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Abstract

Background The measurement of hemoglobin (Hb) concentrations in breast cancer by near-infrared spectroscopy is use-
ful for the assessment of responses to neoadjuvant chemotherapy (NAC). However, the chest wall muscles may affect this
measurement. We corrected Hb concentrations based on the skin-to-chest wall distance. Corrected Hb was compared with
uncorrected Hb as a marker of treatment responses in breast cancer patients.

Methods We measured total Hb (tHb) in breast cancer using a near-infrared time-resolved spectroscopy system in 10 patients
before chemotherapy and after the first and second courses of NAC. To assess the skin-to-chest wall distance and thickness
of tumors, ultrasound images were obtained using an ultrasonography probe with the spectroscopic probe. Net tHb (tHb, )
was calculated by subtracting tHb in normal breast tissue from cancer tHb. Patients underwent positron emission tomography
with ['®F] fluorodeoxyglucose (FDG) before chemotherapy and after the second course of NAC. FDG uptake was evaluated
using the maximum standardized uptake value (SUV ).

Results tHb, tHb,, and SUV . in cancer significantly decreased in the course of chemotherapy. The change in tHb
larger than that in tHb. Although a correlation was not observed between the change in tHb and that in SUV
correlation was noted between the change in tHb, ., and that in SUV ..

Conclusions Corrections by the skin-to-chest wall distance in spectroscopy led to the change in Hb concentrations being
more similar to that in FDG uptake after NAC in breast cancer. tHb, has potential as a reliable biomarker of breast cancer.
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1 Introduction

Neoadjuvant chemotherapy (NAC) is the standard treatment
for locally advanced breast cancer and a standard option for
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early breast cancer depending on the histological subtype
[1]. Disease-free survival and overall survival are equivalent
in patients treated with the same adjuvant or neoadjuvant
regimen [1]. However, NAC is a useful treatment for down-
sizing tumors and increasing breast conservation rates [1,
2]. Previous studies demonstrated that the response to NAC
is a predictor of long-term outcomes, and a pathological
complete response is associated with improved disease-free
survival and overall survival [1, 3].

The accurate assessment of the effects of NAC leads to
an appropriate treatment strategy for breast cancer. Ultra-
sonography and MRI have been used to monitor treatment
responses. Ultrasonography is an easy and non-invasive
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modality; however, fibrotic changes after chemotherapy are
difficult to differentiate from residual tumors. The diagnostic
accuracy of contrast-enhanced MRI is high. However, the
use of contrast media and associated costs make MRI dif-
ficult to repeat.

Positron emission tomography (PET) using ['®F]
fluorodeoxyglucose (FDG) is used for staging, evaluating
responses to treatments, and predicting the prognosis of
various cancers [4—7]. FDG-PET is also useful for monitor-
ing treatment responses in breast cancer [8—11]. The accu-
mulation of FDG depends on the metabolic activity of the
lesion and may be a more suitable indicator of therapeutic
responses than morphological changes [12—14]. FDG uptake
has been reported to predict pathological responses [15, 16].
However, FDG-PET is also difficult to repeat because of the
high associated costs and radiation exposure.

Near-infrared diffuse optical spectroscopy and diffuse
optical tomography have been developed for the detection
of primary cancer [17-20] and monitoring of responses
after neoadjuvant chemotherapy in breast cancer [21-24].
Since these are not expensive procedures and do not expose
patients to radiation, frequent measurements are possible.

We measured the optical properties of breast cancer using
a near-infrared time-resolved spectroscopy system. We dem-
onstrated that measurements were influenced by the chest
wall muscles in a manner that depended on the skin-to-chest
wall distance, and to reduce the effects of the chest wall, we
proposed a subtraction method [25]. The net hemoglobin
(Hb) concentration in cancer was calculated by subtracting
Hb in normal breast tissue.

In the present study, Hb in breast cancer was measured
in the course of NAC and corrected Hb was compared with
uncorrected Hb as a marker of treatment responses. TRS
was compared with FDG-PET in monitoring the response
of breast cancer to NAC.

2 Patients and methods
2.1 Patient characteristics

We measured optical properties and FDG uptake in 11
patients with breast cancer before and after NAC between
April 2014 and October 2016. We excluded one patient
whose ultrasonography data were not recorded. We enrolled
10 patients. The mean age of the patients was 50.5 years with
a range between 39 and 67 years. Five patients were pre-
menopausal and five were post-menopausal. Three patients
had more than one tumor. One tumor was excluded because
it was mostly occupied by a cystic component. Therefore, we
analyzed 10 patients and 14 tumors. The median thickness
of tumors was 13.5 mm with a range between 6 and 23 mm.
All tumors were invasive ductal carcinoma.
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The study protocol was approved by the Ethical Review
Committee of Hamamatsu University School of Medicine.
All patients provided written informed consent.

2.2 Chemotherapy

Patients received four courses of FEC (fluorouracil 500 mg/
m?, epirubicin 100 mg/m?, cyclophosphamide 500 mg/m?,
every 3 weeks) followed by four courses of docetaxel or
a combination of docetaxel and trastuzumab. One patient
received two courses of docetaxel and two courses of FEC
instead of docetaxel after four courses of FEC.

The optical properties of cancer were measured before
chemotherapy, after the first course, and after the second
course of FEC. Patients underwent FDG-PET before chemo-
therapy and after the second course of FEC. Blood samples
were obtained before every course of chemotherapy.

2.3 Near-infrared time-resolved spectroscopy

We used a single-channel time-resolved spectroscopy sys-
tem with near-infrared light of three wavelengths: 758 nm,
795 nm, and 833 nm (TRS-20SH, Hamamatsu Photonics
KK, Hamamatsu, Japan). The principle of the measure-
ments was described in detail previously [25]. The dis-
tance between the light source and detector was 3 cm. The
absorption coefficient and reduced scattering coefficient
were obtained at each wavelength. The concentrations of
oxygenated and deoxygenated Hb were calculated from the
absorption coefficient at each wavelength after subtract-
ing water and lipid absorption in breast tissue. Because we
could not measure the amounts of water and lipid only using
three wavelengths, we used the mean values of water and
lipid for normal breast tissue, which were 18.7% and 66.1%,
respectively [26]. In our prior study, there was no significant
difference between the result tHb obtained using the mean
values of water and lipid for normal breast tissue and for
breast cancer (about 1.6% on average). Based on the result,
we calculated tHb concentration in breast cancer using the
value for normal breast tissue to simplify the analysis. The
concentration of total Hb (tHb) was the sum of the concen-
trations of oxygenated and deoxygenated Hb.

To assess the skin-to-chest wall distance and thickness
of tumors, ultrasound images were obtained using an ultra-
sonography system (EUB-7500, Hitachi Medical Corpora-
tion, Tokyo, Japan) with a linear probe (EUP-L65, Hitachi
Medical Corporation). The spectroscopic probe was attached
to the ultrasound probe in a rectangular direction. A skin-
to-chest wall distance of more than 36 mm was assumed to
be 37 mm in one patient because the maximal depth was
initially set at 36 mm. A previous study revealed that when
the skin-to-chest wall distance was 20 mm or more, the
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influence of the chest wall was negligible and the tHb con-
centration was constant.

We measured tHb prior to the treatment, 3 weeks after
the first infusion of FEC, and 3 weeks after the second infu-
sion of FEC. The spectroscopic probe attached to the ultra-
sound probe was lightly placed above the tumor, and optical
parameters and ultrasound images were obtained. The opti-
cal parameters of normal breast tissue were measured in the
contralateral breast.

We defined net tHb (tHb,.) by subtracting tHb in nor-
mal breast tissue at the same skin-to-chest wall distance as
cancer from tHb in cancer. tHb in normal breast tissue was
obtained from fitting curves of tHb concentrations as a func-
tion of the skin-to-chest wall distance. Curves were gener-
ated in our previous study [25].

Changes in tHb and tHb, ., were shown by the percentage
of the change between the baseline and post-chemotherapy.

AtHb = (post-therapy tHb — baseline tHb)/
baseline tHb x 100 (%).

AtHb,, = (post-therapy tHb, — baseline tHb, )/
baseline tHb,., X 100 (%).

2.4 FDG-PET

After fasting for at least 6 h, patients received an intrave-
nous injection of FDG (4.0 MBq/kg). None of the patients
had blood glucose levels that exceeded 200 mg/dl. After
a 60-min uptake period, image acquisition was performed
using a PET system combined with a 16-slice CT scanner
(TruePoint Biograph16, Siemens Healthineers, Erlangen,
Germany). Tumor FDG uptake was quantified by the maxi-
mum standardized uptake value (SUV_,,). FDG-PET was
evaluated prior to the treatment and 3 weeks after the sec-
ond infusion of FEC. The change in SUV_,. was shown
by the percentage of the change between the baseline and
post-therapy.

ASUVpax = (post-therapy SUVyax — baseline SUVpax )/
baseline SUVyax X 100 (%).

2.5 Statistical analysis

Statistical analyses were performed using Microsoft Excel
(Microsoft Corporation, Redmond, WA, USA) and StatFlex
version 6.0 (Artech Co., Ltd., Osaka, Japan). Differences
in blood Hb and SUV_,, in cancer before and after two
courses of chemotherapy were assessed using the Wilcoxon
signed-rank test. Differences between tHb and tHb, ., before
chemotherapy, after one course, and after two courses of
chemotherapy in cancer were evaluated using Dunn’s test.

Pearson’s correlation coefficient analysis and simple regres-

sion were used to assess the relationship between AtHb and
ASUV .. and between AtHb, and ASUV_,.. Differences
in the correlation coefficients of the regression lines obtained
from AtHb and AtHb, were assessed by testing the ¢ value.
P <0.05 was considered to be significant.

3 Results

tHb in normal breast tissue plotted on the reference curve
obtained from our previous study (Fig. 1). Baseline blood Hb
was 13.1 g/dl (median) and decreased to 11.5 g/dl (median)
after two courses of FEC (P <0.01). However, breast tHb did
not significantly decrease after two courses of FEC. Cancer
tHb plotted above the curve, even after two courses of FEC
(Fig. 2).
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Fig. 1 tHDb of normal breast tissue in pre-menopausal patients (a) and
post-menopausal patients (b). The reference curve was obtained from
our previous study [25]. tHb at the baseline and after one and two
courses of chemotherapy plotted on the curve
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Fig.2 tHb of breast cancer in pre-menopausal patients (a) and in
post-menopausal patients (b). The reference curve represents the tHb
of normal breast tissue obtained in our previous study [25]. The tHb
of all cancers plotted above the curve

Although the decrease in tHb in cancer was small
after one course of chemotherapy, tHb in cancer sig-
nificantly decreased (P <0.05) (Fig. 3). tHb and tHb,, in
cancer both decreased after two courses (P <0.01). AtHb
between the baseline and after two courses of chemo-
therapy was —14.7 +8.2% (mean + SD) and AtHb, was
—40.0+13.1% (mean + SD). The change in tHb, was
significantly larger than that in tHb (P <0.001). SUV_,,
in cancer decreased after two courses of chemotherapy
(P<0.001) (Fig. 4). The thickness of the tumor also
decreased after two courses of chemotherapy (P <0.01)
(Fig. 5).

A correlation was not observed between AtHb and
ASUV ... On the other hand, a positive correlation was
noted between AtHb, and ASUV . (P<0.05) (Fig. 6).
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The regression coefficient of the AtHb, ., regression was
slightly larger than that of AtHb.
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4 Discussion

We herein proposed tHb, ., which reflects the skin-to-chest
wall distance. Since tHb,, is calculated by subtracting tHb
in normal breast tissue from cancer tHb, tHb in normal
breast tissue is essential. tHb was lower in post-menopau-
sal patients than in pre-menopausal patients; therefore, we
used reference curves for pre- and post-menopausal patients
individually [25]. tHb in normal breast tissue in the present
study plotted on the lines that were generated in our previous
study, showing the reliability of the curves. Although blood
Hb decreased after chemotherapy, tHb in normal breast
tissue did not change after two courses of chemotherapy.

Spectroscopy may not be sensitive for small changes in
blood Hb. No significant differences between pre- and post-
chemotherapy, suggesting that it is justifiable to apply the
same curves before and after two courses of chemotherapy.
However, tHb in normal breast tissue may decrease after
several courses of NAC. Therefore, we need to carefully
observe tHb in normal breast tissue when we apply this sub-
traction method to that situation.

All cancer cases had tHb above the reference curves,
which coincided with the previous study. In the course of
chemotherapy tHb, ., showed a stronger correlation with
FDG uptake than uncorrected tHb. The decrease observed
in tHb,, even after the first course of NAC, and the positive
correlation between the change in tHb, ., and that in FDG
uptake indicate that tHb,, is a good marker of treatment
responses. FDG-PET shows glycolytic activity in cancer,
while Hb concentrations reflect blood volumes. Spectros-
copy is more easily performed than FDG-PET and may pro-
vide a different aspect of proliferation other than glycolytic
activity.

There were some limitations in the present study. The
number of patients was small. Furthermore, we did not com-
pare changes in tHb or tHb, . with pathological changes.
Difficulties are associated with performing an interim path-
ological examination. FDG-PET was instead used as the
comparison.

Previous studies showed that FDG-PET predicts
responses to neoadjuvant chemotherapy in breast cancer
[8—11]. Another limitation is that we assumed that the water
and lipid contents of cancer were constant. To calculate Hb
accurately, we need to assess the water and lipid contents
of cancer patients individually. We have recently developed
a spectroscopic device that used six wavelengths (762 nm,
802 nm, 838 nm, 908 nm, 936 nm and 976 nm) to measure
water and lipid contents in addition to tHb concentration
[27]. We are planning to conduct measurement with this
system.

In conclusion, corrections by the skin-to-chest wall dis-
tance in spectroscopy resulted in the change in Hb concen-
trations being more similar to that in FDG uptake after NAC
in breast cancer. tHb,_,, has potential as a reliable biomarker
of breast cancer.
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