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Abstract: Less costly and noninvasive imaging technique is valuable for the diagnosis of breast cancer and monitor-
ing the treatment. This study aimed to evaluate the application of ultrasonography guided diffuse optical tomog-
raphy (US-DOT) in monitoring tumor response to neoadjuvant chemotherapy (NAC) in breast cancer patients. We 
prospectively evaluated 90 patients with breast cancer. All patients underwent surgery after NAC. Ninety patients 
were scanned with US-DOT prior to, during, and at the completion of NAC. Total hemoglobin concentration (THC) 
and tumor diameter were measured by US-DOT. Tumor response was assessed using the Miller-Payer system. All 
90 patients completed the whole NAC cycles, 20 (20%) patients showed complete disappearance of all cancerous 
tissue (Grade 5). Only 3 (3.44%) patients had no pathological response (Grade 1). The other 67 (76.56%) patients 
showed varying degrees of necrosis of cancerous tissue (Grade 2-4). The tumor diameter and THC value decreased 
during NAC. Tumor diameter correlated significantly with THC value of breast cancers (R=0.6). After four or six cycles 
of NAC, the relative variation rates (RVRs) of THC values were significantly different among the grades (P < 0.05), 
but THC values had no difference in three chemotherapy regimens. In conclusion, US-DOT is a powerful technique 
to monitor tumor response during NAC. 

Keywords: Ultrasonography, diffuse optical tomography, breast cancer, neoadjuvant chemotherapy, total hemo-
globin concentration

Introduction

Breast cancer remains one of the most deadly 
diseases for women. Neoadjuvant chemo- 
therapy (NAC) is increasingly used for patients 
with breast cancer to reduce tumor volume  
and eliminate possible micrometastasis [1]. 
Because there are many drugs available for the 
treatment of breast cancer, it is imperative to 
find a noninvasive and inexpensive modality  
to diagnose disease and monitor treatment 
response. Traditional methods of monitoring 
tumor response including X-ray mammography 
and ultrasound are useful but have consider-
able limitations [2-4]. Magnetic resonance 
imaging (MRI) and positron emission tomogra-
phy (PET) scans are generally considered ben-
eficial but are expensive [5, 6]. Less costly 
imaging technique would be of great value, 

especially diffuse optical tomography (DOT) 
using near-infrared (NIR) light is an emerging 
noninvasive method to provide functional infor-
mation on breast cancer [7-10]. 

By probing the absorption and scattering prop-
erties of tissues, DOT using NIR provides an 
assessment of angiogenesis, a critical factor in 
the autonomous growth and spread of cancer. 
Optically derived functional images of the major 
absorption chromophores of oxyhemoglobin 
(HbO2) and hemoglobin (Hb) can be obtained. 
Although functional imaging with DOT in com-
parison with conventional imaging modalities 
provides less spatial resolution, it can poten-
tially provide valuable functional information 
soon after the initiation of cancer treatment. 
Recent developments that combine DOT with 
other imaging techniques such as ultrasonogra-
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Table 2. Relative variation of THC and histo-
logical response in 90 cases

Grade N
After NAC

P value
Relative variation of THC

1 3 -0.01±0.19 P<0.05
2 14 -0.28±0.16
3 35 -0.35±0.21
4 18 -0.52±0.31
5 20 -0.57±0.18

Table 1. Characteristics of 90 patients with 
breast cancer 
Clinicopathologic variables Patients (%)
Tumor diameter
    ≤2 cm 8.88%
    >2 cm 91.11%
ER status
    Negative 73.33%
    Positive 26.67%
PR status
    Negative 35.56%
    Positive 64.44%
HER2 status
    Negative 58.89%
    Positive 41.11%
Neoadjuvant Chemotherapy
    CEF-T 45.56%
    PCarH 41.11%
    PDP 13.33%
Miller-Payer system
    Grade 1 3.33%
    Grade 2 15.56%
    Grade 3 38.89%
    Grade 4 20%
    Grade 5 22.22%
ER, estrogen; ER, estrogen receptor; PR, progesterone 
receptor; HER2, receptor for human epidermal growth 
factor; N/A, not available; CEF-T, cyclophosphamide, 
5-fluorouracil and tamoxifen; PCarH, paclitaxel, carbopla-
tin, trastuzumab; PDP, Paclitaxel.

phy (US) and MRI may potentially overcome 
these limitations [11-14]. Accordingly, several 
studies using DOT demonstrated that total 
hemoglobin concentration (THC) was much 
higher in malignant than in benign conditions 
[13-16]. Given its limitations in spatial resolu-
tion and difficulty in using DOT as a diagnosis 
tool, interest has shifted to the use of DOT in 
monitoring treatment response. The applica-

tion of DOT in NAC response evaluation is 
based on tumor angiogenesis. Breast cancer 
tissues have more blood vessels than normal 
tissues, and the tumor vessels have greater 
permeability than normal vessels due to the 
weaker integrity of the vessel wall. Breast can-
cer is an obvious candidate because of the use 
of neoadjuvant treatment and pathologic data 
available after surgery. Multiple studies have 
shown the utility of DOT in predicting early 
tumor response to neoadjuvant treatment 
[17-21]. 

Therefore, in this study we aimed to assess the 
feasibility of using US-DOT for monitoring tumor 
responses to neoadjuvant chemotherapy (NAC) 
in patients with breast cancer. In a series of 90 
breast cancer patients we evaluated the corre-
lation of functional US-DOT parameter (THC) 
with clinical and final pathologic outcomes of 
the patients during NAC.

Patients and methods

Patients

This study was performed at Ultrasonography 
Department of Fudan University Shanghai 
Cancer Center from February 2013 to July 
2014. The approval was obtained from Ethics 
Committee of Jinshan Hospital, Fudan Uni- 
versity, and written informed consent was 
obtained from the participants. One hundred 
and twenty patients were enrolled at the begin-
ning, undergoing conventional US, US-DOT, 
MRI, and open biopsy either 1 or 2 days after 
recruitment. However, eighteen patients did 
not complete the study due to the change in 
treatment plan. Nine patients were unwilling to 
continue to participate, and three patients quit-
ted before definitive surgery. The final study 
group included 90 women with mean age 48.6 
years (range 36-60 years). Table 1 presented 
the clinical characteristics of the final study 
group. The tumor diameter was assessed by US 
at the initial examination. The histologic type of 
these patients was invasive ductal carcinoma. 
In this study, only patients with one lesion were 
recruited, and the number of lesion was 
assessed by MRI. Pathologic response of 
tumors was graded by Miller-Payer system, sta-
tus of ER, PR and HER2 expression. Patients 
received a variety of neoadjuvant treatment 
regimens. designed by the oncologist’s discre-
tion depending on toxicity and response.



US-DOT for breast cancer monitoring

1650 Int J Clin Exp Med 2016;9(2):1648-1656

Neoadjuvant chemotherapy and the evaluation 
of tumor regression

In this study, 41 patients received NAC treat-
ment with paclitaxel, carboplatin, and trastu-
zumab (PCarH) for estrogen or progesterone 
receptor positive and HER2 positive breast 
cancer with six cycles. The other 37 patients 
received preoperative treatment consisting of 
cyclophosphamide, 5-fluorouracil and tamoxi-
fen (CEF-T) for estrogen or progesterone recep-
tor positive and HER2 negative breast cancer 
with six cycles. The other 12 patients received 
preoperative treatment consisting of paclitaxel 
and cisplatin for estrogen and progesterone 
receptor negative and HER2 negative breast 
cancer with four cycles.

Tumor regression was judged based on Miller-
Payer system [22]: Grade 1: No change or some 
alteration to individual malignant cells but no 
reduction in overall cellularity. Grade 2: A minor 
loss of tumor cells but overall high cellularity; 
up to 30% loss. Grade 3: Between an estimat-
ed 30% and 90% reduction in tumor cells. 
Grade 4: A marked disappearance of tumor 
cells such that only small clusters or widely dis-
persed individual cells remain; more than 90% 
loss of tumor cells. Grade 5: No malignant cells 
identifiable in sections from the site of the 

tumor; only vascular fibroelastoticstroma re- 
main, often containing macrophages. 

US-guided DOT technique

In US imaging, the largest tumor diameter was 
measured in spatial dimensions and in depth. 
OPTIMUS type II breast diagnostic system 
(XinaoMDT Technology Co., Ltd., Beijing, China) 
was used. The probes of OPTIMUS consisted of 
a 7-12 MHz US probe (Terason T3000 ultra-
sound, TeraTech, Rockville, MD, USA) in the 
middle, an array of nine optical fibers on one 
side and an array of 10 optical guides (Edmund 
Scientific, Barrington, NJ, USA) on another side. 
All examinations were performed by one radiol-
ogist who had manipulated breast US-DOT sys-
tem for three years. 

Because the maximal diameter of the lesion 
was chosen as the optical horizontal plane, it 
was not always equal to sonographic coronal 
scan. Likewise, optical vertical plane was not 
always equal to sagittal scan. Based on the 
optical parameters of the four planes (two 
affected side planes, two contralateral side 
planes), the region of interest (ROI) was defined. 
The total examination time required for DOT 
was approximately 5-6 min for each patient. 
Reconstructed images of optical absorption 

Figure 1. Relationship between relative variation of THC and histological response (Grade 1-5) in 90 cases.
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and scattering at each of the four wavelengths 
were produced as above, and the functional 
parameter THC was generated. 

Data source and statistical analysis

The statistics software SPSS was used for the 
statistical data analysis. Data were expressed 
as means ± SD. One way-ANOVA was used to 
determine the differences of THC within the 
grades. A forward Pearson correlation analysis 
was used to test the correlation of THC with 
tumor diameter. A P value of less than 0.05 was 
considered significant difference.

Results

Twenty cases (22%) showed almost complete 
disappearance of all cancerous tissue, indicat-
ing that the patients had excellent responses to 
primary treatment (Grade 5). Three (3%) cases 
did not show any reduction in tumor diameter 
after chemotherapy. The tumors showed no 
regressive changes in the tissue sections, indi-
cating that the tumors had not responded to 
chemotherapy (Grade 1). The remaining 67 
(75%) patients showed some degree of 
response to chemotherapy. The post-operative 
histological changes showed varying degrees 

Figure 2. Changes in tumor diameter during NAC. The three graphs illustrated each of the parameters plotted from 
pretreatment at 4 or 6 weeks.

Figure 3. Changes in THC during NAC. The three graphs illustrated each of the parameters plotted from pretreat-
ment at 4 or 6 weeks.
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Table 3. Correlations between mean maximum THC and clinico-
pathologic variables of breast cancer
Clinicopathologic variables THC P value
Tumor size Min Max Mean SD 0.91
    ≤2 cm 184.41 303.88 247.22 38.99
    >2 cm 374.21 125.35 248.88 39.80
ER status Min Max Mean SD 0.29
    Negative 125.35 374.21 251.01 42.58
    Positive 178.34 299.28 242.46 29.35
PR status Min Max Mean SD 0.6
    Negative 125.35 300 245.82 40.33
    Positive 171.49 374.21 250.34 39.32
HER2 status Min Max Mean SD 0.12
    Negative 125.35 374.21 253.87 44.23
    Positive 178.34 300.00 241.38 30.67
Neoadjuvant Chemotherapy Min Max Mean SD 0.19
    CEF-T 171.48 374.20 256.89 41.82
    PCarH 178.34 300 241.37 30.67
    PDP 125.34 290.16 243.52 52.32

of necrosis of cancerous tissue, the degenera-
tive changes of residual carcinoma, intercellu-
lar substance edema, fibrous hyperplasia and 
inflammatory cell invasion (Grade 2-4). One 
way-ANOVA showed that relative variation of 
THC value was different among the grades 
according to Miller-Payer system (P<0.05, 
Table 2). We further drew a plot to show the 
relationship of relative variation of THC value in 
each grade (Figure 1).

We measured tumor diameter after each cycle 
of NAC by US, and found that tumor diameter 
was significantly reduced by chemotherapy in 
all three chemotherapy regimens (Figure 2). 
We further measured THC after each cycle by 
US-DOT and found that THC was significantly 
reduced by chemotherapy too (Figure 3). 

We also analyzed the correlations between 
mean maximum THC and clinicopathologic 
variables of breast cancer patients and the 
results were shown in Table 3. To investigate 
the relationship between THC and tumor diam-
eter, we performed Pearson correlation analy-
sis and found a significant relationship between 
THC and tumor diameter in all three chemo-
therapy regimens (Figure 4). Finally, we esti-
mated the relationship between tumor diame-
ter and THC by mixed-effects models and the 
results showed the equation of this model as: 
THC=4.2*T+94.58, T indicated tumor diameter 
(Figure 5).

portable, and less expensive than other imag-
ing modalities such as MRI or FDG-PET. In addi-
tion, US-DOT does not involve the use of exog-
enous contrast agents, which makes it ideal for 
multiple scans typically required for treatment 
monitoring.

US-DOT combines DOT and ultrasonography 
and thus the tumors could be imaged by both 
ultrasound and DOT [24, 25]. In general, the 
ultrasound system is used to localize the tumor 
and determine the structural or anatomical 
parameters, such as the depth and diameter. 
Optical microscopy can provide high spatial 
resolution by detecting nonscattered light in 
tissue, but this method makes it extremely dif-
ficult to image deeper than 1 mm in most bio-
logical tissues [26]. By contrast, significantly 
scattered light (usually called diffuse light) can 
travel much deeper into tissue. By taking 
advantage of this fact, near-infrared spectros-
copy has been developed to measure the 
change of hemoglobin concentration in deep 
tissues. However, near-infrared spectroscopy 
can not provide an image to show the spatial 
distribution of the measured signal. To achieve 
deep-tissue imaging, DOT has been developed 
to image HbO2, Hb, total hemoglobin and oxy-
genation in breast and prostate tumors.

Bruce et al. concluded that response monitor-
ing with DOT during NAC was promising, 

Discussion

NAC has been used in breast 
cancer patients to prevent can-
cer metastasis [1]. Consequ- 
ently, breast-conserving treat- 
ment is performed in patients 
who are deemed to be inopera-
ble [22, 23]. During the process 
of treatment, it is vital to assess 
tumor response to NAC and dis-
tinguish responders from non-
responders in case of unfavor-
able response. This can prevent 
patients from experiencing un- 
necessary drug toxicity. Studies 
have shown that breast tumor 
became clinically relevant once 
they developed blood supply. 
US-DOT is an emerging imaging 
modality that provides informa-
tion regarding the angiogenesis 
of tissue. It is noninvasive and 



US-DOT for breast cancer monitoring

1653 Int J Clin Exp Med 2016;9(2):1648-1656

although there was lack of standardization 
[27]. In this study, we reported the results of 90 
patients with breast cancer whose tumor 

responses to NAC were monitored using 
US-DOT. Subtype was stratified according to 
receptor status based on immunohistochemis-

Figure 4. The correlation of THC value with tumor diameter.

Figure 5. Distribution of residuals for 
the equation to predict the relation-
ship between THC and tumor diam-
eter.
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try analysis of ER, PR and Her2, and all 90 
patients were given different chemotherapy 
drugs according to different subtypes. If 
US-DOT can accurately monitor tumor response 
repeatedly and easily, the most efficacious 
drugs could be used. Ideally, chemotherapy 
should be monitored at earlier cycles as this 
could facilitate the modification of the regimen 
to enable the lesion to be maximally treated 
[28, 29]. In this study only 22 patients (22%) 
had complete pathologic responses (Grade 5) 
to NAC. Thus most of the patients could not get 
complete remission after NAC and it is very 
important to monitor tumor response.

By using US-DOT to monitor tumor diameter 
during chemotherapy, we found that the major-
ity of tumor diameter decreased. We also ana-
lyzed the relationship between THC and tumor 
pathologic grades. Cancerous tissues have 
more blood vessels than normal tissues, so 
chemotherapy drugs inhibited tumor angiogen-
esis, resulting in decreasing tumor diameter. 
We used Pearson correlation analysis to dem-
onstrate the relationship between THC and 
tumor diameter. Mixed-effects models provid-
ed an efficient means of analyzing repeatedly 
measured data and making accurate predic-
tion. We estimated the relationship between 
tumor diameter and THC by mixed-effects mod-
els and got the equitation THC=4.2*T+94.58, 
where T indicated tumor diameter. THC and 
tumor diameter were mutually dependent 
(P<0.05). Therefore, THC has the potential to 
be used for in vivo monitoring of the response 
of tumors to NAC.

Because our sample size is small, more patients 
are needed to validate our conclusion. 
Therefore we could not conclusively state that 
US-DOT could identify tumor response to NAC 
according to THC status. Further multi-center 
studies on US-DOT would test the power of 
US-DOT to monitor tumor response during 
breast cancer NAC.

The application of US-DOT in predicting the 
response of breast cancer to neoadjuvant che-
motherapy is still not clear. The number of 
patients in our study was too small to determi-
nate the cut-off points in predicting responders 
and non- responders. However, our data sug-
gest that US-DOT is a quick and noninvasive 
method that may prove invaluable for neoadju-
vant treatments to monitor tumor response to 
NAC. 
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