherapp vitro DQG OLQNHG WKHVH
to morphological changes from chromatin condensation
[26]. These studies demonstrated the link between changes
in tissue features, nuclear morphology and the resulting
acoustic scattering in tissue [28]. Theoretical frameworks
in these early QUS studies for cancer imaging have driven
efforts to study chemotherapy response in breast cancer
in vivo [20, 29]. To date, QUS has been demonstrated
for functional imaging to monitor treatment response
in photodynamic therapy, chemotherapy, and radiation
therapy; both in animal and human studies [20, 25, 29-32].

Diffuse optical spectroscopy

Other specialized functional imaging, such as
DOSI is capable of measuring aspects related to tumor
vasculature but is additionally capable of measuring other
biochemical features such as water and lipid content, and
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Figure 1: Experimental setup.(A) QUS imaging. For QUS, patients were positioned supine for ultrasound imaging. A panoramic

scan was acquired over the affected breast, which included the entire volume of the tumeg aodrall breast tissue (points A and B).

(B) Diffuse Optical Spectroscopy Imaging. Immediately after sonography, patients were trdnsfeore@ diffuse optical tomography

device. The breast was positioned into an imaging aperture and compressed by stabikzing lpteit motion, and maintain similar breast
WKLFNQHVV WKURXJKRXW WKH VFDQ VHULHKH 29WUERO BFERSWEVBWLR Q PASURBY HDY LD

the varying surfaces.
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tissue scattering. DOSI measures light absorption and study by Solimaret al studied 10 patients with DOSI, and
scattering in the near-infrared spectrum (600-1100 nm)to UHSRUWHG D VLIQL¢{FDQW GHFUHDVH L
evaluate the concentrations of endogenous chromophores oxyhemoglobin, deoxy-hemoglobin and scatter power after
such as hemoglobin, oxyhemoglobin, lipids and water, four weeks of treatment for responders [36]. Similarly,
but also permitting maps of tissue oxygen-saturation to be  Sadeghet al recently demonstrated that cell death markers
made [33]. DOSI typically uses a large spectral bandwidth |TURP 486 VXFK DV WKH 0%) DQG 6, ZF
and systems can be built as handheld, or larger tomographic LQFUHDVHG IRU UHVSRQGHUYVY DIWHU
systems that are often referred to as diffuse optical [20]. Both studies demonstrated a concordance in the
tomography (DOT) devices. Several studies to date have WLPHV WKDW 486 DQG '26, ELRPDUNHL
utilized both research-based and commercially developed Unlike the present study however, QUS and DOS imaging
products. Both systems have their respective advantages, studies were independent of each other, and these reports
such as broad optical bandwidth and tissue penetrance. For examined separate patient cohorts. However, the results
example, advantages for DOT include the capability of of those studies suggested (expectedly) that responding
imaging deeper tumors, and major technical advancements breast tumors exhibited concurrent biological markers
have increased the performance of DOT systems to for tumor cell death, decreased metabolism and potential
VHSDUDWH WKH VSHFL¢{F FRQWULE XVidcRI& VreBrpaDitalisnyV/ Thérefdrd) SNV LIRAQvAIGhG
scattering in tissue for improved tissue contrast. of the present study was to build on those previous
Three types of DOSI techniques, such as frequency UHSRUWV WR VSHFL¢{¢FDOO\ L XVH 4
domain (FD), time domain (TD) or continuous wave single patient cohort to measure breast tumor biology
(CW) have been used to measure photon migration in  during NAC and; ii) examine the possibility of QUS/
tissue. Continuous wave systems emit light with constant DOSI multiparametric combinations to improve the
DPSOLWXGH DQG PHDVXUH WKH DWWBOXPW]FROQN:tR@ RAKEWHHDRWKWXPRU U
systems use frequency domain methods to emit light neoadjuvant chemotherapy.
that are sinusoidally modulated at high frequencies. FD Tumor responses can be characterized by several
detection systems measure the attenuation and phase ELRORJLFDO HYHQWY EXW KDYH WKUHH
shift of the light to report the absorption and scattering.  cell death; 2) hematological/vascular modulation and; 3)
The major advantage to FD systems is a relatively higher tumor morphological changes. These criteria are closely
signal-to-noise ratio, and can be portable, which makes interrelated and yet, one single factor may not completely
it potentially desirable as a “bedside” tool. In a TD predict patient response with high accuracy, since tumor
system, used in the present study, short pulses of light are response and resistance is a multifactorial process [37]. In
HPLWWHG DQG WKH WLPH RI ALJKWthe itly PeteD ivViX hypbBesizad khaPdiMifgUpredictive
advantage is the tissue-depth penetrance and improved models at early stages of NAC with combined QUS and
resolution, compared to other DOSI systems. However TD  '26, SDUDPHWHUV PD\ UHAHFW WKH\
systems are often large due to the requirement for several and multifactorial changes; namely by characterizing
subcomponents used in signal detection and processing.  tumor cell death, vascularity, and tumor morphology
Continuous wave, frequency domain and time domain  concurrently. QUS/DOSI imaging was used on 22 cases of
VI\VWHPV XWLOL]H WKH DEVRUSWLRQRF® ®I0) OGN AMHRE EDEBX®DRMD-Q FHU YV
the biochemical composition of tissue. Using the Beer- responders (R) and 8, which were non-responders (NR)
/IDPEHUW ODZ ZLWK WKH NQRZQ PRO brid ddhanksttiedalckRgg cbrirrspoingénicéli@tween changes
one can calculate the concentrations of hemoglobin, detected by the two different imaging modalities.
oxyhemoglobin, water, and lipids. It is important to note that
EUHDVW WLVVXH GHPRQVWUDWHY VREQUETFPQAQWO\ KLIKHU VFDWWHULQJ
than absorption, and this is due to the tissue’s composition,
and cellular structure. Other DOSI parameters such as the 'DWD LQGLFDWHG VLJIJQL:{FDQW Gl
scatter power and scatter amplitude, calculated by using clinical/pathological responders and non- responders
the power-law function, are representative of the tissue’s  wjth both imaging modalities. Clinical and patient
substructure, which is related to cellularity, cell arrangement  characteristics are summarized in Table 1. Representative
and light-scatterer spatial distributions [35]. As a result,  gata for three responders and three non-responders are
DOSI can demonstrate a good sensitivity to the biochemical  presented in Figures 2 and 3. Representative clinical
characteristics of tissue. FKDUDFWHULVWLFV DQG LPDJLQJ ¢(QGLQ
In the present study, combined QUS and DOSI  and non-responder are described below.
parameters as predictive models, are examined to classify
chemotherapy-treated LABC patients into response Representative clinical/pathological responder (R)
groups. Earlier reports from our group have indicated that
QUS and DOS imaging as independent modalities, may be This post-menopausal woman presented with a
useful for monitoring treatment response [20, 21, 36]. A locally advanced breast tumor in the upper inner quadrant
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of the right breast that measured 9 x 9 x 6 cm by MRI. Core  this time, QUS parameters such as the MBF increased
biopsy revealed a high-grade invasive ductal carcinoma VLJQL¢ ¢FDQWO\ |IRBFBE HMWS RREIDYYV O
that was estrogen receptor (ER) and progesterone receptor G % U FRUUHVSRQGLQJ WR D VLJQL¢F
(PR) positive, and negative for HER2-Neu (HER2) parameters such as the HbT (1272.2% relative to
overexpression. Neoadjuvant chemotherapy consisted baseline). Pre-operative QUS parameters such as the Sl
of AC-T. Histological examination at the time of DQG 66 ZHUH QRW VLIJQL¢,{FDQWO\ GLII
mastectomy revealed pathological response to treatmentt. KRZHYHU WKHUH ZDV D VLJQL¢{¢FDQW C
Figure 2A presents representative QUS and DOSI data markers at this time interval (pre-op) € 0.01). Both
IRU WKLV SDWLHQW $IWHU ZHHN VUR NV SRIHOHURHDOWWG /RQW B SRG@MUYV G|
GHPRQVWUDWHG DQ LQFUHDVH LQ Whathtjehnltide tEDQIEmModbbin paametrs (Hb, JHbO

“ GwU >“ 6'@ $W WKH VDPH HN) Budngd.tReWwdd rseYoDti@atma/piigHd.05. Summary
DOSI-measured hemoglobin concentration (Hb) decreased GDWD LV SUHVHQWHG LQ 7DEOH DQG |

4

t0 29.1% + 9.5%, relative to the baseline. Figure 2B, 2C Discriminant analysis and ROC analysis of
are presented for other responding patients. individual QUS and DOSI parameters was carried out to
differentiate ultimate clinical and pathological response
Representative clinical/pathological non- during treatment [Table 3]. Representative AUCs for
responder (NR) individual QUS and DOSI parameters during treatment
"HHNYV DUH SUHVHQWHG LQ )L.

A post-menopausal woman presented with a tumor ZHHN RI WUHDWPHQW WKH 486 DQG ‘.
LQ WKH ULJKW EUHDVW ZKLFK PHDVBOHGD QG +E7FR EGIOBDWHG JRRG UHVS]
&RUH ELRSV\ FRQ¢UPHG WKH SUHYVRQEtande = Q.EBY-D.va2) &hdEhis Eakr€s@nded with
FDUFLQRPD WKDW ZDV FRQ¢UPHG (5 +#35 QHWHHOWILIWHYLWQ®GCDQG + VSH
positive for HER2. Chemotherapy treatment consisted of QUS and DOSI parameters were poorer predicators at this
AC-T + H. Pathological examination after mastectomy  time interval, such as the SS, %Water, % Lipids, and SA
demonstrated only minimal response to neoadjuvant [Table 3, Figure 6]. However, after four weeks of treatment,
treatment. Representative patient data is shown in the QUS MBF and SI markers showed an increase in the
Figure 3A. This patient, in contrast to the one above, AUC (range 0.920-0.982) and this corresponded with high
demonstrated a smaller change in the MBF at week four VHQVLWLYLW\ DQG VSHFL{FLW\ UDQJ
00%3> +2.3 £ 1.8 dBr), which was coincident with parameters related to tumor hemoglobin demonstrated
D UHGXFWLRQ LQ KHPRJORELQ WR KLJK“ VHQWLEWL®LW\ DQG= 85MHFL ¢ FLW)
relative to baseline values. Figure 3B, 3C are presented %Sp DQG DQ $8& RI * 2WK'
for other non-responding patients. parameters such as the TOlI demonstrated a sensitivity and
VSHFL¢FLW\ RI DQG UHVSHFWL"
of 0.973. After 8 weeks, most QUS and DOSI parameters
VKRZHG IXUWKHU LQFUHDVHG VHQVLWL
Univariate analysis of QUS and DOSI parameters 7KH 0%) DQG 6, FODVVL{HG SDWLHQWYV
ZLWK KLJK VHQVLWLY Li#9Z0Q180.0%8 HF L ¢ FL
6LIQL(¢FDQW GLIIHUHQFHV EHW 24$p%87.6+400.8% QULHanga s /.2Hv1.0). At the same
were detected in estimated parameters as early as one €xperimental time, DOSI parameters (Hb, HH€bT, SP,
week after the start of chemotherapy, such as the 0-MHz ~ %Lipids, SA, TOI) were also good predictors (%S 92.9—

Study data summary

intercept (SI), and tumor hemoglobin parameters (5ibO  100%, %$ t $8¢& + 6WDWLVWL
and HbT) p < 0.0)) [Table 2]. After four weeks, QUS ZHDNHU FODVVL¢{HUV LQFOXGHG WKH 6,
SDUDPHWHUV VXFK DV 0%) DQG 6RIZEHHPRMWKEBUPSD W& UDQJIH +

different between responders and non-responders SDUDPHWHUV ZHUH JRR&. FODWALLHUV
(p<0.001 7KLV FRUUHVSRQGHG WR D YBUESBI-2-ROQ%W AUFHTBFOALLIOR Q
in several DOSI parameters at the same experimental

times such as the Hb, HHHbT, %Water, %Lipids, SP, Multivariate analysis of pairwise Qus/Dosi

6% 72, >)LIXUHV 7TDEOH @ + Rparhveter combiinbtiohs ZHU H

QR VLIQL¢,¢FDQW GLIIHUHQFHY LQ WKH 66 EHWZHHQ UHVSRQGHUYV

and non-responders during this time % 0.0 and 7DEOH DQG )LJIXUH UHSUHVHQ

WKLV FRUUHVSRQGHG WR RYHU D O dsctirgnantaQd RFDaalyses RIQI/RASI pgrwise

the spectral slope (SS) during treatment for responders FRPELQDWLRQV GXULQJ FKHPRWKHUD:

(p = 0.16) and non-responderg (= 0.127. After combinations that demonstrated an AUC > 0.8 are given in
ZHHNV WKHUH ZHUH VLJQL¢ FD Q SGuppEmentany FigerlHRaramedp/cpmbingiions increased

JURXSV IRU 486 DQG '26, SDUDPHWWUHHW ViR)VLWLWEN DQG VSHFL{FLW)\ IRL

HbO2, HbT, %Lipids, SP, SA and TOp < 0.0J). At early as one week after treatment. At week 1, combining
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Table 1: Patient and clinical characteristics

Clinical Features

Pathologic Features

Pre-Treatment

Post-Treatment

Pre/Post _ Chemo Histological Thickness  Tumor Size Tumor Size
No. R/NR Menopausal Laterality Strategy Type ER PR HER2 (DOT) (MRI) (Pathology)
Statust (mm) (cm) (cm)
1 R Post Right ACT +H IDC + + + 60.0 2x2x3 0.2
2 R Pre Left ACT+H IDC i i + 55.2 2x3x1 0.2
3 R Pre Right ACT IDC +| + i 55.8 2x2x%x2 0.5
R Post Right |FECD +H IDC + i + 75.7 5x5x2 0.0
5 R Post Left FEC D IDC +| o+ i 7x7x3 1.0
6 R Post Right FEC D ILC +| i i 7x6x5 1.0
7 R Pre Right |FECD +H IDC + | + + 70.1 8x6x3
8 R Pre Right ACT +H IDC +| + + 80.5 [ 1.6
9 R Post Right ACT +H IDC + + + 60.7 2x3x3 0.2
10 R Post Right ACT IDC +| o+ i 75.3 9x9x6 2.0
11 R Pre Left FEC D IDC +| + i 75.0 T 1 0.2
12 R Post Left ACT +H IDC + + + 85.5 T 1 0.5
13 R Post Right ACT IDC +| + i 85.0 9x6x7 0.5
R Pre Right ACT IDC i i i 60.5 3x2x2 0.0
15| NR Pre Left ACT IDC i i i 66.7 T 1
16 | NR Pre Right ACT IDC +| o+ i 85.0 9x7x6
17| NR Pre Right ACT IDC +| + i 10x 12 x 8 8.0
18| NR Post Right ACT +H IDC + o+ + 75.5 8x7x3
19| NR Post Right FEC D IDC i i i 68.9 5x2x1 2.8
20| NR Post Left ACT IDC i i i 78.9 T 1 12.6
21| NR Pre Left ACT IDC i i i 10 x 10
22| NR Post Right ACT +H IDC i i + 65.0 T 1 5.0

22 Patients were studied.

Clinical Features: R = Responder, NR = Non-Responder, A = Adriamycin, C = Cyclophosphamide, T = Taxol, H =
Herceptin, F = Fluorouracil, E = Epirubicin, D = Docetaxel.

Pathologic FeaturesiDC = Invasive Ductal Carcinoma, ILC = Invasive Lobular Carcinoma, ER = Estrogen Receptor,
PR = Progesterone Receptor, HER2 = Human Epidermal Growth Factor Receptor 2.

Patients listed here were not recruited consecutively.

Pre-treatment and post-treatment measurements reported from the patient's medical records.

'10HDQ DJH RI DOO SDUWLFLSDQWYV \HDUV ROG

the Sl and tumor hemoglobin parameters (Ha@ HbT) improvement with combinations with the SA, or TOI or
GHPRQVWUDWHG D VHQVLWLYLW\ DQ @&@WatkH(PdSp/FldwW \83R1-100%, AUC = 0.955-1.0).
This corresponded with an AUC of 0.929-1.0. Also, Other pairwise combinations demonstrated an increase in
combining the SS + Hh@nhanced the AUC (AUC = 1.0) WKH VHQVLWLYLW\ DQG VSHFL{FLW\ D
compared to those single parameters individually. At week  of chemotherapy, compared to univariate predictors.
1, the combination of the MBF with tumor hemoglobin Combinations involving the SI, showed an increase in
demonstrated good AUC values (range 0.857-0.973), but the AUC when combined with %Water or the SA. The
WKLY GLG QRW GHPRQVWUDWH D FO Bl¥\Watdr br\WA eIt ihQRAVE FRPSDUHG
to using those individual parameters alone.

$W ZHHN UHVSRQVH FODVVL:RBWOGRQ ZDV HQKDQFHG
when the MBF, SI, and SS were combined with the
IROORZLQJ '26, SDUDPH ¥Watey, +E +3Fgss examination of the tumor bed using
SA, TOIl. The combination of the MBF and Hb, or hematoxylin and eosin staining demonstrated a reduction
HbO,, or %Water resulted in an AUC of 1.0, and a in the bulk tumor in responsive tumors in comparison to
VHQVLWLYLW\ DQG VSHFL¢FLW\ R non-resppnsivik patient@[Figuke AP Post-mastectomy
VKRZHG DQ LQFUHDVH LQ VHQVLW Ihistblogy de@ahsttaeé] Ehapdes \in\ vaskwaQ density
combined with either HbQ %Water, or SA (%Sn, between responders and non-responders by CD31 staining
%Sp = 85.7-100%). Lastly, the SS showed an  >)LJXUH % &@ )RU & VWDLQLQJ WK
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difference in endothelial cell count within the tumor bed

(p < 0.05) between groups, with responders showing a
ORZHU PHDQ FHOO FRXQW FHOOV ¢ HO Gnthe preSent studyQudeRdmived Ebiibihed analysis
WR QRQ UHVSRQGHUV FHOOV ¢(HOG of QUS/DOSPpardéidrs t&opreddd®NAC response in

After treatment, CD31 vessel counts in responding patients

DISCUSSION

locally advanced breast cancer. DOSI parameters have

GHPRQVWUDWHG LQV bJQBLIbt@esh G L |1 bedidfgdfutl M demonstrating biochemical, hematological
the tumor bed and normal tissue. In contrast, non-responding and morphological changes with treatment [23, 38, 39],

patients maintained a higher CD31 count in tumors when

compared to non-tumor tissye< 0.05) [Figure 7C].

Baseline

Baseline Week 4 Pre-Op

Deoxy-Hemoglobin (uM) H : 110 : &

while QUS parameters have demonstrated cell death in

samples from chemotherapy [20, 26]. These parameters
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have also been tied to pathologic characteristics and DUH FRQVLVWHQW ZLWK WKHLU ¢QGLC
outcomes [20, 22, 29, 33]. Recent work by Cerussi data is supplemented with QUS biomarkers (MBF, SI)

et al, used DOSI to measure tumor water content, and that indicated an increase in cell death within the tumor

tumor hemoglobin concentration at multiple times UHJLRQ 6SHFL¢{FDOO\ DIWHU IRXU ZF
during chemotherapy treatment [33]. The results of that LQFUHDVHG “ G%U DQG “ G
VWXG\ LQGLFDWHG D VLJQL¢{FDQW irdspoddeyd, wRich chrirasted Witk ndn-te€pGnders who

tumor hemoglobin at the conclusion of chemotherapy GHPRQVWUDWHG D VPDOOHU LQWHQVLYV
when compared to the baseline measurements, and this 0%) DQG “ G»wU 6, $W WKH VDP
corresponded to patients who demonstrated complete KHPRJORELQ +E7 LQ UHVSRQGHUV UH
pathological response [33]. The results in the study here in comparison to non-responders that showed a decrease
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Figure 3: Representative QUS/DOS images and data for three non-respondekn-responsive patients demonstrated an
LOQVLJQL:;FDQW FKDQJH LQ WKH PLG EDQG ¢(WUS%GHRQKBHPHRVORE LFKKX B Q HENGQ QY HI6 D
bars = Standard deviation, Scale bars; US = 2 cm, DOS = 2 cm. Deoxy-hemoglobin [Hb] color bar =60 5SHSUHVHQWDWLYH
SUHVHQWHG FRUUHVSRQG ZLWK 3DWLHQW 1R $ 1R % 1R & >7DEOH @
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Table 2: Summary of measured values

Comparison between response groups Comparison over treatment timé
Week 1 Week 4 Week 8 Pre-Op R NR
p p

MBF 0.000 0.000 0.020 0.000

Sl 0.009 0.001 0.000 0.306 0.000 0.113
SS 0.222 0.275 0.116 0.375 0.161 0.127
Hb 0.375 0.002 0.000 0.000 0.000 0.005
HbO, 0.000 0.001 0.000 0.000 0.000 0.015
HbT 0.000 0.000 0.000 0.000 0.003
%Water 0.008 0.062 0.001 0.000

%Lipids 0.838 0.000 0.000 0.000 0.000 0.595
SP 0.838 0.000 0.000 0.000 0.000 0.595
SA 0.002 0.002 0.001 0.000 0.170
TOI 0.339 0.000 0.000 0.000 0.000 0.058

$ UHSHDWHG PHDVXUHYV $129% ZDV XVHG WR M HR/W 4R DVQA G Q2 g F B D WDPKMMNGIW
'26 SDUDPHWHUYV ZHUH DOVR WHVWHG IREQGHQV:FQG W RBQ | UHWIS® BHE\H B ¥ VX X/
t WHVW ZLWKLQ WKH FRQ{;GHQFH OHYHO HR@MORZQQJ WLWEMWWRMVWRDRF
Independent-test, tested for normality violations.

’Repeated measures ANOVA.

p &RQVLGHUHG VWDWLVWLFDOO\ VLIQL{FDQW

p &RQVLGHUHG YHU\ VWDWLVWLFDOO\ VLIQL{FDQW

to only 80.7% + 8.1% from the baseline value. A possible  of oxyhemoglobin to deoxyhemoglobin during tumor
explanation in responders could be due to decreased cell cycling, and activity. After 8 weeks of treatment,
YHVVHO YLDELOLW\ ZLWKLQ WKH WXARBROQGHU®¥ GRPREVWHOWHG D VLJ
non-responding patients may have tumors with more [HbO,], and [Hb] to 10.2 + 2.3% and 21.0 + 2.9% of the
aggressive tumor cells that prompt blood vessel growth to  pre-treatment values, respectively. This corresponded
support metabolic demands. with an increase in MBF of +10.0 + 1.5 dBr suggesting

In  principle, tumor metabolic information, a coincident increase in dying cells within the tumor bed.
UHAHFWHG E\ PDUNHUV IRU GHR[\ HKRPRUDRERQGBQ@E® RRZHYHU GHPRQVW
hemoglobin parameters is closely linked to tumor cellular ~ decreases in the tumor hemoglobin, relative to the pre-

DFWLYLW\ > @ 7KLV LV H[SOD Lainent/alud/(KG7 £FR2PYHHOVLRQ " >+E@
Mid-band Fit (MBF) 0-MHz Intercept (SI) Slope (SS)
16 16 15
12 12 1
N
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o 4 T4 g o0
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Figure 4: QUS parameters measuredRelative changes resulting from treatment effects are presented in QUigeasafor all
patients grouped by clinical respongk) Mid-band Fit (MBF); B) 0-MHz Intercept (Sl); ) Spectral Slope (SSkrror bars = Standard
GHYLDWLRQ Q UHVSRQGHUV DQG Q QRQ UHWSR@GHUWW D QLG QLIR:JF DO W SRIQ GHIHQ
WLPH LQWHUYDO DQG SDUDPHWULF FKDQJHYVY RYHU WILIPHOHHIEGH WHVWHG IRU UHVSRCQ
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and this was also correlated to a lesser change in the MBF time, cell death is expected to diminish within the tumor

DQG 6, “ G%U DQG “ G %led io HeSpBhsiverpatiehts) due to a large reduction in
Together, QUS and DOSI data suggest that chemotherapy- tumor cells after many months of chemotherapy.

responsive tumors decrease in metabolism as linked to Tumor structure was further characterized by
blood-based parameters in comparison to non-responding measuring the tissue optical index (TOI) using DOSI [35,
tumors; potentially as a result of dying tumor cells. QUS @ 7KH 72, DFFRXQWV IRU WKH UDWLR
SDUDPHWHUY VXFK DV WKH 6, DQG BRQ@MHEAW PWY &/ . JIPR [\KHEWIDARELQ DQ (
different between responders and non-responders at properties of breast tumors in reference to its pathological

the pre-operative time-point. This was expected since state [35]. In the work here, the TOI demonstrated

QUS measurement are sensitive to cell death induced VLJQL ¢ FDQW pG-LA.DBQUR4t@dehl kesponders

by treatment which occurs in responsive patients early and non-responders after four weeks of chemotherapy

on, rather than many months later after chemotherapy. (8.1 = 1.9%, and 36.5 + 6.5%, respectively from the

3UH RSHUDWLYH PHDVXUHPHQWYV ZHWDNHHREVMOHLIBDG XHY ZHHNY 72, DOVR G
after the last chemotherapy infusion and therefore at this S at the conclusion of chemotherapy and this

Figure 5: DOSI parameters measuredPercent changes resulting from treatment effects according to clinical respagiEnts
to neoadjuvant chemotherapy. Hemodynamic and tissue changes within the tumor volume are Eesertacs = Standard deviation,
Q UHVSRQGHUV DQG Q QRQ UHVSRQGHUV 6LJQR(F DEWSERICHWNWQEFHWHEW WY Wk
LOQWHUYDO DQG SDUDPHWULF FKDQJHVY RYHU WLPH ZHUH WHVWHG IRU UHVSRQGHUV
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7TDEOH 6HQVLWLYLW\ 6Q VSHFL¢FLW\ 6 S X QLY® WLIUMHID HX Q8B
DOSI parameters
Week 1 Week 4 Week 8 Pre-Op

Parameters %Sn %Sp (Lg\glfsctic) %Sn  %Sp (Lc'?g;fsctic) %Sn %Sp (Lg\g;:siic) %Sn  %Sp (Lg\glfsctic)
MBF 50.0 | 50.0 0.607 92.9 10( 0.982 190 100 1.00p 75.0

Sl 87.5 0.839 85.7] 87.5 0.920 92|19 875 0.991 62.5

SS 28.6 [ 25.0 0.201 571 62.% 28.6| 25.0 0.295 62.5 0.616

Hb 62.5 0.616 85.7] 87.5 0.911 100 1do0 1.00 9p.9 100 0.9B2
HbO, 85.7 | 875 0.982 85.1 87. 0.938 100 100 1.00p 100 100 1.000
HbT 78.6 | 75.0 0.875 85.1 87. 100 | 100 1.000 100 10d 1.000
%Water 50.0 [ 50.0 0.589 85.1 75. 75.0 0.732 85.7 87.5 0.902
%Lipids 50.0 [ 50.0 0.527 929 875 0.982 190 100 1.00p 100 100 1.000
SP 50.0 | 50.0 0.527 929 875 0.982 190 100 1.00p 100 100 1.000
SA 57.1 ] 50.0 0.393 851 87.% 0.897 949 75%.0 85.7| 87.5 0.870
TOI 62.5 0.625 85.7] 875 0.973 100 140 1.000 100 100 1.0p0

486 DQG '26, SDUDPHWHUYV ZHUH DQDO\]HG IRU ZHIPRYWLWRDQGJ GWRJ IFRLU W
ODUNHUV IRU UHVSRQVH FODVVL{FDWLRQ ZHUH G WWRH FRMKHI® W KHOUDS®B\W\ DV R C

ZDV FRQVLVWHQW ZLWK SUHYLRXYV th¢HasdRiddy End> prediction @ tredtkheht outcomes.

change in TOI is dependent on the water fraction and In contrast, weaker predictors (such as the SS) would

lipid content (T XD W,LaRdXhus responsive tumors EHQH;W IURP SDLULQJ ZLWK VWURQJH

that demonstrate a larger reduction inQH will also ZLWK LQFUHDVHY LQ VHQVLWLYLW\ DQ

UHVXOW LQ D GLPLQLVKHG #@Ral. YD O Kdlameters ca@ cognplammgntavilinformation about tumor

previously suggested that this reduction in water fraction  physiology or cell death. The results of this study suggest

in responsive tumors might represent variations in tumor  that QUS/DOSI pairwise combinations may be useful for

cell density, and cellularity within the tumor bed [22], clinical application when modeled at one week of NAC

and this was supported by clinically reported histological WUHDWPHQW XVLQJ D FRPELQDWLRQ R

data that demonstrated cellular changes in the tumor after SI, SS, HbQ HbT, SP, SA, %Water, and TOI, since many

NAC. Although the relationship between water fraction of these parameters demonstrate poor sensitivity and specify

and tumor cellularity is not entirely clear; it may be related  on their own at that time. This may potentially be followed

WR LQADPPDWRU\ UHVSRQVH PHFKDEALWPWDXW®WHKQY WHWSWIPRWHUL FDWLTF

SDUHQFK\PD > @ )XUWKHU LW ZDWRBRMID®D IRW WHUH 4BRUREKBDHUDPHWHUYV |

that %Lipid also increased for responders, which can affect Other strategies for combined systems include

the TOI. The increase in lipid content within the tumor bed  US-guided optical imaging, developed by Zéual.,

could represent the changes in lipid composition closerto TURP WKH 8QLYHUVLW\ RI &RQQHFWLF

that of normal breast tissue. systems have been studied to measure NAC response in
QUS/DOSI combined parameters enhanced breast tumors. US grey-scale imaging was used there to

FKHPRWKHUDS\ UHVSRQVH FODVYV Ligcal2é\breRsD tuh@s, &id BBi€altbrvagr@phy to map

to single modality parameters as early as one week WXPRU KHPRJORELQ FKDQJHYVY GXULQJ VW

after the start of NAC. However, we note that not all WHFKQLFDO EHQH¢{WV RI WKDW DSSURI

FRPELQDWLRQV LQFUHDVHG WKH V Hniayek W Lerify Wostddidp @EeapsrHdnhog, iargihs, RHere

response assessment, and this could likely be caused by RSWLFDO LPDJH UHVROXWLRQ LV SRRUHL

WKH UHODWLYHO\ VPDOO VDPSOH VdohtentidpalWE and O3 nalgeg WexeGidt co-Beqistered

VLQJOH SDUDPHWHUYV FODVVL{HG S Biwe tHageWste diffarércek in dhe idpatidd gebrretiiesrot the

DW ZHHNV DQG 7KLV LV OLNHO\QUsXhd DOR invide$ibuE a¢Eragedvaliesyokkr the tumor

effects of treatment and the concurrent biological changes volume were used. This was due to patient positioning

in tumors at those times. However, some parameters for each scan modality (i.e. supine vs. prone), and breast

VXFK DV WKH 66 EHQH{;WHG IURP PskapsViromDDASD Wedst4@mpression. Another study

combinations. It was expected that combining highly  from Uedaet al used multivariate analyses for baseline

VHQVLWLYH DQG RU VSHFL¢F SDUDOSH patdreters £&8nbiae@ withQissuetbidivadkers from
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7DEOH 6HQVLWLYLW\ 6Q VSHFL,FLW\ 6SWIDYQDU%B& HR LS DH!
QUS and DOSI parameters

Combined Parameters %Sn %Sp AUC (Logistic) p

Week 1
MBF + HbO, 85.7 87.5 0.973 0.000
MBF + HbT 75.0 0.857 0.006
Sl + HbO2 100 100 1.000 0.000
Sl + HbT 85.7 87.5 0.929 0.001
Sl + %Water 75.0 0.866 0.005
SS + HbQ, 100 100 1.000 0.000
SS + HbT 85.7 87.5 0.955 0.000
SS + TOI 62.5 0.821

Week 4
MBF + Hb 100 100 1.000 0.000
MBF + HbO, 100 100 1.000 0.000
MBF + %Water 100 100 1.000 0.000
Sl + SA 100 100 1.000 0.000
S| + HbO, 85.7 87.5 0.982 0.000
Sl + %Water 85.7 87.5 0.000
SS + SA 100 100 1.000 0.000
SS + TOI 92.9 87.5 0.982 0.000
SS + %Water 85.7 87.5 0.955 0.000

Week 8
MBF + Hb 100 100 1.000 0.000
MBF + %Lipids 100 100 1.000 0.000
MBF + TOI 100 100 1.000 0.000
Sl + HbT 100 100 1.000 0.000
S| + %Water 100 100 1.000 0.000
SI+SA 100 100 1.000 0.000
SS + HbT 100 100 1.000 0.000
SS + SA 78.6 75.0 0.911 0.002
SS + %Water 75.0 0.893 0.003

3DLUZLVH FRPELQDWLRQV ZHUH UHSRUWHG ZIZWKN8& !DQG$ QIR FIRVP ZIHUHGS!
LH GXULQJ WUHDWPHQW &RPELQLQJ 486 DQG '2@,VSIQUDRMHW HWV BHE R/Q

early as one week after treatment. Combination pairs were analyzed using a logistic regressj@nchtisleAUC was

estimated using a receiver-operating characteristic. A complete list ofrallggacombinations (AUC > 0.8) are presented

in Supplementary Table 1
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immunohistochemistry [11]. Markers for cell proliferation 7KLY FRKRUW UHSUHVHQWY D ¢UV\
(Ki67), and molecular features (estrogen and progesterone imaged with QUS and DOSI, probing tumor response
receptor) were combined with optical measurements with parallel modalities. However, limitations here

such as [Hb(), [Hb], or the tumor oxygen saturation included a relatively small study cohont£ 22), which

(StQ,). Multivariate analysis of the combined parameters  could potentially contribute to overestimated measures.
GHPRQVWUDWHG DQ LQFUHDVH LQ WAdd, due @ the ¥mal huvihe DoQpatievits Héiudgdrih Wi

for predicting NAC response. The results of this study from  report, the discriminant model was not cross validated.
Uedaet al. support the need for further exploration into There were also positional limitations from using both
combination analysis to improve the predictive performance  QUS and DOSI. However to address this, we applied a

of multiple imaging and clinical biomarkers [11]. volumetric analysis throughout the scan series to measure

Figure 6: Receiver operating characteristic and corresponding area under curv&®OC analysis was carried out for QUS
parameters, DOS parameters, and combined pairwise combinations (QUS + D@8iviéllhal and pairwise combinations are summarized

LQ 7TDEOHYV DQG DQG 6XSSOHPHQWDU\ 7TDEGBRPELQRVWICFOP RMHAB8 65 BRREQ'Z %/ S D WB PW K
the AUC as early as one week after the start of treatment.
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the average volumetric changes over time. Also, clinical  to stratify patients, similar to pilot studies by Zétual.
UHVSRQVH ZDV FRQ{UPHG XVLQJ SPWKRORWKFOIR HFOGORHQWSRLQWYV ZH
and for the purpose of statistical analysis; patients were inferences about the biological measurements during
FODVVL{HG LQWR ELQDU\ FDWHJR bdatingnt. ArrbjoSiRi@i®mi whs that it wadn@t possible
responder). In practice, pathological response is graduated, to validate mid-treatment tumor biology histologically,

DQG FODVVL,{HG XVLQJ VWDQGDUG RRIQ Mept@tVBibpsi@svofVtkd- BreBst A po@r@idl fiture
3D\QH FULWHULD > @ /DUJHU FRKR WWedwrXvGuldb¥ t@ IRcOeStieHquhtithtey el iiaging

Figure 7: Representative comparison of responder and non-responder basen pathological examination.(A)

Reduction in the bulk tumor size in responder (left) and minimal reduction in non-respagittea(row); H & E stain, scale bar = 2.0 cm.

(B) Reduction in vascular density within the tumor in responder (left) as compared to non-responder (right); CD31 immunosta
Scale bar =200 m. (C) 9HVVHO TXDQWU.,BGBRWLR/SRQGHUVY WKHUH ZDV VLIJQL¢FDQ® O\ KLJK
compared to normal breast tisspe<(0.05 ,Q FRQWUDVW IRU UHVSRQGHUYVY YHVVHO FREHMWY SHU (HO
between the tumor bed and normal tis&reor bars = Standard deviation. * p < 0.0%ithin group comparison.
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methods, such as BOLD-MRI, and DWI-MRI to
complement the physiological inferences made in this
current study. The study population here demonstrated
variations in chemotherapy regimens, and a patient cohort
with differing molecular and histological breast cancer
subtypes. However, all patients received anthracycline- or

Instrumentation and imaging

Breast imaging used QUS and DOSI in sequence,
to acquire both types of data using methods described
previously [20, 21, 51]. For ultrasound, a continuous
panoramic scan was performed on the affected breast,

taxane-based chemotherapies, and these agents have beenwhich included both normal breast tissue and the

recognized to initiate cell death in tumors from broad

FDWHJRULHVY RI SDWLHQWYV >

these initial results serve as a framework for future studies
into evaluating breast tumor response to NAC using
combined QUS and DOSI parameters.

CONCLUSIONS

QUS/DOS imaging biomarkers were studied

entire tumor volume [Figure 1A]. This was repeated

@for :qavh Kimgy poHt/throwynoei_the Dnpegimg eries for

data reproducibility. A Sonix RP system (Ultrasonix,
IDQFRXYHU &DQDGD
transducer was used to collect conventional brightness
mode (B-mode) and RF data (center frequency of 7 MHz,

0+]
The sector size was kept constant (lateral distance = 6 cm,
D[LDO GHSWK FP DQG WKH

LQ EUHDVW FDQFHU SDWLHQWV WETFRPERIG We JUDQnR PesEENR X6 vigsa! gepth

coincident expression during neoadjuvant chemotherapy.
We observed that cell death markers from QUS are
associated with a decrease in tumor hemoglobin
markers from DOSI, suggesting that increased cell

death and vascular remodeling are typically predictive
of a favorable treatment response. Using these imaging
modalities together and deriving combined acoustic

and optical spectral data could provide more powerful

imaging signatures to help guide treatment decisions and
improve outcomes for patients. With further validation

studies, it would be plausible to use QUS/DOSI markers
as biological surrogates to predict tumor response to
neoadjuvant chemotherapy. These imaging modalities are
cost effective, non-invasive and can be acquired quickly

remained constant (fhroughout the ultrasound imaging
series. The total duration of the ultrasound scans were
approximately 20 minutes.

Immediately after sonography, DOSI data was
collected. The patient was transferred onto a commercially
developed diffuse optical tomography system (SoftScan,
Advanced Research Technologies, Montreal, Canada). The
patient was positioned prone, and the breast was placed into
an enclosed imaging aperture and stabilized by opposing
Plexiglas plates with soft compression in the cranio-caudal
direction [Figure 1B]. The distance (thickness) between
plates was recorded at baseline (average thickness = 73.3
+ 10.3 mm) and maintained during the imaging series.
Optical compensation medium (OCM) was added into

RSHUDWLQJ Z

ELW G\QDPLF UDQJH 5) GLJLWL]

IRFDO

DQG HI¢FLHQWO\ ZLWKLQ WKH SDWWHGWSRP W@ oRPP Y UWHE PREX 9RO HG V

Co-incident QUS and DOS changes are important to
understand the pathophysiological traits in tumors for
better treatment response evaluation.

MATERIALS AND METHODS

Patient recruitment and treatment

Women were enrolled into the studgp € 22)
following institutional ethics approval, and written
informed consent was obtained from each study participant.
Subjects were selected based on disease and clinical
FULWHULD ZKLFK LQFOXGHG

standard treatment (adriamycin (A), cyclophosphamide (C)
DQG SDFOLWD[HO 7

surface [Figure 1B]. The OCM was used to improve light
transmission between surfaces, and was formulated as
an emulsion of lipids, water, and dye to mimic optical
properties of breast tissue £.0.05 cnt and (=11 cm?,

( ) =780 nm [51, 52]. The optical mammography system
employed time-domain methods for imaging, and used four
individual semiconductor diode lasers (LDH-P, PicQuant,
Berlin, Germany) that operated at 690, 730, 780, 830 nm.
The pulse duration at the full width half maximum was
less than 150 ps, driven at 20 MHz. For the detection
system, the light was collected using a photomultiplier

+ 3 +DPDPDWVX 3KRWRQLFV 6KL
/s % & WD y@srapRogite pooteeHight \§auisey Images were
\HDUV DQG UHFHLYLQJ QHRDGMXY D Q@FOperHaer iR [pmegephic\and pajgipesic aaps of
the optical parameters. Each voxel size was 3 mm x 3 mm
>$8& 7@ RU ZLWX' K‘ﬁ?-XTDq_tﬁtE'@UrgtiO” Af § )¢ gpkieal ramaography
VFDQ ZDV DSSUR[LPDWHO\ + PLQXWH

(E), cyclophosphamide (C) and docetaxel (D) [FEC-D]. In
DGGLWLRQ SDWLHQWYV ZLWK +HU
+HUFHSWLQ + DIWHU =

1HX DPSOL{HG WXPRUV UHFHLYHG
F\FOHV RIIMmageanalypisiQw &OLQLFDO DQG

SDWLHQW VSHFL¢{¢F LQIRUPDWLRQ DUH VXPPDUL]HG LQ 7DEOH

Participants were imaged at the following times relative to
WKH VWDUW RI FKHPRWKHUDS\

Tumor volume analyses were carried out with the

Z H Haveyage of@p 3 DO$ pargnaters gaieaed over the

HLJKW DQG D ¢QDO VFDQ VHYHUDO zpPHne\of thetumer Sslectiqn 9f therregionuof iterest

all patients underwent mastectomy.

(ROI) and imaging analysis was completed with the
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assistance of a radiologist. For the estimation of QUS analyzed in-plane using the manufacturer’s software (ART
parameters, spectral analysis of the tumor RF signal was Review Workstation, V. 1.01.01, Advanced Research
performed. These methods were previously described by Technologies, Montreal, Quebec Canada). For the
Lizzi et al.[53], and were adapted for this study. Analysis UHFRQVWUXFWHG LPDJHV D ¢[HG VL]F
was performed using a MATLAB-based software (Matlab,  selected around the tumor bed, based on TOI parametric
Mathworks, Natick MA, USA) developed by Oelzeal. images, and with the assistance of the patient’'s medical
from the University of lllinois and previously used by imaging record, such as MRI. The ROI included the
our group [20]. RF Data was analyzed and averaged from tumor volume and the signal threshold values for analysis
* HTXDOO\ VSDFHG VFDQ SODQ H Werk tdefergmB&\ie@ik the gdiddbtreatment (baseline).
sized ROI spanning the volume of the tumor [20]. The  The threshold value was kept constant for each patient
ROI dimensions were kept constant for the duration of the  throughout the analysis of all imaging series.
scan series, and determined at baseline. In order to reduce
spectral-noise artifacts, a sliding window algorithm was '"H, QLWLRQ RI UHVSRQVH WR WUHD)
used with the settings of a Hamming window function for
gating, where there was an 80% overlap between adjacent SDWLHQWY ZHUH FODVVL¢HG DV Ul
windows in the axial direction. A reference phantom responders (NR) based on combined data from pre-
technique was used to remove system transfer effects from and post therapy imaging and particularly pathology
the data using a tissue-mimicking agar-embedded glass- examination of post-treatment tissue. The pre- and post
bead phantom, with measured acoustic properties [29]. therapy imaging measurements of tumor size were
The normalized power spectrum (dBr) was calculated by  performed according to RECIST 1.1 guidelines using
dividing the power spectrum for samples by the reference MRI [58]. Also, as part of the standard clinical cancer
power spectrum of the phantom. A linear regression line of ~ treatment, a breast pathologist examined mastectomy
the normalized power spectrum over the -6 dB bandwidth ~ specimens macroscopically and microscopically for any
of the transducer was analyzed to determine the mid-band residual tumor. Specimens were stained using standard
cW  0%) 0+] LQWHUFHSW 6, D Q GemakxylinaBdepam (HXSAE) YechRi@ies and examined
66 > @ E\D ERDUG FHUWL¢{¢HG VWDII SDWKROR.
For DOSI, the measured absorption and scattering GH&{QHG LQ WKLV VWXG\ DV KDYLQJ F
FRHI(FLHQWY ZHUH HPSOR\HG W Rresp@neemxagregien thay g0 degrgase in tumor size as
parameters. The hemoglobin (Hb) and oxyhemoglobin FRPSDUHG WR SUH WKHUDS\ 1RQ UHVS
(HbO,) concentrations (units; pM), and water content ~ as having stable or progressive disease and where there
(%Water) were calculated using the Beer-Lambert law, ~Was < 50% decrease in tumor size [59]. Pathological data
JLYHQ WKH NQRZQ PRODU H[WLQFwyar®@llectrdfropethepahaiogy repost from the patients’
chromophore, and by using the measured absorption medical record.
FRHI(FLHQWY 6FDWWHULQJ SURSHUWND adgitior, post-mastectomy GRILNnymappstaning
the near-infrared light range were approximated to Mie ~ (JCO7 clone, Leica Biosystems, Concord, Ontario Canada)
scattering in tissue [55]. The scatter power (SP) and scatter Was used to quantitatively assess vascular density within
DPSOLWXGH 6$%$ ZHUH FDOFXODWH thegtumpr opd srRl zdjaced Dmamymgyy figsue (normal
WKH UHGXFHG VFDWWHULQJ FRHI RisSHE) W KeSpaderHand ronviespporaer(Tigsug$eape,

ZDYHOHQJWK H[SUHVVHG DV Huron Digital Pathology, Waterloo, Canada). The
\= a( ), wherea = scatter amplitudéy = scatter analysis ROIls were depgndenF on the patient_’s response
power (TXDWLRQ to treatment due to the size variance of the reS|du§I tumor
The total hemoglobin concentration (HbT, units; bed. Stained vessels were counted for each specimen gnd
LM) was calculated using the combined concentrations of ~ (he vessel counts were averaged across all respective
oxy-hemoglobin and deoxy-hemoglobin [HbT = HbO normal or tumor regions analyzed.

Hb]. Since the absorption peaks for lipids were beyond o )
the spectral range of the imaging system, lipid content  Statistical analysis
(%Lipid) was estimated using the linear relationship with

the scatter power, previously described by Cerisal, Descriptive statistics were used on both QUS and

and Inteet al. > @ /DVWO\ WKH 72, KD\PEP PARRSSdefSS, lac Chicago IL, USA). The
D YDULHW\ RI ZD\V > @ DQG s USRI dpKasipns weregeqiculated for each
Cerussetal. WR JLYH PD[LPXP WLVVXH FREAS gajaseiaake) | gh{pR Hie-point. For QUS,
KH FKDQJH >"@ LQ 486 SDUDPHWHU'
[%Water] x Hb subtracting the measurements at each time interval from
[%Lipid] (TXDWER @ the value measured at baseline. DOSI measurements

were expressed in percent changes from the baseline

Diffuse optical images were reconstructed with > &KDQJH@ 6LIJQL(¢FDQW FKDQJHV RYH
a voxel resolution of 3 mm x 3 mm x 7 mm, and then €ach QUS and DOSI parameter to compare its difference
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to baseline values using a repeated-measures ANOVA. *LRUGDQR 6+ 8SGDWH RQ /RFDOO\ $GYI

Independent QUS and DOS parameters were tested 7KH RQFRORJLVW *
IRU VLIQL¢(FDQW GLITHUHQFHV EHW ZH v&B UrtitnéSNE Quenks A VADURYE e @hRHQ medical
responders at each time interval. A normality violation was PDQDJHPHQW RI EUHDVW FDQFHU %PM
tested for each parameter using a Shapiro-Wilk test. For gk erer HM, Newman LA, Smith TL, Ames FC, Hunt KK,
normally distributed parameter changes, an independent Dhingra K, Theriault RL, Sin

éh G, Binkley SM, Sneige N,

t WHVW ZDV XVHG XQSDLUHG WZR VlBlﬁrMoqiTA Ross"_l\/ﬁ@cN Q[Fé'fal Clinical course
interval). Otherwise, an unpaired, Mann-Whitrgyest of breast cancer patients with complete pathologic primary

ZLWKLQ WKH FRQ(GHQFH OHYHO ZDy¥m& Wk %Hdr\]' Iﬁnpfﬁrﬁ)@@res&)ﬁse to doxorubicin-
Chicago IL, USA) for parametric changes that were not based neoadjuvant chemotherapy. J Clin Oncol. 1999;
normally distributed. Discriminant analysis (SPSS Inc., +

Chicago IL, USA), and receiver-operating characteristic n - - .
. . . 7. loff DM, M BA, P A L, L
(ROC) analysis (SPSS Inc., Chicago IL, USA) estimated Satao ason restipino AJ, Seinige UL, Lieber

VHQVLWLYLW\ DQG VSHFL(FLW\ DQG (;%_iﬁz?@oﬁ Criﬁg‘@@ﬁ@j W}gﬁgﬁhﬁg%lwm

curve (AUC) values for QUS and DOSI parameters R x WERPH - $P &ROO 6XUJ

individually. Additionally for multivariate analysis, a
logistic regression model was employed to estimate the & Valero vV, Buzdar AU, Hortobagyi GN. Locally Advanced

VHQVLWLYLW\ DQG VSHFL¢FLW\ DQG $ERTRIVERPRTGH EKFgRQFRORILVW
DQG '26, SDUDPHWHUV ZLWKLQ D F ke V& Ne@MLA. IdRpRgsUeRt pf prtients with locally

The pairing/combination strategy analyzed all pairwise DGYDQFHG EUHDVW FDQFHU 6XUJ &OLC
combinations between QUS and DOSI parameters 379-398, ix.

GXULQJ WUHDWPHQW ZHHNYV D QG CeruksiAK) B2igeLAY, BevilgcRua\W 8hkh N/ JAkTbaweii D,

of chemotherapy). Pairwise combinations were reported Butler J, Holcombe RF, Tromberg BJ. Sources of

IRU $8& FODVVL{FDWLRQ VFRUHV W K DaWorgtidnlakdl sgatkd+imy Wokirast iV KeBr-@frared optical

[60]. Parameters and statistical measures were considered PDPPRJUDSK\ $FDG 5DGLRO *

VLIQL;FDQW DW DQ DOSKD OHYHO Ri. uUedaRSUR6EbIFEY NV, Cerussi A, Durkin A, Leproux A,
Santoro Y, Xu S, O’'Sullivan TD, Hsiang D, Mehta R,
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