
Imaging Considerations and Interprofessional Opportunities in 
the Care of Breast Cancer Patients in the Neoadjuvant Setting

Anna G. Sorace, PhDa,b, Sara Harvey, MDc, Anum Syed, BSd, and Thomas E. Yankeelov, 
PhDa,b,d,e

aDepartment of Internal Medicine, The University of Texas at Austin, Austin, Texas, United States 
78712

bLivestrong Cancer Institutes, The University of Texas at Austin, Austin, Texas, United States 
78712

cDepartment of Radiology and Radiological Sciences, Vanderbilt University Medical Center 
Nashville, Tennessee, United States 37212

dDepartment of Biomedical Engineering, The University of Texas at Austin, Austin, Texas, United 
States 78712

eInstitute for Computational and Engineering Sciences, The University of Texas at Austin, Austin, 
Texas, United States 78712

Abstract

Objective—To discuss standard-of-care and emerging imaging techniques employed for 

screening and detection, diagnosis and staging, monitoring response to therapy, and guiding cancer 

treatments.

Data Sources—Published journal articles indexed in the National Library of Medicine database 

and relevant websites.

Conclusion—Imaging plays a fundamental role in the care of cancer patients and specifically, 

breast cancer patients in the neoadjuvant setting, providing an excellent opportunity for 

interprofessional collaboration between oncologists, researchers, radiologists and oncology nurses. 

Quantitative imaging strategies to assess cellular, molecular, and vascular characteristics within the 

tumor is needed to better evaluate initial diagnosis and treatment response.

Implications for nursing practice—Nurses caring for patients in all settings must continue to 

seek education on emerging imaging techniques. Oncology nurses provide education about the 
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test, ensure the patient has appropriate pre testing instructions, and manage patient expectations 

about timing of results availability.
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Interprofessional collaboration is based on the concept that when providers consider the 

perspective of their colleagues, as well as that of the patient, they can deliver better care. 

Indeed, harmonious interactions between radiation, medical, surgical and research 

oncologists, nurses, pathologists, and radiologists are the foundation to optimizing patient 

care in oncology. This multidisciplinary approach is especially important in the current 

landscape where standard-of-care approaches to cancer treatment are evolving towards 

highly targeted and image directed oncologic and surgical treatment plans.

Imaging plays an integral role in the care of cancer patients, providing a noninvasive 

evaluation of tumor status throughout all stages of cancer care, including screening and 

detection, diagnosis and staging, biopsy guidance, monitoring response to treatment, guiding 

cancer treatments, and assessment of recurrence. Emerging and novel approaches to imaging 

will play a central role in the future to assist in the long-term care of cancer patients. 

Additionally, quantitative imaging is needed to fully assess the responses induced by 

cytotoxic and targeted agents, and may play a significant role in other treatments, such as 

immunotherapy and ablation therapy. This provides an opportunity for interprofessional care 

between medical oncologists, surgical oncologists, radiation oncologists, oncology 

researchers, nurses, pathologists, and radiologists.

In particular, neoadjuvant care of breast cancer presents an important opportunity for 

interprofessional collaboration. This contribution will explore imaging approaches currently 

available to clinicians for the care of breast cancer in the neoadjuvant setting, as well as 

future possibilities. Current standard-of-care imaging techniques such as mammography, 

ultrasound, and magnetic resonance imaging (MRI) are employed in the neoadjuvant setting 

for breast cancer, primarily for disease detection and biopsy guidance. However, advanced 

imaging techniques using modalities such as ultrasound, MRI, optical imaging, single 

photon emission computed tomography (SPECT), positron emission tomography (PET), and 

multimodality imaging approaches, are being explored in clinical research to assess cellular, 

molecular and vascular characteristics within the tumor to better assess initial diagnosis and 

treatment response.

Neoadjuvant therapy (NAT) is the administration of therapy prior to definitive surgical 

resection of disease and is becoming the standard-of-care for patients with locally advanced 

breast cancer.1,2 As NAT options for breast cancer continue to expand, it is critical to ensure 

that imaging can effectively evaluate and direct available treatments. The purpose of NAT is 

to remove as much of the primary lesion and distant micrometastases as possible in order to 

improve disease-free and overall survival, while decreasing the initial tumor burden to 

enable a more limited, breast-conserving, surgery.2–7 Additionally, NAT allows for earlier 

initiation of systemic therapy and prevention of tumor regrowth following surgical resection, 

and provides the opportunity to deliver cytotoxic agents through an intact native vasculature, 
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as well as to assess the in vivo response of the tumor to specific cytotoxic agents.2 There are 

many current standard-of-care techniques that can be improved and novel methods explored 

in which imaging can play a central role in the care of women facing NAT.

Clinical considerations when determining which imaging modality is most appropriate for 

detection and monitoring of treatment response are carefully determined to ensure high 

sensitivity, the true positive rate, while specificity, the true negative rate, is a secondary 

metric of concern. Currently, the National Comprehensive Cancer Network (NCCN) 

guidelines8,9 recommend clinical assessment of locoregional breast cancer disease with 

careful physical examination and the use of mammography and ultrasound with the decision 

to pursue MRI based on patient’s specific clinical situation and needs, especially if breast 

conservation surgery is desired. MRI is especially useful when local disease extent is unclear 

by physical exam, mammography, or ultrasound, such as patients with lobular carcinoma 

where conventional imaging is less sensitive.10 MRI can be essential in identifying the 

primary cancer in women with axillary nodal adenocarcinoma or with Paget’s disease of the 

nipple where the primary tumor is not identified on mammography, ultrasound, or physical 

examination.11,12 If patients being considered for NAT have clinical or breast imaging 

results notable for lymphadenopathy, a dedicated axillary ultrasound is recommended for 

further evaluation. Fine needle aspiration (FNA) or core needle biopsy, guided by 

ultrasound, should be performed on any suspicious appearing lymph nodes, although core 

needle biopsy is preferred when feasible due to greater accuracy.13

Determining an accurate, repeatable, and objective assessment of response of a primary 

tumor and any metastatic lesion is necessary to measure therapeutic effect. The evaluation of 

the residual tumor after NAT is extremely difficult by physical examination, mammography, 

or ultrasound because these methods are not able to differentiate between neoplastic tissue 

and chemotherapy-induced fibrosis.14 Conversely, MRI has the advantage of better 

delineating the extent of disease due to the evaluation of tissue vascularization and 

differentiating between vital tumor and fibrotic tissue.14,15 Studies also demonstrate that 

MRI is superior to physical exam, mammography, and ultrasound in assessing response to 

NAT and should be considered the gold standard, especially in patients where multifocal or 

multicentric disease is suspected.14,16 However, even in the absence of residual disease on 

breast MRI, definitive surgical resection is required to document pathologic response to 

therapy. Imaging within standard-of-care is typically completed after a few cycles of therapy 

or following the completion of NAT to evaluate extent of residual disease, unless physical or 

patient exams suggest intermediary imaging tests. Current standard-of-care assessment of 

treatment response in solid tumors during clinical trials is based on the Response Evaluation 

Criteria in Solid Tumors (RECIST), which evaluates the changes in the longest dimension of 

a tumor with MRI.17 However, biological, molecular, and vascular alterations that occur 

within the tumor prior to downstream changes in tumor size can be described by advanced 

imaging modalities and early imaging biomarkers of response to treatment.

As the number and type of neoadjuvant regimens continue to increase, medical imaging will 

grow in importance as an integral component of breast cancer care. Novel approaches in 

breast cancer imaging in the neoadjuvant setting may play a future role in the detection and 

management of acute toxicities and long-term effects of cancer treatment. Quantitative 
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imaging is needed to fully assess the responses induced by both cytotoxic therapies 

(chemotherapy, radiation therapy) and targeted agents. Additionally, quantitative imaging 

strategies may play a significant role in evaluating other expanding therapies, such as 

immunotherapy, ablation, or embolization treatments. This review will explore imaging 

approaches currently available to clinicians and look to the future possibilities. The first 

discussion is about current standard-of-care imaging modalities, mammography, ultrasound, 

and MRI, and their use in detection, diagnosis and staging, monitoring response to 

treatment, and guiding cancer therapy. The second discussion presents motivation for 

improving and further integrating imaging into standard-of-care with advanced, emerging 

imaging techniques such as contrast-enhanced ultrasound imaging, dynamic contrast 

enhanced (DCE)- MRI, diffusion-weighted (DW)- MRI, diffuse optical imaging, 18F-

fluorodeoxyglucose ( 18F-FDG)-PET, 18F-fluoromisonidazole ( 18F-FMISO)-PET, and 

multimodality imaging.

Current standard-of-care imaging modalities

Current standard-of-care imaging modalities contribute to breast cancer care in the 

neoadjuvant setting. Each of these modalities, mammography, ultrasound, and MRI, play an 

integral role in detection and staging to determine eligibility for NAT, as well as monitoring 

treatment response. The strengths and weaknesses of each modality are discussed in the 

following sections.

Mammography

Mammography is the most common imaging modality used for screening of primary breast 

disease. Mammography can also be used for stereotactic biopsies to assess pathological 

evaluation of disease and placement of core biopsy clips. Limitations of stereotactic biopsies 

include underestimation of the extent of disease, difficulty with not well-defined mass 

lesions, and accessibility of lesions close to the chest wall.18,19 Breast tomosynthesis, or 3D 

mammography, is an advanced method that is becoming more popular as it acquires multiple 

images of the breast for a more detailed exam, however it is not yet available in all imaging 

facilities.

Ultrasound

Ultrasound is a secondary imaging modality that is commonly used for detection and 

screening of primary breast disease, most typically ordered when palpation of a mass has 

occurred. Ultrasound is typically preferred to be used in place of mammography for focal 

clinical concerns if patients are less than 30 years of age. Furthermore, it can distinguish 

conditions such as a plugged milk duct, fluid-filled cyst, or fat lobule, that are otherwise 

unable to be distinguished with mammography. As ultrasound is portable, inexpensive 

(relative to other imaging modalities), and there is no ionizing radiation involved, it is 

typically utilized as a first pass through for assessing atypical lesions. Ultrasound is also a 

common method for biopsy guidance, with its main limitations including difficulty 

identifying a cluster or group of clustered calcifications and accurately targeting very small 

lesions. Ultrasound can be used to distinguish fluid-filled cysts from solid mass-like 
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lesions.18,20 Furthermore, ultrasound is used to diagnose locally advanced breast cancer to 

determine which patients are candidates for NAT.

Magnetic Resonance Imaging (MRI)

MRI has a significant role in detection, monitoring, and guiding treatments in breast cancer. 

If detection of disease is unclear through ultrasound or mammography, or if a patient is at 

high-risk for disease, MRI will be utilized for diagnosis and/or initial screening. Suspicious 

findings on MRI can be biopsied using MRI guidance, however if the area of concern can by 

identified on ultrasound or mammography, ultrasound or stereotactic guidance is more 

commonly used. MRI, along with ultrasound, frequently aids in the diagnosis of locally 

advanced breast cancer in order to determine a patient’s eligibility for NAT. MRI is also 

useful for evaluating residual disease for the subset of tumors that cannot be assessed using 

ultrasound or mammography and has been reported to be equal or superior to ultrasound and 

mammography in the evaluation of tumor size after NAT when compared with pathologic 

tumor size.14,16 During NAT, contrast-enhanced MRI is commonly completed prior to 

initiation of treatment to access the extent of the disease and axillary involvement. Although 

not adopted as standard-of-care, contrast-enhanced MRI prior to and following NAT, is 

generally accepted as the optimal approach for evaluating extent of disease and monitoring 

treatment response. By demonstrating extent of disease, MRI also plays a significant role in 

surgical and radiation therapy planning.

Interprofessional Collaborations

Current standard-of-care imaging of cancer is not typically executed in a collaborative 

fashion, as the referring oncologist or advanced practice nurse (APN) usually orders a 

particular imaging procedure based on patient need, preference, and economics. Many breast 

health centers employ nurse navigators whose role is to coordinate testing during the 

diagnostic period to ensure efficiency and expediency. Additionally, patient navigators may 

be available as a healthcare extender in order to provide a patient and family with comfort 

and guide patients around barriers in complex healthcare systems. However, when 

inconclusive results emerge from an initial imaging procedure, radiologists, oncologists, 

APNs, and nurse navigators will collaborate to determine the best actions for an individual 

patient. One example of inconclusive results that would require collaboration to design the 

best diagnostic strategy is when there is no apparent change in tumor size on clinical exam 

or conventional imaging such as mammography and/or ultrasound, however there is a 

change in tumor appearance and kinetics as seen on contrast-enhanced MRI. These are cases 

whereby an interprofessional approach is used to determine the extent of response until 

technologies allow for improved evaluation through quantification of such cases. These 

situations lead to the need for development of novel emerging strategies for assessing 

response in NAT.

Emerging strategies

Motivation for advancements in imaging

NAT is recommended for locally advanced breast cancer patients, Stage I-Stage III, to 

reduce the tumor burden for surgical resection and to treat micrometastases.21,22 
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Pathological complete response (defined as pCR) following NAT has been shown to be 

highly correlated with overall survival.21,22 Patients whose primary breast tumor responds 

and achieves pCR in the neoadjuvant setting have increased rates of survival; however, 

patients with residual disease at the conclusion of treatment have an increased risk of early 

recurrence and death.3–7 Approximately 30% of human epidermal growth factor receptor 2 

positive (HER2+) and triple-negative breast cancer patients achieve a pCR following NAT.5,7 

Targeted biological agents such as anti-HER2 and endocrine therapies have significantly 

improved NAT strategies and overall response rates. Novel targeted agents for breast cancer 

subtypes are also emerging, and this increase in therapeutic options creates an environment 

where imaging is a necessity to optimally select and guide therapy for the individual 

patient.23–223–25 Imaging can also play a pivotal role in predicting pathological response, 

prognosis, and separating patients that will respond to therapy from the non-responders. 

Early predictions of response will allow the ability to determine, early in the course of 

treatment, whether a particular regimen will be effective, and discontinue the treatments that 

will not be successful in treating the disease burden. Furthermore, it has potential to reduce 

the overall cost burden of ineffective treatments. These aspects are important as precision 

medicine becomes a reality, and new personalized medicine agents become a fundamental 

component of neoadjuvant breast cancer treatment. Implementation of quantitative imaging 

into clinical practice, in both academic medical centers and community settings, is essential 

in driving clinical cancer care forward.26–28 With personalized treatments becoming 

available, there is increased motivation to correctly identify which imaging modality most 

accurately assesses tumor size throughout treatment, as well as demonstrates early 

predictions of eventual response to various types of NAT.29,30 Currently, the response of 

breast tumors to NAT is monitored by changes in tumor size as measured by physical exam, 

mammography, ultrasound, and/or MRI. Unfortunately, these methods are difficult to 

quantify and often do not correlate with tumor status. However, several specialized imaging 

methods have matured to the point where they offer quantitative and objective information 

on tumor characteristics that directly relate to tumor response. The discussion now turns to 

several of the most promising imaging methods in development and the key tissue 

characteristics they report on (see Table 1 for an abbreviated description of these imaging 

strategies). Furthermore, as emerging imaging strategies continue to arise, and quantitative 

imaging related to pharmacokinetic assessment and molecular status of tumors develop, 

collaborations between all imaging fields will need to be adopted and standardized in order 

to develop an environment for optimal patient care.

Ultrasound

Ultrasound is an integral component of breast cancer care as it provides a method for 

assessing atypical or malignant lesions in real-time.59 Although ultrasound has many 

advantages, according to revised RECIST 1.1 guidelines, ultrasound examinations should 

not be used in clinical trials to measure tumor regression or progression of lesions because 

the examination is subjective and operator dependent.17 Ultrasound has been evaluated for 

its ability to assess tumor burden prior to surgery.60,61 Roubidoux et al. demonstrated that in 

tumors larger than 7 mm, ultrasound has 100% sensitivity for assessing response to NAT, 

with an overall sensitivity of 87%. False-positive results from ultrasound are typically 

caused by fibrosis or biopsy-related changes.62 To our knowledge, there has not been a 
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prospective study evaluating early prediction of response using ultrasound in breast NAT 

prior to changes in tumor size, though there have been studies evaluating end-stage 

assessment of response prior to surgery.62,63 Additional early work from Huber et al. 
evaluated computer-assisted texture analysis to aid in assessing response to NAT.19 Keune et 
al. examined 196 primary breast tumors in response to NAT and revealed that ultrasound had 

an area under the receiver operating characteristic (ROC) of 0.741 for measuring pCR, with 

a sensitivity and specificity of 45.8% and 93.8%, respectively.63 Additionally, and 

potentially more importantly, ultrasound correctly assessed residual tumor size in 30% more 

tumors than mammography. This also shows potential for longitudinal and early imaging 

predictions of response to therapy throughout NAT. There has been a multicenter study to 

evaluate the sensitivity of ultrasound to assess axillary lymph node status; however, the 

results were shown to have poor diagnostic accuracy.64

Ultrasound has real-time functional capabilities besides anatomical imaging, including 

vascular perfusion imaging through Doppler or with the addition of microbubble contrast 

agents to create contrast-enhanced ultrasound imaging. These applications have been 

evaluated in clinical studies for delineation of benign and malignant breast lesions31 and 

evaluation of response assessment to NAT;33 however, these technologies are currently 

rarely applied in clinical practice. Jia et al. recently assessed three-dimensional (3D) 

contrast-enhanced ultrasound in response assessment for breast cancer tumors undergoing 

NAT and showed significant correlations with DCE-MRI in evaluation of pCR.33 3D- 

contrast enhanced ultrasound has been shown to correlate with biological factors within 

breast cancers, including levels of vascular endothelial growth factor (VEGF) and 

microvessel density.32,65 This technique has also been shown to be advantageous in other 

cancer types.66 Corcioni et al. evaluated contrast-enhanced ultrasound in comparison with 

MRI, and identified 83% of complete responders in a small sample size of 16 patients, 

indicating that the signal intensity versus time curves might be a valid index of response to 

therapy.34 Furthermore, another ultrasonic technique of shear-wave elastography was 

evaluated for prediction of response to NAT, and found that pre-treatment tumor stiffness 

was significantly correlative with pCR as measured at the conclusion of NAT.35

Magnetic Resonance Imaging (MRI)

MRI is frequently used in the care of breast cancer patients due to its relatively high spatial 

resolution and soft tissue contrast. A number of quantitative MRI techniques that can 

describe tumor characteristics have shown the ability to predict the response of locally 

advanced breast cancer to NAT.67 Furthermore, MRI may be essential in evaluating axillary 

lymph node involvement in breast cancer treatments,68 and in identification of residual 

ductal carcinoma in situ following NAT.45,69 One limitation of the quantitative MRI 

techniques currently available is that there are no multi-site, multi-vendor studies presently 

validating them.27

DW-MRI measures the apparent diffusion coefficient (ADC) of water in tissue, which has 

been shown to correlate with tumor cellularity.70–75 Changes in ADC before and after NAT 

were found to be better predictors of pCR than changes in tumor size.38,39 A multisite trial 

found that increased ADC observed early in the course of NAT is predictive of response.40 
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These changes are better predictors of eventual pathological tumor response to therapy than 

measurements of tumor diameter or volume.41 Furthermore, breast cancer patients with 

lower ADC prior to the initiation of NAT were more likely to exhibit a decrease in tumor 

volume during treatment.42–44 The predictive value of ADC has been shown to be further 

strengthened based on breast cancer subtype stratification.76,77

DCE-MRI utilizes the serial acquisition of T1-weighted images before, during, and after 

injection of a gadolinium-based contrast agent to assess semi-quantitative parameters, such 

as the signal enhancement ratio, or quantitative pharmacokinetic parameters, such as Ktrans 

(the volume transfer rate which is related to vascular permeability and perfusion), ve 

(extravascular extracellular volume fraction), vp (plasma volume fraction) and kep (Ktrans/

ve). In semiquantitative studies it has been shown that the accuracy of imaging complete 

response with DCE-MRI has high sensitivity; however, it varies depending on breast cancer 

subtype.39,78 Furthermore, when quantitative pharmacokinetic DCE-MRI is performed 

following one cycle of NAT, parameters were shown to be excellent predictors of pCR prior 

to any significant changes in RECIST criteria.45,46 Figure 1 reveals how quantitative DCE-

MRI parameter, kep, can show early response during NAT.

Optical Imaging

Optical imaging methods present a noninvasive and biocompatible opportunity for real-time 

information on various breast cancer characteristics. Diffuse optical imaging uses near-

infrared light to probe tissue absorption and scattering properties up to several centimeters, 

making it very useful in cancers near the skin, including breast, head and neck, and 

melanoma.79 One of its greatest advantages is the ability to noninvasively monitor tissue on 

a daily basis, without the need of an exogenous contrast agent.80 Cerussi et al. revealed that 

optical imaging has potential to clinically and longitudinally measure imaging biomarkers 

such as oxy- and deoxy-haemoglobin water and lipid, in response to targeted NAT, in 

addition to traditional chemotherapy.36 A recent multi-center trial showed that diffuse 

optical spectroscopic imaging of tumor metabolism in combination with baseline functional 

properties of oxygenation, as measured through tumor oxygen saturation levels, shows 

promise for clinical outcome prediction in breast cancer NAT.37 Specifically, in the most 

recent published study, 34 patients were evaluated and the responders (about 30% attained 

pCR) demonstrated a greater decrease in the tissue optical index than non-pCR at the half 

way point of therapy. Other parameters investigated in single-center studies evaluating 

response to NAT in breast cancers were concentrations of deoxy-hemoglobin, oxy-

hemoglobin, water, and lipids, which have shown sensitivity to microvasculature, cellular 

metabolism, angiogenesis, edema, hypoxia, and necrosis.36,81–83 Combining the tumor 

oxygen saturation with the function properties of tissue optical index, demonstrated an area 

under the ROC of 0.83.37

Nuclear Imaging

In clinical practice, PET is utilized to characterize the whole-body distribution of a 

molecularly targeted radiotracer, which is then used to tailor an appropriate treatment plan 

for the patient.48,84 18F-FDG-PET (combined with x-ray computed tomography (CT) for 

anatomical imaging) is commonly used in the staging of breast cancer patients and 
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evaluation of metastatic disease.47,48,84 Alterations in tumor metabolic activity, as quantified 

by 18F-FDG uptake, has been identified as a potential predictive biomarker for NAT 

response in breast cancer patients.48–53 A meta-analysis pooling results of 19 breast cancer 

patient studies demonstrated that 18F-FDG-PET had a sensitivity of 84% and specificity of 

66% in predicting histopathological response to NAT,85 a finding consistent with other meta-

analyses.86,87 In a prospective study investigating the early prediction of NAT response in 

breast cancer patients using 18F-FDG-PET, Hatt et al. found that the change in maximum 

standard uptake value (ΔSUVmax) and total lesion glycolysis (ΔTLG) after two cycles of 

NAT showed a significant difference between pathological non-responders and responders, 

with an area under the AUC curve of 0.82 for ΔSUVmax and 0.91 for ΔTLG.51 These studies 

indicate the potential for 18F-FDG-PET/CT for early assessment of NAT response, 

evaluating metabolic changes in the tumor that occur prior to alterations in tumor size. 

However, differences across studies in definitions of pathological response, time points for 

interim 18F-FDG-PET/CT evaluations, and 18F-FDG uptake thresholds for response, have 

prevented clinical translation of interim 18F-FDG-PET/CT evaluation in breast cancer 

patients.47,49,88 18F-FDG-PET/CT evaluation of NAT response has yet to gain wide 

acceptance due to limited accuracy and specificity of the technique; these limitations have 

been attributed to significant differences in 18F-FDG uptake between breast cancer subtypes, 

both at baseline and after treatment.48–50,88 While the ability of 18F-FDG-PET/CT to predict 

NAT response may be receptor status dependent and requires further investigation, the 

technique shows promise for early evaluation and prediction of response to NAT prior to 

downstream alterations in tumor size. Figure 2 reveals how quantitatively assessing 

treatment response with 18F-FDG-PET imaging during NAT can provide indications of 

response. For the pathological complete responder, the tumors reveal a decrease in glucose 

metabolic activity (as designated with standardized uptake limit (SUL)) following one round 

of NAT.

Radiotracers that characterize other aspects of tumor biology (besides glucose metabolism) 

have been developed and applied in describing the response of breast cancers to NAT. For 

example, 18F-FMISO accumulation corresponds to hypoxia within a tumor, a phenotype that 

is associated with more aggressive cancers and treatment resistance.89 In a study 

investigating the ability of 18F-FMISO-PET/CT to predict therapy resistance in estrogen 

receptor positive (ER+) breast cancer, 18F-FMISO uptake at baseline was shown to 

significantly correlate positively to progressive disease after endocrine therapy.54 

Radiolabeled antibodies and antibody fragments provide specific in vivo location and 

expression information of protein targets in a noninvasive manner.90 These novel tracers 

allow for molecular characterization of a tumor and can guide targeted therapy selection for 

optimal patient outcome. For example, when considering targeted therapies, information 

regarding expression levels could be key in therapy selection. In a clinical study of 

radiolabeled bevacizumab, an anti-VEGF antibody, 89Zr-bevacizumab uptake with PET 

imaging was shown to correlate with VEGF-A expression in primary breast cancer tumors, 

that could then be used to plan the therapeutic regimen for the patient.87,91 Additionally, 

HER2 antibodies, such as trastuzumab, have been radiolabeled for SPECT and PET imaging 

for detection of HER2 positive lesions.88,91–95 Recent studies have also reported successful 

HER2-positive lesion detection using alternative radiolabels, such as 64Cu.92,93 Preliminary 
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results from a 89Zr-trastuzumab-PET/CT study of HER2 positive metastatic breast cancer 

suggests that 89Zr-trastuzumab uptake could be predictive of HER2-targeted therapy 

response.96 These novel radiotracers could lead to improved whole-tumor in vivo 
characterization of breast cancer receptor expression and be used to predict treatment 

response of targeted therapies, leading to improved treatment selection and planning.

Multimodality Imaging

Multimodality imaging provides a pathway to combine the strengths of imaging strategies, 

while potentially overcoming an individual technique’s weaknesses.26 The integration of 

multiple imaging modalities results in the combination of different functional imaging 

metrics, allowing for enhanced characterization of tumor physiology and microenvironment, 

before and after treatment.26,97 Beginning with the development of hybrid PET/CT and 

SPECT/CT scanners, early multimodality imaging technologies aimed to pair molecular 

imaging data with high-resolution anatomical data for improved lesion localization and 

detection.26,97 Studies evaluating 18F-FDG-PET prediction of breast cancer NAT response 

predominantly use PET/CT scanners to image radiotracer uptake, and demonstrate improved 

lesion detection over CT evaluation alone.87,98 More recently, there has been interest in 

pairing PET with MRI, to determine if the additional anatomical and functional 

characterizations derived from MRI can improve prediction of NAT response in breast 

cancer patients. A few studies have demonstrated the complementary nature of PET and 

MRI metrics in the evaluation of breast cancer NAT response, showing correspondence in 

SUV values with anatomical and vascular metrics from DCE-MRI.99–102 Park et al. 
investigated the combined use of DW-MRI and 18F-FDG-PET/CT in prediction of pCR in 

breast cancer patients receiving NAT, and demonstrated improved predictive ability of the 

two modalities combined, with an area under the ROC of 0.944, over either technique 

alone.55 Multifunctional assessment of lesions can additionally provide more accurate 

assessment of NAT response, as breast lesions with low 18F-FDG avidity have been shown 

to be visualized using 23Na MR and DCE-MRI.56

While multimodality imaging allows for the longitudinal assessment of multiple functional 

characteristics over the whole tumor volume, these assessments are usually summarized to a 

tumor ROI with spatial heterogeneity information discarded. With increasing interest to 

evaluate tumors at a sub-anatomical level, there have been efforts to develop methods and 

technology that enable the spatiotemporal registration of data across imaging modalities. 

Atuegwu et al. developed a method to spatially and temporally register DCE-MRI, DW-

MRI, and 18F-FDG-PET breast data acquired from separate imaging systems.103 

Furthermore, hybrid PET/MRI scanners have been developed enabling concurrent PET and 

MRI data acquisition for easier registration of data and simultaneous molecular, functional, 

and morphological data acquisition.104,105 Given the enhanced soft-tissue contrast achieved 

using MRI, hybrid PET/MRI scanners show potential for improved characterization and 

anatomical localization of lesions.106–111 Hybrid PET/MRI scanners hold promise for 

enriched assessment of changes in the tumor microenvironment in response to NAT, 

enabling simultaneous imaging of alterations in tumor cellularity, vascularity, metabolic 

activity, and oxygenation prior to downstream changes in tumor size. Additional 

multimodality techniques include combining optical imaging with MRI, which has been 
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shown to be of value when evaluating tissue response, as diffuse optical spectroscopy 

imaging correlates with MRI fibroglandular density both prior to and during NAT.57 As 

density changes are a strong independent risk factor for breast cancer, these modalities may 

provide insight into underlying biological origin of disease as well as risk of recurrence.57

Multifunctional evaluations of cellularity and vascularity from MRI alone have been used 

for the prediction of NAT response in breast cancer patients.45,58 The use of MRI for 

multiparametric assessments is inherently advantageous as multimodal imaging data can be 

collected during a single examination and with a single imaging system. Combined use of 

DCE-MRI and DW-MRI parametric data has been shown to achieve superior predictive 

ability of pCR after the first cycle of NAT over either modality alone, with an area under the 

ROC of 0.8645 Multiparametric MRI also allows for analysis of spatial heterogeneity across 

modalities, as Li et al. demonstrated, using a voxel based analysis of heterogeneity across 

DCE-MRI and DW-MRI breast data from patients receiving NAT. It was concluded that 

combined DCE- and DW-MRI voxel based assessments had the best prediction of pCR to 

NAT with an area under the ROC of 0.87.58

Interprofessional Collaborations in Emerging Strategies

All clinical trials evaluating response to a new therapy or regimen requires longitudinal 

noninvasive imaging to monitor response to treatment. This requires interprofessional 

collaborations between oncologists, radiologists, surgeons, pathologists, researchers, and 

clinical trials nurses. One example of a collaborative prospective clinical study that has been 

developed as a joint effort between radiologists, medical oncologists, radiation oncologists, 

surgeons, pathologists and imaging and oncology scientists to evaluate early prediction of 

NAT response in breast cancer is the multicenter American College of Radiology Imaging 

Network (ACRIN) 6655 I-SPY TRIAL, “Investigation of Serial Studies to Predict Your 

Therapeutic Response with Imaging And moLecular Analysis”112–114 This collaborative 

study evaluated early prediction of response to NAT in locally advanced breast cancer with 

lesion size, shape, extent, distribution, kinetics, T2 appearance, breast density, and 

morphologic pattern in 216 patients. Patients received standard-of-care treatment of 

anthracycline-cyclophosphamide chemotherapy, followed by a taxane therapy, and 

underwent up-to-four research quantitative MRI scans throughout NAT, prior to surgical 

resection of any residual disease. Early prediction of response was correlated with 

pathological complete response at the time of surgery. The highest predictive value of 0.84 

was obtained by using a multivariate model including both MR imaging and clinical 

measurements.114 The knowledge acquired through this study provides direction on 

developing personalized strategies for breast cancer patients undergoing NAT and may 

motivate a shift in existing paradigms of therapy monitoring and selection in breast cancer. 

Furthermore, MRI assessment of early response could be broadly applicable to other solid 

tumors where NAT is appropriate.

Nursing considerations

Nurses caring for patients in all settings must remain current on emerging imaging 

techniques. Oncology nurses bridge the education gap for patients by providing information 

about testing procedures, ensuring the patient has appropriate pre-testing instructions, and 
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managing patient expectations about availability of the results. Nurse navigators are 

especially adept at coaching women through the diagnostic testing period and may be able to 

share guidance to imaging staff to support women with abnormal test results who are 

undergoing investigational imaging testing.

Future directions

As the options for therapeutics continue to rise for all cancers at various stages of disease, it 

is essential to correctly identify the appropriate imaging modality and quantitative parameter 

that best describes response. Quantifying receptor status and metabolic activity can provide 

insight into which therapies might be most successful for an individual tumor. One current 

disadvantage of quantitative imaging strategies is the lack of standardization in both image 

acquisition and processing. To combat these shortcomings, efforts are needed to harmonize 

the novel quantitative acquisition and analysis methods that are currently being explored in 

clinical studies. The Quantitative Imaging Network (QIN) is striving to address these 

limitations by standardizing methods for all imaging modalities for image acquisition, 

analysis, and data sharing in order for these methods to be implemented in multi-site 

trials.27,115 Additionally, the Quantitative Imaging Biomarkers Alliance (QIBA), organized 

by the Radiological Society of North America, is seeking to improve the value and 

practicality of quantitative imaging biomarkers of quantifiable features from medical 

imaging, by reducing variability across devices and patients in order to assess disease status 

or degrees of change over time.116 These initiatives seek to create collaborations in order to 

identify the needs, barriers, and solutions to create consistent and reliable imaging results 

across a multitude of imaging platforms and sites.

Multiparametric or multimodality imaging which combines quantitative molecular, cellular, 

and physiological imaging strategies provides a unique approach to predict downstream 

biological responses prior to changes in tumor size with high sensitivity and high specificity. 

As the hardware for combination imaging continues to develop, implementation will become 

more homogenous. Furthermore, as novel therapeutic research continues to develop, it will 

be necessary to identify appropriate noninvasive imaging strategies to assess response. 

Immunotherapy is one example of a novel treatment that is currently being explored in a vast 

range of oncology clinical trials. To date there are 252 breast cancer treatment trials with 

immunotherapy currently enrolling in 2016 as noted by the Cancer Research Institute; these 

studies will require advanced imaging technique for assessing response. As there are more 

theranostic procedures (i.e., methods for combining imaging and therapy) in clinical trials 

(e.g., high intensity focused ultrasound (HIFU) ablation and embolization, and 

photodynamic therapy) that combine imaging techniques with treatment, we are at a unique 

crossroads to implement advanced quantitative monitoring strategies into clinical standard-

of-care.

Conclusions

Imaging plays a fundamental role in the care of cancer patients and specifically, breast 

cancer patients in the neoadjuvant setting. Quantitative imaging is needed to fully assess the 

responses induced by cytotoxic therapies and targeted agents, and may play a significant role 
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in other treatments, such as immunotherapy and ablation therapy. Developing and evaluating 

novel imaging approaches may also play a role in assisting the short and long term effects of 

cancer treatment. However, these emerging imaging strategies need standardization to be 

applied in multi-site clinical trials and standard-of-care settings. Communication and 

interprofessional collaboration between all members of the breast cancer care team is 

essential in driving novel imaging research forward to improve detection, evaluation, and 

standardization. The ability to predict eventual response early in the course of therapy and 

determine which breast cancer patients will achieve a pCR, continues to be a highly relevant 

clinical objective. Accurate and early response assessment provided through noninvasive 

imaging strategies would provide the opportunity to replace an ineffective treatment with an 

alternative regimen, reducing unnecessary toxicities or side effects from unsuccessful 

treatments, reducing health care costs, and further personalizing treatments to improve 

overall therapeutic efficacy.
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Figure 1. 
Quantitative MRI of breast cancer response to NAT. Shown are representative example 

images of a pathological complete responder (top row) and a pathological non-responder 

(bottom row) before (first column), after the first cycle (second column), and at conclusion 

of all NAT (third column) assessed with quantitative DCE-MRI. The parametric map of the 

rate constant kep is overlaid on a high resolution anatomical MRI scan.
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Figure 2. 
PET quantitative imaging has been shown to be a novel imaging strategy for assessing 

response to NAT through molecular imaging. Shown are representative example images of a 

pathological complete responder (top row) and a pathological non-responder (bottom row) 

before (first column), after the first cycle (second column), and at conclusion of all NAT 

(third column) assessed with FDG-PET. The parametric map of the standardized uptake 

limit (SUL) is overlaid on a high-resolution CT scan.

Sorace et al. Page 21

Semin Oncol Nurs. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sorace et al. Page 22

Table 1

Emerging imaging strategies and reported characteristics

Imaging Modality Tissue Characteristics Reported References

Modality Technology

Ultrasound Contrast-enhanced ultrasound Vascular perfusion, vascular density 31–34

Shear-wave elastography Stiffness 35

Optical Imaging Diffuse optical tomography Oxy- and deoxyhaemoglobin water and lipid 36

Diffuse optical spectroscopy Oxygenation 37

MRI Diffusion-weighted MRI (DW-MRI) Cellularity 38–44

Dynamic contrast enhanced MRI (DCE-
MRI)

Vascular perfusion and permeability, extravascular 
extracellular volume fraction, plasma volume 
fraction

45,46

PET 18F-FDG-PET Glucose, tissue metabolism 47–53

18F-FMISO-PET Hypoxia 54

Multimodality Imaging FDG-PET/DW-MRI Glucose, tissue metabolism and cellularity 55

FDG-PET/DCE-MRI Glucose, tissue metabolism and vascular function 56

MRI/Optical Fibroglandular density 57

Multiparametric Imaging DW-MRI/DCE-MRI Cellularity and vascular function 45,58
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