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Abstract 

The development of intraoperative methods to detect breast cancer in excised tissue specimens 

is a crucial priority in breast conservation surgery (BCS). A finding of cancer in tissue margins 

(the boundary between resected and unresected tissue) by pathology analysis after surgery 

indicates that some of the cancer was missed during BCS and the patient must return for 

additional surgery. Evaluating sentinel lymph node status during surgery is also critical since it 

determines the need for axillary lymph node dissection. High-frequency ultrasound has been 

found to display high sensitivity and specificity for malignant tissue in BCS margin specimens 

and lymph nodes. The method uses through transmission of narrow pulses centered at 50 MHz, 

yielding a broad spectral response of the tissue sample. The received pulses produce noise-

free spectra that vary in shape with tissue pathology. BCS specimen data indicate that the peak 

density of the spectrum (the number of peaks and valleys in the 20-80 MHz band) correlates 

with breast tissue histology, but not with mammographic tissue density. Experiments with 

histology mimicking phantoms containing microspheres and fibers show that peak density is 

insensitive to fibrous microstructures but strongly correlates to microsphere size. Computer 

simulations of forward scattering from lobular carcinoma in situ models show that peak density 

increases with tumor progression, but also suggest that peak density arises from scattering 

resonances with cells. Thus, the sensitivity of peak density to cancerous tissue may be due to 

structural differences between malignant and normal cells. Whether it characterizes small-scale 

tissue structure or cell properties, peak density offers a promising window into the histology and 

detection of breast cancer. 
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Detecting breast cancer with high-frequency 
(20-80 MHz) ultrasound:  A histological perspective 

1 Introduction 

A majority of breast cancer patients (60-75%) choose breast conservation surgery (BCS) for 

their surgical treatment because it preserves unaffected breast tissue, is less invasive than 

mastectomy, and is considered an equally effective treatment option when accompanied with 

radiation therapy [1]. However, 20-60% of these women will require a second or third surgery in 

order to excise residual cancer left behind in the breast after the initial surgery [1,2]. Currently, 

surgeons send removed tissue from BCS to a pathology lab for analysis where microscopically 

thin slices (sections) are inspected to confirm that the surgeon obtained a negative (cancer-free) 

edge or margin around the removed tumor. This process takes several days. If cancer is found 

in the margin, it is likely that some of the cancer was missed and the patient must return for 

additional surgery. Not only is a repeat surgery expensive, it inflicts pain, discomfort, and 

emotional hardship on the patient. It also requires extra time to heal from an additional surgery. 

Similarly, evaluating the status of the sentinel lymph nodes (SLNs) is critical to determining 

whether the cancer has metastasized and if further surgery is required. If malignant tissue is 

discovered in one or more SLNs beyond a few isolated tumor cells, then axillary lymph node 

dissection (ALND) is required [3]. ALND is the removal of all or most of the lymph nodes from 

under the patient’s arm. Since SLNs are typically evaluated under the microscope in the 

pathology lab, much like surgical margins, ALND often occurs as a second surgery. As with the 

problem with surgical margins, an intraoperative technique for assessing SLN status would, 

therefore, substantially relieve patient hardship as well as reduce medical costs. It should be 

noted that ALND is becoming more regarded as an aggressive procedure, and has a high rate 

of serious complications such as lymphedema (~25%), shoulder dysfunction, wound infection, 

nerve damage, numbness, and chronic pain [4]. 

The problem of high BCS re-excision rates, combined with the need to rapidly determine SLN 

status during surgery, is consequently driving a significant effort into the development of real-

time, noninvasive methods to evaluate surgical specimens directly in the operating room. A 

number of methods are, therefore, being investigated for the intraoperative evaluation of margin 

status, including specimen radiography [5], magnetic resonance imaging [6], nuclear imaging 

[7], electromagnetic sensing [8], optical spectroscopy [9-11], optical coherence tomography 

(OCT) [12-14], and ultrasonic methods [15]. Many of these methods have limitations, such as 

the shallow penetration depth of optical methods into tissue (2-4 mm), or the challenges of 

using radioactive tracers in nuclear imaging. Methods are also being developed for the 

intraoperative assessment of SLNs, including frozen section analysis, imprint cytology, qRT-

PCR, and one-step nucleic acid amplification (OSNA) [3,16]. Frozen section analysis and 

imprint cytology are also applied to margin assessments. 

Research has shown that high-frequency (HF) ultrasound in the 20-80 MHz range offers a 

viable approach for intraoperative specimen assessment. In contrast to conventional medical 
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ultrasound, the frequency range of HF ultrasound produces sound waves with wavelengths that 

span sizes from those of cells (19 m for 80 MHz) to those of small tissue structures in the 

breast (75 m for 20 MHz), such as ductules and lobules. Since acoustic scattering is most 

efficient when the wavelength is close in size to the scattering structure, HF ultrasound is highly 

sensitive to differences in cell and tissue microstructures. Additionally, the use of spectral 

analysis with HF ultrasound permits the differentiation of tissue pathology. This is in contrast to 

conventional ultrasound, radiology, or nuclear imaging, where image interpretation, contrast 

agents, and targeted biomarkers are predominantly used. 

Traditionally, HF ultrasound has been associated with scanning acoustic microscopy (SAM). 

While SAM has shown promise for differentiating malignant from non-malignant breast cancer in 

frozen sections (80-200 MHz) and cells suspended in fluids (400 MHz) [17,18], it is not suited 

for the rapid evaluation of fresh tissue specimens. 

Quantitative ultrasound (QUS) analyzes the spectra from backscatter (echo) signals from 

ultrasound images to derive parameters that can differentiate tissue pathology. The analyses 

may be either empirical or use scattering models to estimate parameters such as the effective 

scatter diameter (ESD), effective acoustic concentration (EAC), and spacing among scatterers 

(SAS) [19,20]. A study of 42 patients with locally advanced breast cancer yielded an accuracy of 

83% for differentiating malignant from non-malignant tissue using ultrasound images acquired at 

a 6-MHz center frequency and a combination of ESD, EAC, and SAS [20]. QUS can also be 

applied to the evaluation of surgical specimens using HF ultrasound. In a study of 112 SLNs 

from 77 patients with colorectal cancer, SLNs were scanned in three dimensions using a     

25.6-MHz center frequency [21]. Analysis of the data using a combination of ESD and k, the 

ratio of the coherent to incoherent content of the signal, provided a sensitivity of 95.0% and a 

specificity of 95.7% for detecting malignant SLNs. 

This paper reviews the utility and histological significance of a HF ultrasound parameter specific 

to surgical specimens: Peak density. Peak density is the number of peaks (maxima) and valleys 

(minima) in a specified frequency band of the power spectrum of a HF ultrasound signal. Peak 

density is a relatively new and unknown spectral parameter that is obtained from coherent, 

broadband ultrasonic signals and has been found to correlate with breast tissue pathology [15]. 

This paper describes the ultrasonic measurements and data analysis method required for 

finding peak density. Peak density results from breast cancer specimen studies, phantom 

experiments, and computational models will also be presented. Finally, the effects of breast 

tissue histology and cell structure on peak density will be summarized. 

2 Methods 

Peak density is obtained from coherent ultrasound signals that have propagated through a 

tissue specimen. Figure 1 displays the through-transmission measurement configuration 

required for acquiring the coherent signals. Narrow HF pulses (broadband in the frequency 

domain) are generated by the transmit transducer, propagated through the tissue, and captured 

by the receive transducer. Acoustic scattering within the tissue modifies the frequency 

components of the pulses by preferentially scattering specific frequencies. This preferential 
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scattering produces structure in the ultrasonic spectrum. This structure is directly analogous to 

extinction in optical scattering, and is dependent on the size, shape, and spatial distribution of 

the scatterers.  

 

Figure 1:  Configuration for measuring peak density 

In studies performed on BCS surgical specimens, the measurements were acquired with the 

use of two 50-MHz immersion transducers (Olympus NDT, V358-SU, 12.7-mm OD, 6.35-mm 

active element diameter), a HF square-wave pulser/receiver (UTEX, UT340), and either a    

500-MHz (Hewlett-Packard, HP-54522A) or 1-GHz (Agilent, DSOX3104A) digital oscilloscope. 

An aluminum test fixture supported the tissue specimen and held the transducers in contact with 

the sample. Ultrasonic waveforms were averaged in the signal acquisition and specimen 

thickness was recorded for each measurement. During ultrasonic testing, each specimen was 

placed inside a resealable plastic storage bag to protect the specimen from contamination, and  

the outside of the bag was coupled to the transducers with either ultrasound scanning gel or 

glycerol. One to five positions were tested on each specimen based on specimen size. 

BCS surgical specimens were tested in a 2010 pilot study with 34 margin specimens from 17 

patients, and in a 2013-2014 validation study with 349 margin specimens from 73 patients. The 

validation study also included a sub-study comprising 78 lymph nodes from 39 patients. 

Ultrasonic testing of tissue specimens was performed during the course of routine BCS at the 

Huntsman Cancer Institute (HCI) in accordance with the ethical principles and guidelines for 

human subjects research. These included approval by the University of Utah Institutional 

Review Board (IRB 00037350 and 00062775) and informed consent from patients. Specimens 

ranged from 1-5 cm in length and width, 0.2-1.5 cm in thickness, and did not require any 

additional procedures or resection that affected the patient or surgical outcome. Specimens 

were tested immediately following resection. Routine pathology was performed on the 

specimens after ultrasonic testing and the findings were correlated to the ultrasonic results. 

Because of the small wavelength of the transmitted ultrasound (30 m for 50 MHz) in 

comparison to the size of the active element (6.35 mm), the transmit transducer produced 

coherent plane-wave pulses which propagated through the tissue to the receive transducer. 
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Figure 2(a) is an example of a coherent ultrasonic waveform after propagating though a BCS 

margin specimen with normal pathology. Peak densities were derived from the time-domain 

waveforms by performing a Fourier transform and counting the number of peaks and valleys in 

the 20-80 MHz region of the resulting power spectra [Figure 2(b)]. Attenuations were calculated 

by scaling the waveforms to account for receiver gain and tissue thickness, and using a Hilbert 

transform to obtain the waveform envelopes and their corresponding amplitudes. 

 

Figure 2:  HF through-transmission waveform of BCS margin specimen (a) and ultrasonic spectra 

showing variations in peak density with pathology (b). 

The ultrasonic spectra in Figure 2(b) reveal different levels of structure, and therefore peak 

density, between the fibroadenoma, normal, and lobular carcinoma in situ (LCIS) specimens. 

Analysis of the pilot study data, Figure 3(a), revealed that peak density correlated with breast 

tissue pathology [15]. The analysis showed that peak density most closely matched five broad 

tissue categories corresponding to (1) fat necrosis, fibroadenomas, and tubular adenomas (FA-

FN); (2) normal tissue (Normal); (3) atypical pathologies including benign calcifications, atypical 

ductal hyperplasia, fibrocystic changes, and benign papilloma (Benign); (4) ductal carcinomas, 

in situ and invasive (DC); and (5) lobular carcinomas, in situ and invasive (LC). Attenuation, 

Figure 3(b), showed less of a correlation to these five pathology categories. 

In addition to surgical specimen studies, peak density studies were also performed with 

histology mimicking phantoms and computational models. The phantoms were created from a 

matrix of distilled water, agarose powder, and 10X TBE stock solution. Polyethylene 

microspheres and fibers were embedded into the agarose matrix to simulate breast tissue 

microstructures such as lobules and ductules. HF ultrasonic measurements were acquired from 

the phantoms using the same method as for surgical specimens. The computational models 

used a multipole expansion approach, which simulated HF elastic wave scattering at the cellular 

level [22]. Cells and nuclei were modeled as spheres arranged into lobules and other micro-

structures. Spherical wave functions, boundary conditions, and addition theorems were used to 

fully simulate multiple scattering within micro-regions of tissue containing up to 2075 cells. 
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Figure 3:  Correlation of breast tissue pathology with peak density (a) and attenuation (b). 

3 Results 

3.1 Binary Classification Results from Surgical Studies 

Table 1 lists the statistical measures for the 2010 study with margins, the 2014 study with 

margins, and the 2014 study with lymph nodes. Statistical measures were calculated with 

respect to malignant versus non-malignant findings. Parameters compared are peak density, 

attenuation, and a combination of the two using a multivariate analysis. The results show that 

peak density and the multivariate analysis have a consistent range of accuracy values       

(71.1-79.5% and 72.7-83.3%, respectively). In contrast, the accuracy values for attenuation vary 

to a much greater degree, with a range of 43.6-77.4%. Sensitivity and specificity show similar 

trends, with greater consistency and robustness for peak density and the multivariate analysis. 

Table 1:  Comparison of statistical measures for peak density, attenuation, and multivariate 

analysis for three breast cancer studies. 

Study Parameter Accuracy Sensitivity Specificity 

2010-Margins Peak Density 71.7 69.2 74.1 

Attenuation 77.4 57.7 96.3 

Multivariate 81.1 76.9 85.2 

2014-Margins Peak Density 71.1 73.9 71.0 

Attenuation 60.0 73.9 59.5 

Multivariate 72.7 82.6 72.3 

2014-Lymph 
Nodes 

Peak Density 79.5 62.5 81.4 

Attenuation 43.6 50.0 42.9 

Multivariate 83.3 87.5 82.9 
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3.2 Effect of Mammographic Breast Density on Peak Density 

Figure 4 shows the correlation between mammographic breast density, obtained from patient 

mammograms in the 2014 margin study, with peak density and attenuation measurements from 

surgical specimens. Unsurprisingly, attenuation exhibits a linear trend with breast density. In 

contrast, peak density shows no trend with breast density. These results demonstrate that peak 

density and attenuation are independent parameters, arising from different mechanisms within 

the tissue. Studies with histology mimicking phantoms containing polyethylene fibers confirmed 

these results, with peak density insensitive to the density of fibers in the phantom, but with 

attenuation displaying a linear trend with fiber density. The results also further support the use 

peak density as a principal parameter for detecting malignant breast pathology, due to its 

insensitivity to breast density, a patient-specific factor that often hinders breast cancer detection. 

 

Figure 4:  Correlation of mammographic breast density with peak density (a) and attenuation (b).  
(1 = almost entirely fat; 2 = scattered areas of fibroglandular density; 3 = heterogeneously dense; 

4 = extremely dense). 

3.3 Effect of Scatterer Size on Peak Density 

In addition to fibers, phantoms were also prepared containing polyethylene microspheres with 
constant weight percent (0.8%) and with diameters varying by sample. Figure 5 shows that both 
peak density and attenuation varied with microsphere diameter. However, peak density followed 
an inverse particle size relationship, whereas attenuation increased linearly as microsphere 
diameter decreased. A second experiment with constant microsphere diameter (98 μm), but 
varying concentration, showed no significant trend for peak density, but a linear trend for 
attenuation with inclusion weight percent. The experiments indicate that peak density arises 
principally from scattering at the microscopic level, whereas attenuation is sensitive to 
concentration. Figure 5(a) demonstrates that peak density does not begin to show a response 
until the microsphere size decreases to the same scale as the ultrasound wavelength in the 

material (60-100 m for 15-25 MHz). Peak density is also independent of specimen thickness, 
further demonstrating that it is sensitive mainly to scatterer size. The attenuation results are 
most likely due to an increase in inclusion concentration (as inclusion size decreases, inclusion 
number increases for a fixed volume of inclusions).   
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Figure 5:  Peak density (a) and attenuation (b) of phantom specimens containing microspheres. 

3.4 Cell-Level Computer Modeling of Peak Density and LCIS 

Figure 6 shows results from a computer model of ultrasonic wave propagation through breast 
tissue at various stages of LCIS. Figure 6(a) displays the growth of peaks between 50-70 MHz 
(particularly the large peak at 65 MHz) as lobules are infiltrated with malignant cells (modeled 
with larger nuclear and cell radii than normal cells). Figure 6(b) displays the corresponding peak 
densities from the spectra, exhibiting values consistent with those from surgical specimens 
[Figure 3(a)]. Comparison of the simulated spectra with those from previous models indicate 
that the changes arise primarily from alteration of the microstructure of the simulated tissue, and 
not from changes in cell structure [22]. Previous simulations that only altered the microstructure 
of normal cell ensembles, such as by aggregation into foam-like microstructures with lobule-like 
cavities, produced very similar spectral results, but in reverse. As cavities formed in initially 
uniform tissue, a large peak at 67 MHz was quenched [22]. The spectral changes in Figure 6(a), 
therefore, can be ascribed solely to the vanishing of the lobular cavities due to infiltration. 

 

Figure 6:  Spectra (a) and peak density results (b) from a computer model of LCIS. 
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4 Conclusions 

Peak density is an ultrasonic spectral parameter developed for use with coherent ultrasonic 

signals. Results from three surgical studies consisting of 456 specimens from 90 patients 

demonstrate that peak density is sensitive to glandular and lymph node tissue pathology in the 

breast, but is insensitive to fibroglandular breast density. Supplementary experiments with 

histology mimicking phantoms provide evidence that peak density arises primarily from 

scattering at the microscopic level. Computational models indicate that modifications to tissue 

microstructures such as lobules are mainly responsible for changes in peak density. The results 

to date reveal that peak density offers a histology-based approach into the ultrasonic detection 

of breast cancer. 
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