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Abstract— Objective: While performing surgical excision for 

breast cancer (lumpectomy), it is important to ensure a clear 

margin of normal tissue around the cancer to achieve complete 

resection. The current standard is histopathology; however, it is 

time-consuming and labour-intensive requiring skilled personnel. 

Method: We describe a Hybrid Spectral-IRDx - a combination of 

the previously reported Spectral-IRDx tool with multimodal 

ultrasound and NIR spectroscopy techniques. We show how this 

portable, cost-effective, minimal-contact tool could provide rapid 

diagnosis of cancer using formalin-fixed (FF) and deparaffinized 

(DP) breast biopsy tissues. Results: Using this new tool, 

measurements were performed on cancerous/fibroadenoma and 

its adjacent normal tissues from the same patients (N=14). The 

acoustic attenuation coefficient (α) and reduced scattering 

coefficient (µ’s) (at 850, 940, and 1060 nm) for the 

cancerous/fibroadenoma tissues were reported to be higher 

compared to adjacent normal tissues, a basis of delineation. 

Comparing FF cancerous and adjacent normal tissue, the 

difference in µ’s at 850 nm and 940 nm were statistically significant 

(p=3.17e-2 and 7.94e-3 respectively). The difference in α between 

the cancerous and adjacent normal tissues for DP and FF tissues 

were also statistically significant (p=2.85e-2 and 7.94e-3 

respectively). Combining multimodal parameters α and µ’s (at 940 

nm) show highest statistical significance (p=6.72e-4) between FF 

cancerous/fibroadenoma and adjacent normal tissues. 

Conclusion: We show that Hybrid Spectral-IRDx can accurately 

delineate between cancerous and adjacent normal breast biopsy 

tissue. Significance: The results obtained establish the proof-of-

principle and large-scale testing of this multimodal breast cancer 

diagnostic platform for core biopsy diagnosis. 

 

Index Terms—Near-infrared spectroscopy, Ultrasound 

attenuation, Breast cancer, Biopsy tissue, Label-free. 

I. INTRODUCTION 

REAST cancer is the most common  cancer in women. 

Breast cancers are found usually via a screening program 

or by the woman finding a breast lump, or other symptoms 

related to the breast. Diagnosis of breast lesions requires a triple 
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assessment - with clinical history and examination, followed by 

imaging using X-Ray Mammography and/or Sonography [1], 

[2], and microscopic examination of tissue taken by a needle-

core biopsy. The core biopsy is performed with the help of an 

ultrasound probe to localize the suspicious region so that a 

hollow needle can be used to collect a tissue sample. This core 

biopsy tissue is then usually fixed in formalin and then 

processed and embedded in paraffin blocks. These are then 

sliced to a few hundred micrometers, mounted on glass slides 

and stained using haematoxylin and eosin. These glass slides 

are examined by an expert histopathology doctor under a 

microscope to make a diagnosis of cancer. It is only after such 

confirmation that the treatment can be given by the clinical 

team- with surgery, radiotherapy, chemotherapy and biologic 

therapy [3]–[5].   

Tissue diagnosis using histopathology is the gold-standard, 

but it is time-consuming, labour-intensive, and requires skilled 

personnel to perform the analysis. Although biopsy is 

necessary, it is often not available rapidly to assess adequacy of 

cancer resection in the operating room in resource-poor settings 

[3]–[5]. The clinician performing cancer margin assessment 

requires an immediate feedback over the tissue pathology to 

ensure cancer resection. The reported system can enhance the 

efficacy of cancer resection and optimize the workflow of 

cancer margin assessment. 

Near-infrared (NIR) spectroscopy techniques have been 

proposed to delineate normal and cancerous tissues [2], [6]–

[12]. Jacques et al. provide an extensive review of the optical 

properties for different types of tissues [9]. Pal et al. [2] 

proposed the Spectral-IRDx tool performing near-infrared 

spectroscopy while operating at 850 nm, 940 nm, and 1060 nm 

to delineate cancer from adjacent normal deparaffinized breast 

biopsy tissues. Recent work by Schnell et al. [6] involves 

designing and developing a hybrid optical-infrared 

spectroscopy technique to visualize the structure and 
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composition of paraffinized tissue. However, further studies 

need to be performed on tissues that closely match the 

properties of fresh tissue. Commercial FTIR and Raman 

Spectroscopy tools such as Bruker’s VERTEX 70v and Thermo 

Scientific’s Smart Raman DXR have been proposed by 

Depciuch et al. [10], [11]  and Fernandez [12] et al. respectively 

to characterize the bulk optical properties of the paraffinized 

breast biopsy tissue. However, such commercial tools are 

expensive and have not been designed or tested to evaluate 

millimeter-sized biopsy tissue samples. Anderson et al. 

proposed the continuous-wave near-infrared technique to 

quantify the tissue constituents such as haemoglobin, water, and 

lipid for the in-vivo cancerous tissue as compared to the 

adjacent normal. However, such systems needs to be designed 

and developed to perform a similar analysis for ex-vivo breast 

biopsy tissues.  

High-frequency time-resolved ultrasound techniques have 

also been studied to diagnose cancer [13], [14]. Anastasiadis 

[13] reviewed high-frequency time-resolved ultrasound 

techniques to diagnose cancer. Ruby et al. [14] used the 

commercial Ultrasound system by SonixTouch to differentiate 

between malignant and benign breast tissue by quantifying the 

intrinsic reflection within the tissue using the Speed of Sound 

(SoS) technique. However, it is unclear whether such 

techniques are effective in differentiating tumor margins when 

using small (few mm) ex vivo tissue samples.  Moreover, 

further work needs to be performed to design point-based 

ultrasound measurement techniques for characterizing ex-vivo 

tissues. 

Hybrid systems have been recently proposed combining the 

results from multiple techniques to give better accuracy in 

delineation. Contact MEMS-based techniques have been 

proposed that rely on characterizing the electrical, thermal, and 

mechanical properties of the tissues to differentiate healthy and 

cancerous tissue [15]–[18]. However, such contact-based 

techniques reduce the durability of the system. Alternative 

contact-less based technique include microwave-based 

imaging, which is has been performed on breast tissue-

mimicking phantom  tissues to delineate the diseased part of the 

tissue, albeit with lower sensitivity [19], [20]. 

The opto-acoustic multimodal system consisting of light-

emitting diode and ultrasound transducer has been proposed 

[21]–[23] to diagnose cancer. Choi et al. [21] proposed the 

multimodal system to quantify the opto-acoustic properties of 

the eye tissues. Yuan et al. [22] performed the multimodal opto-

ultrasound analysis on tissue-mimicking phantoms, however, 

further study needs to be performed on ex-vivo tissues. Choe et 

al. [23] performed the analysis on the treatment of the HeLa 

cells and its proliferation combining the light emitting diode 

and focused ultrasound measurements.  The performance of this 

approach has not been assessed for bulk ex-vivo tissues.  

Moreover, multimodal measurements reported previously 

have been performed in-vivo, which involves the acoustic fields 

propagating through multiple layers of normal and cancerous 

tissue. In the present study, we focus on measuring the bulk 

optical and acoustic properties of tissue from small ex-vivo 

sections. Testing of ex-vivo tissue circumvents confounding 

factors present in-vivo such as attenuation and beam 

propagation through several layers of tissue, which will likely 

have higher accuracy. 

Low-cost systems have also been proposed to diagnose 

breast cancer [24]–[26]. Ghartey et al. [24] used 

Transillumination-based imaging; however, it requires manual 

visual intervention to distinguish breast cancer, which leads to 

lower accuracy and varying sensitivity. Min et al. [25] proposed 

Artificial Intelligence (AI) based Point-of-care system as an 

alternative to conventional microscopy to delineate cancerous 

cells. Vavadi et al. [26] designed a compact and cost-effective 

system based on combined ultrasound and diffuse optical 

imaging (DOI) and tested for tissue-mimicking phantoms. 

While these developments are encouraging, significant progress 

needs to be made before cost-effective, portable, and high 

accuracy systems can be realized for guiding tumor resection. 

In this paper, we have upgraded the earlier reported Spectral-

IRDx Tool [2] with the ability to quantify the bulk acoustic and 

optical properties. Specifically, the Hybrid Spectral-IRDx 

 
Fig. 1:  Schematic representation of the standard histopathological method of breast cancer tissue diagnosis, in comparison with experimental assessment 

using Hybrid Spectral-IRDx.  a) Clinician performing the breast lumpectomy surgery, b) Enlarged image at the excision procedure, c) Gross examination 

of cut surface, d) Excised breast tissue, f) Tissue core taken from the excised tissue used for experimental measurements using a punch biopsy instrument 
(e),  g) Histopathologist examining stained slides, h) Taking readings with Hybrid Spectral-IRDx using multimodal CW Near-Infrared and TD 

Ultrasound, i) Histopathological image, and j) Readings from Hybrid Spectral-IRDx Tool. 
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system can assess the acoustic attenuation coefficient (α), 

optical absorption coefficient (µa), and reduced scattering 

coefficient (µ’s) of tissue. This system was used to characterize 

ex-vivo deparaffinized and formalin-fixed cancerous and 

adjacent normal tissues.  

II. DESIGN AND METHODOLOGY 

In this section, the sample preparation, theory, and 

instrumentation of the TD ultrasound and CW near-infrared 

spectroscopy techniques are discussed. The complete schematic 

of the histopathological method compared with the 

experimental assessment of the breast tissues for delineating 

cancer from adjacent normal is shown in Fig. 1.  

A. Sample Preparation 

During the breast excisional surgery, the surgeon typically 

removes cancerous tissue along with some of the adjacent 

normal tissue to ensure complete resection as shown in Fig.1 a-

d. These excised tissues undergo preservation through storage 

in either 10% formalin or paraffin-embedded blocks. In this 

study, the deparaffinized and formalin-fixed tissues were used 

to measure the tissues’ bulk acoustic and optical properties. The 

sample preparation of the deparaffinized tissue is discussed in 

detail in our earlier work [2]. The preparation steps were further 

tailored from reported tissue sample preparation process of 

Baker et al. [27] with a consultant pathologist’s help to make 

the tissue sample suitable for the NIR and ultrasound 

measurements. The core biopsy punch was used to manually 

conceive the tissue sample with thickness of 2 mm and diameter 

of 5 mm as shown in the Fig. 1e-f. The cancerous and adjacent 

normal tissue samples were identified with the help of 

consultant pathologist. The standard deviation of the tissue 

thickness of the deparaffinized and formalin-fixed tissue was 

0.003 mm and 0.03 mm, respectively. 

The deparaffinized and formalin-fixed tissues have been 

reported to preserve the tissue constituents such as lipids and 

collagens [28], [29].  The same protocol for formalin-fixing and 

paraffinizing/deparaffinizing the tissue was used by the 

technician for all tissue samples. The bulk acoustic and optical 

properties of the fixed sample tissue may potentially vary 

between the patients. In this study we assume that this variation 

is small relative to the intrinsic differences between cancerous 

and adjacent normal tissue. Variation in the tissue properties, if 

any, due to differences in the fixing process is neglected in this 

study. All the studies were performed with written consent from 

patients through the institutional ethics committee of Assam 

Medical College and the Indian Institute of Science with the 

ethical clearance certificate number AM/EC/1333 and 17-

14012020 respectively. 

B. Time-Domain Ultrasound Attenuation Measurement 

Instrumentation (TD-UAM) 

The original Spectral-IRDx as reported in Pal et al. [2] 

performed near-infrared absorption spectroscopy, as shown in  

Fig. 2a. In the present work, the system was upgraded with 

detachable ultrasound and optical sub-system modules to 

characterize the bulk acoustic and optical properties 

respectively of the tissue.  

Time-Domain ultrasound measurements was performed 

using the piezoelectric-based ultrasound transducer (PZT-5A) 

(FWHM = 100 kHz) by Unictron Technologies 

(H2KLPY11000600) by using unipolar pulse as excitation. 

Such an excitation has been used previously for ultrasound 

imaging [30], [31]. The center frequency of the ultrasound 

transducer was 1 MHz, which is routinely used in  biomedical 

applications [32], [33], and sufficient to resolve the tissue on 

length scales of few mm. To reduce the impedance mismatch 

 
Fig. 2: Hybrid Spectral IRDx: a) Spectral-IRDx upgraded with multi-modal CW Near-Infrared and TD Ultrasound measurements (actual image), b) Schematic 
of the transmission based TD Ultrasound measurement, c) TD Ultrasound setup (actual image), d) Schematic of the CW Near-Infrared measurement using 

double integrating spheres, and e) Double integrating sphere for CW Near-Infrared setup (actual image). 
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between the sample and acoustic transducer, a coupling 

medium (Unictron's proprietary gel pad) was used. The 

coupling medium is reusable and increases the durability of the 

ultrasound transducer, as the coupling medium avoids the direct 

contact of the transducer with the tissue sample. The tissue 

sample was placed between these gel pads as shown in Fig. 2 b-

c. As shown in Fig. 2b, the top ultrasound transducer is the 

source, and the bottom ultrasound transducer works as the 

detector. The ultrasound unipolar pulse signal generated by the 

source transducer traverses through the coupling gel pad, the 

tissue sample, the second coupling gel pad, and is finally 

received by the detector. Fig. 2c showcases the actual 

experimental setup for the TD ultrasound measurements.  

 The ultrasound transducer was excited using unipolar pulse 

width with voltage excitation of 5 V (peak to peak) with a dc 

bias of 2.5 V through a function generator. The pulse width was 

varied from 200 ns to 1000 ns with a repetition frequency of 10 

kHz. The measured signal from the detector transducer was 

processed through a narrow-band pass filter tuned with a peak 

frequency of 1 MHz to increase the signal to noise ratio (SNR) 

using high frequency OP2320 OPAMP. The output of the filter 

was recorded using a digital oscilloscope with a sampling rate 

of 20 mega samples per second.  

1) Ultrasound theoretical model 

 To quantify the bulk acoustic attenuation coefficient, two cases 

were considered, one with the tissue sample and another with a 

reference sample. Considering the arrangement as shown in 

Fig. 2b, with the tissue sample, the detected voltage can be 

written as following [34]:  

 

While with the reference medium instead of the tissue sample, 

the detected voltage can be written as:  

where 𝑉𝑡(𝑓) and 𝑉𝑟(𝑓) are the detected voltage with tissue 

sample and reference medium respectively. 𝑅𝑡(𝑓) is the transfer 

function of the experimental system (electronics and 

ultrasound), T is the acoustic transmission coefficient at the 

tissue-medium interface. 𝛼0 and 𝛼 are the bulk acoustic 

attenuation coefficient of the reference medium and tissue 

sample respectively, 𝑥𝑚 is the tissue sample thickness (= 2 

mm), and 𝑥 is the distance between the ultrasound source and 

detector. The contribution of the attenuation constitutes of both 

absorption and scattering; however, the contribution of 

scattering in tissue attenuation is low and therefore only the 

absorption was considered [34]. By taking the ratio of Eqn. 1 

over Eqn. 2, we get the following: 

   

 Here, assuming the transmission coefficient (T) at the 

interface of the coupling medium (i.e. gel pad) and tissue 

sample approaches unity, Eqn. 3 can be rewritten as the 

following:  

Here, 𝑉𝑡(𝑓) and 𝑉𝑟(𝑓) are  measured experimentally, 𝛼0 is 

assumed as 0.0022 dB/cm, 𝑥𝑚 is assumed as 2 mm, and the bulk 

acoustic attenuation coefficient of the tissue sample (𝛼) can be 

calculated from Eqn. 4.  

 Additionally, to quantify the variation between the normal 

and cancer tissue for different pulse widths, a new variable 

named Ultrasound Contrast Factor (UCF) was introduced as 

following:  

where, ns = number of pairs of samples, Ni = peak magnitude of 

adjacent normal tissue sample, and Ci = peak magnitude of 

cancer or fibroadenoma tissue sample. The UCF quantifies the 

ratio of ultrasound attenuation of cancer and adjacent normal 

tissue for the pooled data.  

C. Continuous Wave Near-Infrared Spectroscopy 

Instrumentation (CW-NIRS).  

The instrumentation for the CW near-infrared spectroscopy 

involves three narrow beamwidth (~ 10°) and narrow FWHM 

(~ 40 nm) light emitting diodes (LEDs) operating at three 

operating wavelengths 850 nm, 940 nm, and 1060 nm. The 

SFH4350 LED from OSRAM with a peak wavelength of 850 

nm, OFL-5102 LED from Multicomp with a peak wavelength 

of 940 nm, and EOLD-1060-525 LED from OSA Optolight 

with a peak wavelength of 1060 nm are used. The operating 

wavelength of 850 nm was used for the higher absorption of 

collagen as compared to lipid, while the operating wavelength 

of 940 nm was used to nearly match the absorption peak of the 

lipid at 930 nm, while the operating wavelength of 1060 nm 

results in  almost the same absorption for the lipid and collagen 

[35], [36]. Fresnel lens was fixed in front of the LED to 

collimate the beam and focus at the center of the tissue sample. 

 The setup for the CW near-infrared measurement is 

showcased in Fig. 2 d-e. A double integrating sphere 

arrangement [37], [38] was used to quantify the bulk optical 

absorption coefficient (µa) and bulk optical reduced scattering 

coefficient (µ’s). The commercial integrating spheres are used 

to measure the bulk optical properties [39]–[41]; however, 

recently home-built integrating sphere is also being developed 

[42]. In our configuration, a rubber ball was cut open, and the 

LED source, detectors, baffle, and tissue sample were 

configured, as shown in Fig. 2e. The inner surface of the sphere 

was coated with Barium Sulphate, which was used as a 

reflectance standard with 98% reflectivity [39], [42]. The NIR 

source LED was kept at the center of the left sphere to increase 

the direct light tissue interaction, where the sample is placed at 

the exit port of the first integrating sphere. The detectors are 

attached at the top of each of the integrating spheres, while the 

baffle was used to reduce the direct light interaction from the 

sample to the detectors. To quantify the bulk optical absorption 

and reduced scattering coefficient, the measured reflectance 

 
𝑉𝑡(𝑓) = 𝑅𝑡(𝑓)𝑒

−𝛼0𝑥𝑒−(𝛼−𝛼0)𝑥𝑚(𝑇)2 (1) 

 
𝑉𝑟(𝑓) = 𝑅𝑡(𝑓)𝑒

−𝛼0𝑥 (2) 

 𝑉𝑡(𝑓)

𝑉𝑟(𝑓)
= 𝑒−(𝛼−𝛼0)𝑥𝑚(𝑇)2 (3) 

 𝑉𝑡(𝑓)

𝑉𝑟(𝑓)
= 𝑒−(𝛼−𝛼0)𝑥𝑚  (4) 

 
𝑈𝐶𝐹 (

𝑁

𝐶
) =

∑ (
𝑁𝑖
𝐶𝑖
)

𝑛𝑠
𝑖=1

𝑛𝑠
 

 

(5) 
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(MR) and measured transmittance (MT) was quantified using the  

following equations: 

where, R(r,r,t,t) and T(r,r,t,t) are the detected voltages by 

detector #1 and #2 respectively in the setup as shown in Fig. 2d. 

R(r,r,0,0) is the detected voltage from detector #1, when a 

reflectance standard was placed at the exit port of the first 

integrating sphere. T(0,0,1,1) is the detected voltage by detector 

#2, when the sample was removed from the setup as shown in 

Fig. 2d. R(0,0,0,0) is the detected voltage by detector #1, when 

only the first integrating sphere was setup and the exit port of 

the sphere was kept open. T(0,0,0,0) is the detected voltage by 

detector #2, when the LED is switched off. R(0,0,0,0) and 

T(0,0,0,0) measure the noise which was removed from the 

actual measurements R(r,r,t,t) and T(r,r,t,t) respectively. 

The Monte Carlo simulation is performed using the Inverse 

Adding-Doubling software to quantify the bulk optical 

absorption and scattering coefficient. The input required by the 

software includes MR, MT, the thickness of the sample, 

reflectivity of reflectance standard, number of spheres, port 

dimensions, the refractive index of tissue sample and the 

diameter of illumination beam [37]. The complete specification, 

including the optical and ultrasound configuration, is 

summarized in Table I.  

D. Measurement of Human Tissue Samples 

The measurements were performed on tissue samples from N = 

14 patients. The tissue samples from N = 4 patients were 

preserved using FFPE (Formalin-fixed Paraffin-embedded) and 

the tissues of the remaining N = 10 patients were preserved 

using 10% formalin solution. A total of n = 28 core biopsy 

tissue samples were obtained from 14 patients. Time-Domain 

Ultrasound Attenuation Measurement (TD-UAM) was 

performed on both the deparaffinized and formalin-fixed tissue.  

Continuous-Wave Near-Infrared Spectroscopy (CW-NIRS) 

was performed only on formalin-fixed tissue, because CW-

NIRS analysis on deparaffinized tissue was performed in our 

earlier work [2]. The tissue type along with the pathology and 

measurement technique are summarized in Table II. The non-

parametric Mann Whitney U Test was performed to quantify 

the statistical difference between the cancerous and adjacent 

normal tissues of individual techniques. While the Fisher’s 

combined probability test was used to perform statistical 

analysis of the combined ultrasound and optical measurements. 

Both the near-infrared and ultrasound measurements were 

carried out three times, and the average values were considered 

to perform the statistical analysis.  

III. RESULTS AND DISCUSSION 

A. Near-Infrared and Acoustic Attenuation Results.  

The Time-Domain (TD) ultrasound response signal for 

deparaffinized (DP) and formalin-fixed (FF) tissue generated 

by varying the pulsewidth between 200 ns and 1000 ns is shown 

in Fig 3a-d respectively. The Ultrasound Contrast Factor (UCF) 

for both the DP and FF tissue peaked at pulse width of 500 ns 

with values 2.66 and 14.57 respectively as shown in the Fig. 3a-

b. The reason for the highest differentiation at 500 ns could be 

due to insufficient energy at lower pulsewidth, while the 

excitation ceases to be an impulse for higher pulse width. The 

experimentally measured Time-Domain response of DP and FF 

tissue sample for 500 ns pulsewidth was smoothened with 200 

points and reported in Fig. 3c-d respectively. It can be observed 

that for the fibroadenoma and cancerous tissues, the peak 

magnitude of the response envelope reduces drastically as 

compared to the TD response from adjacent normal tissues.  

The large inter-patient variation in the magnitude of the 

envelope of the time domain ultrasound response for the 

adjacent normal tissues was observed. The primary reason 

behind these large variations was due to the inter-patient 

variation in the density of the breast tissue [43]. The other 

factors affecting the density of the breast include whether the 

woman is under follicular or luteal phase of her menstrual cycle 

 𝑀𝑅 =
𝑅(𝑟, 𝑟, 𝑡, 𝑡) − 𝑅(0,0,0,0)

𝑅(𝑟, 𝑟, 0,0) − 𝑅(0,0,0,0)
 (6) 

 𝑀𝑇 =
𝑇(𝑟, 𝑟, 𝑡, 𝑡) − 𝑇(0,0,0,0)

𝑇(0,0,1,1) − 𝑇(0,0,0,0)
 (7) 

TABLE II 

DISTRIBUTION OF TISSUE PATHOLOGY  

Type of 

tissue 

samples 

De-

paraffinized 

(N = 4) 

Formalin- 

fixed 

(N = 5) 

Formalin-

fixed 

(N = 5) 

Tissue 

pathology 
IDC AN IDC AN FB AN 

# of tissue 

samples 
n = 4 n = 4 n = 5 n = 5 n = 5 n = 5 

Measure-

ment 

techniques 

TD-UAM 
TD- UAM and 

CW-NIRS 

TD-UAM 
and CW-

NIRS 

N is the number of patients 

n is the number of tissue samples. 
IDC is Invasive Ductal Carcinoma, 

AN is Adjacent Normal,  

FB is Fibroadenoma. 
TD-UAM is Time-Domain Ultrasound Attenuation Measurement, and 

CW-NIRS is Continuous-Wave Near-Infrared Spectroscopy. 

 

TABLE I 

HYBRID SPECTRAL-IRDX SYSTEM SPECIFICATION 

Requirements Specification 

Power supply 230 V (50 Hz) 

System dimensions 20.3 cm (length) x 18 cm (breadth) 

x 26.8 cm (height) 

System weight 5.5 Kg 

Ultrasound operation 
type 

Time domain (TD) 

Ultrasound transducer PZT-5A based Piezoelectric 

transducer (H2KLPY11000600) 

Optical operation type Continuous wave (CW) 

Operating wavelength 850 nm, 940 nm, and 1060 nm 

Optical source 850 nm (SFH4350), 940 nm (OFL-

5102), and 1060 nm (EOLD-1060-
525) 

Optical detector Si PD with integrated amplifier 

(OPT101) 

Portable Yes 

Tissue sample dimension 5 mm diameter and 2 mm thickness 

Tissue type Deparaffinized FFPE and Formalin-

Fixed tissue samples 

Approximate cost of the 

prototype 

$650 
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[44], attained menopause [45], age [46], and BMI [47].   

 The pooled data results for the bulk acoustic attenuation (α) 

coefficient and the bulk optical absorption (µa) and reduced 

scattering coefficient (µ’s) are shown in Fig. 4. From the 

acoustic attenuation coefficient, Fig. 4a, it can be inferred that 

TD ultrasound response for both DP (cancerous and adjacent 

normal) and FF (cancerous/fibroadenoma and adjacent normal) 

tissue are statistically significant (p = 2.8e-2, 7.94e-3, and 

7.94e-3 respectively). The acoustic attenuation coefficient for 

FF tissue showed a better delineation (p = 7.94e-3) than the DP 

tissue (p = 0.028), likely due to better preservation of the tissue 

properties. The difference in mean acoustic attenuation 

coefficient between FF cancerous and adjacent normal tissue is 

higher (3.78 dB/cm) compared to the FF fibroadenoma and 

adjacent normal tissues (1.13 dB/cm), a basis of delineation 

between fibroadenoma and cancerous tissue. The mean acoustic 

attenuation coefficient for the cancerous and adjacent normal 

tissue for the DP tissue was 20.62 dB/cm and 16.18 dB/cm 

respectively. The mean acoustic attenuation coefficient for the 

cancerous and adjacent normal tissue for the FF tissues are 

18.11 dB/cm and 5.80 dB/cm respectively. The results are in 

accordance with the previous findings of higher acoustic 

attenuation in the DP and FF tissue than fresh tissue [34], [48] 

caused by some degradation in the structural properties during 

processing. Additionally, the results are along the lines of 

several literature that report higher acoustic attenuation 

coefficient in cancerous tissue than normal tissues [48]–[50]. 

The acoustic attenuation coefficient for the FF and DP tissues 

are tabulated in Table III and IV respectively. 

The difference in optical reduced scattering coefficient (µ’s) 

between FF cancerous and adjacent normal tissues were 

reported to be statistically significant for 850 nm (p = 3.17e-2), 

940 nm (p = 7.94e-3), and 1060 nm (p = 3.17e-2) as shown in 

Fig. 4b. However, the difference in µ’s between FF 

fibroadenoma and adjacent normal tissues were reported to be 

statistically significant only for 940 nm (p = 7.94e-3). The mean 

value of µ’s at 850 nm, 940 nm, and 1060 nm for the FF 

cancerous tissues (14.59 1/cm, 8.81 1/cm, and 5.57 1/cm) were 

 

 
Fig. 3. Peak magnitude of ultrasound time-domain response vs. pulse width analysis: a) deparaffinized and b) formalin fixed tissue. Time-domain 

Ultrasound response with pulse width of 500 ns for c) N = 8 deparaffinized along with FFT analysis of a single adjacent normal and cancer response 
(inset) and d) N = 10 formalin-fixed tissue along with FFT Analysis (inset). NP and CP are the abbreviations for adjacent normal and cancer 

deparaffinized tissue respectively, while NF, FF, and CF are the abbreviations for adjacent normal, fibroadenoma, and cancerous formalin-fixed 
tissues respectively. 
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reported to be higher compared to the FF adjacent normal tissue 

(8.87 1/cm, 3.88 1/cm, and 2.85 1/cm). The findings agree with 

the data reported in the literature where a greater reduced 

scattering coefficient in cancer is found compared to normal 

tissue [51], with around 20% increase as reported in Fang et al. 

[52] and Grosenick et al. [53], while 50 % increase as reported 

in Choe et al. [54]. In this work, we report an average increase 

of nearly 66% and 120% in the µ’s in the cancerous tissues 

compared to the adjacent normal tissues at 850 nm and 940 nm 

respectively.  

The mean value of µ’s at 940 nm for the FF fibroadenoma 

tissues (11.94 1/cm) was higher the FF cancerous tissues (8.81 

1/cm). 

The mean optical absorption coefficient (µa) for adjacent 

normal tissues were reported to be higher (2.04 1/cm, 3.20 

1/cm, and 3.67 1/cm) compared to the cancerous tissues (1.12 

1/cm, 1.51 1/cm, and 1.94 1/cm) at 850 nm, 940 nm, and 1060 

nm respectively; however none were reported to be statistically 

different. The absolute values of µa and µ’s fall in the range of 

the recently reported literature [7], [52]–[54]. The µa and µ’s for 

the formalin-fixed tissues are tabulated in Table III. 

B. Analysis on the combination of Results from Optical and 

Ultrasound Measurements 

The Fisher’s combined probability test was used to perform 

combined p-value test over the independent ultrasound and 

optical measurements. When the ultrasound results were 

combined with the optical, the probability of delineating the 

cancerous/fibroadenoma from the adjacent normal tissue 

increased further. Specifically, the difference between the FF 

cancerous and adjacent normal tissues achieved the highest 

statistical significance when the results of α and µ’s (at 940 nm) 

were combined (p = 6.72 e-4). Combining the results of α and 

µ’s (at 850nm, 940 nm, and 1060 nm) for FF tissues also 

reported high statistical significance (p = 9.53 e-4). The 

difference between the FF fibroadenoma and adjacent normal 

tissues achieve the highest statistical significance when the 

results of α and µ’s (at 940 nm) were combined (p = 6.72 e-4). 

The p-value for each of the individual and the combined tests 

are tabulated in Table V. The correlation between the 

ultrasound attenuation coefficient and optical scattering 

coefficient is shown in Fig. 5. It can be noted that the 

measurements for the diseased (Fibroadenoma and carcinoma) 

tissues were observed to be in the top-right quadrant, a basis of 

delineation of the combined measurements. Furthermore, the 

ultrasound attenuation coefficient accounts for limited variation 

(R2 = 0.268) in the optical scattering coefficient. This also 

means that each of the independent variable (µ’s and α) add new 

information regarding the tissue property.  

C. Calibration and Cut-offs for the system 

The readings using this tool were particularly remarkable 

because we could see a clear separation between all the 

examined cancer and normal tissues for α. Therefore, based on 

the observed results, we proposed a reasonable cut-off of 13 

dB/cm for the acoustic attenuation coefficient (α), specifically 

for the formalin-fixed tissues. We plan to test the validity of the 

cut-offs in the next project with a much larger sample size.    

D.  Discussion on the Physiology of Cancer and Normal 

Tissue 

The primary mechanism of the light scattering in biological 

tissue is due to Mie scattering, which is related to the size and 

 
Fig. 4. Pooled data for Hybrid Spectral-IRDx measurement with 

scatter plots for: a) Acoustic attenuation measured with excitation 
pulse width of 500 ns, and b) Optical reduced scattering coefficient 

for CW NIR measurement. The green lines and the adjacent values 

show the cut-off that can separate cancer from adjacent normal 

tissues. 

Fig. 5. Correlation between acoustic attenuation coefficient (α) and 

optical reduced scattering coefficient (µ’s) at 940 nm for the 

adjacent normal, fibroadenoma, and cancerous tissues. 
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density of the biological cells, tumour cell proliferation and 

infiltration, and the anisotropic arrangement of tissue 

constituents such as collagen fibrils. These structural changes 

cause inhomogeneity, and hence, the light propagating through 

the tissue undergoes multiple gradients and discontinuities of 

refractive indexes, causing higher optical reduced scattering 

coefficient in cancer and fibroadenoma tissues as compared to 

adjacent normal tissues [7], [55]. The optical absorption 

coefficient relates to the absorption spectra of the different 

constituents of tissues. Higher optical absorption at 940 nm in 

normal tissues as compared to cancer indicates the correlation 

with the higher absorption peak of the lipids. This indicates a 

higher concentration of lipids in normal as compared to cancer, 

as reported in the literature [2], [7], [8], [56]. The cancerous 

tissue undergoing desmoplastic reaction leads to higher fibrous 

and connective tissues. This phenomenon causes higher 

reflection and attenuation by cancerous and fibroadenoma 

tissue than the adjacent normal tissues [49], [50], leading to a 

higher attenuation coefficient in cancerous tissue compared to 

normal. However, further research needs to be performed to 

better understand the bulk acoustic property of the tissue.  

E. Limitation of the Study and Future Work 

One limitation of the study is the small sample size. Although 

the tool is a proof-of-principle of using a combination of these 

approaches to achieve high accuracy, it needs to be validated in 

a larger number of samples. Secondly, for these experiments we 

used deparaffinized and formalin-fixed tissues. The tool would 

be most useful if used on fresh tissue. Human tissue changes its 

physical properties with tissue-fixing processes, reducing some 

of the physical properties, for example, when fresh, normal 

tissue is soft and cancer hard, and this difference is to some 

extent lost after formalin-fixation. Therefore, we believe that 

the accuracy may be even better with fresh tissue because of the 

preserved original physical properties. 

As part of our further studies, we envisage to perform further 

experiments with a large sample size and test the tool on fresh 

tissues. In addition, we intend to perform inter-lesion variability 

study by analysis of the ultrasound and optical parameters 

across different pathologies of cancer. We will also use high-

frequency broadband polyvinylidene fluoride (PVDF)-based 

ultrasound transducer to characterize broadband spectrum 

tissue acoustic response, and time-domain optical response to 

quantify the optical absorption and reduced scattering 

coefficient. In future, we plan to also develop a probe 

integrating NIR and piezoelectric based ultrasound array to test 

the in-vivo breast tissue.  

TABLE III 

BULK ACOUSTIC AND OPTICAL PROPERTIES FOR FORMALIN FIXED TISSUES 

SN α (dB/cm) µ’s (1/cm) µa (1/cm) 

  850 nm 940 nm 1060 nm 850 nm 940 nm 1060 nm 

Comparison of fibroadenoma with adjacent normal tissues 

 N F N F N F N F N F N F N F 

1 8.05 16.85 8.79 9.82 7.60 14.22 6.978 11.12 1.20 1.35 1.787 0.46 0.79 2.88 

2 10.77 15.82 10.36 16.46 6.41 16.59 8.736 8.21 3.59 1.53 0.85 0.88 4.073 2.34 

3 14.40 15.54 9.26 15.61 6.99 9.79 4.283 6.18 0.96 0.87 3.19 0.72 0.14 0.50 

4 12.68 15.65 12.14 12.31 7.45 9.87 6.335 5.98 1.38 0.64 0.73 0.32 3.96 0.32 

5 7.522 17.23 11.14 11.92 7.22 9.26 3.012 2.26 0.82 0.55 0.54 0.45 0.26 0.72 

Avg. 10.68 16.21 10.33 13.22 7.13 11.94 5.86 6.75 1.59 0.98 1.41 0.56 1.84 1.35 

Comparison of cancerous with adjacent normal tissues 

 N C N C N C N C N C N C N C 

6 11.51 16.26 6.70 15.3 5.49 10.0 2.593 3.71 0.39 1.28 3.68 0.32 4.33 0.36 

7 11.68 17.05 10.30 14.10 1.26 9.87 2.84 3.60 2.39 0.48 3.66 0.41 3.94 2.48 

8 0.347 21.00 13.61 17.82 7.26 7.89 4.29 6.26 1.04 1.19 3.56 2.94 4.45 3.12 

9 1.348 20.78 5.66 8.41 2.40 8.54 1.37 8.58 3.57 1.99 3.68 1.88 3.29 2.57 

10 4.140 15.46 7.59 17.36 2.99 7.77 3.20 5.71 2.84 0.69 1.44 2.00 2.36 1.21 

Avg. 5.80 18.11 8.77 14.59 3.88 8.81 2.85 5.57 2.04 1.12 3.20 1.51 3.67 1.94 

α – Acoustic attenuation coefficient (dB/cm). 

µ’s – Optical reduced scattering coefficient (1/cm) 

µa – Optical absorption coefficient (1/cm). 
F – Formalin-fixed fibroadenoma tissues 

N – Formalin-fixed adjacent normal tissues  
C – Formalin-fixed cancer tissues  

TABLE V 

STATISTICAL ANALYSIS OF COMBINED PARAMETERS FOR CANCEROUS 

FORMALIN-FIXED (FF) TISSUES 

Parameters C & N F & N 

α 7.94 e-3 (**) 7.94 e-3 (**) 

µ’s (850 nm) 3.17 e-2 (*) 9.52 e-2 (*) 

µ’s (940 nm) 7.94 e-3 (**) 7.94 e-3 (**) 

µ’s  (1060  nm) 3.17 e-2 (*) ns 

µ’s (850 nm, 940 nm, & 1060 nm) 1.09 e-2 (*) 6.18e-3 (**) # 

α and µ’s (940  nm) 6.72 e-4 (***) 6.72 e-4 (***) 

α, µ’s (850 nm), and µ’s (940 nm) 1.09 e-2 (*) 2.57 e-2 (*) 

α, µ’s (850 nm), µ’s (940 nm), and 

µ’s (1060 nm) 

9.53 e-4 (***) 2.57 e-2 (*) # 

# without 1060 nm 

 
TABLE IV 

BULK ACOUSTIC PROPERTIES FOR DEPARAFFINIZED TISSUES 

SN α (dB/cm) 

 NP CP 

1 14.352 20.51 

2 19.15 21.57 

3 12.81 20.54 

4 18.39 19.85 

Avg. 16.18 20.62 

CP – Deparaffinized cancerous tissues 

NP – Deparaffinized adjacent normal tissues 
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IV. COST ANALYSIS 

The entire cost of the prototype including the PZT based 

ultrasound transducer, source LED, detector OPT101, 

electronic components, function generator, digital oscilloscope, 

mechanical components, fabrication, and display system 

amounts to ~ $650. 

V. CONCLUSION 

In this paper, we demonstrate the feasibility of using 

combination of multimodal ultrasound and near-infrared 

measurements to delineate ex-vivo cancerous tissue from 

adjacent normal tissue. For the acoustic attenuation coefficient 

(α), the highest accuracy was achieved with a pulse width of 

500 ns. For optical reduced scattering coefficient (µ’s), the best 

accuracy was obtained at 940 nm. However, the delineation 

with the highest statistical significance was observed when the 

results of α (at 500 ns pulse width) was combined with µ’s (at 

940 nm). 

This novel Hybrid-Spectral-IRDx is designed to be portable, 

minimal-contact, robust, and easy-to-interpret.  If the accuracy 

of Hybrid-Spectral-IRDx is found to be approaching that of the 

histopathological examination in larger studies, then this 

approach has a great potential for being widely used in the care 

of cancer patients. 
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