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Main Manuscript 

Introduction 

Breast cancer is the commonest malignancy affecting women in the United Kingdom (UK), with more 

than 50,000 new cases diagnosed annually. Over the next decade applied advances in science and 

technology are likely to have a major influence on the delivery of healthcare and workforce training. 

This article sets out how we envisage these innovations in science and technology will impact on the 

future of breast cancer surgery. 

 

Genetics and Genomics for Improved Risk Profiling 

Genomic profiling of breast tumors is likely to improve selection for both neoadjuvant and adjuvant 

therapies. Increasing use of sequencing technologies will identify therapeutic targets at an individual 

patient level, allowing precision medicine to become a reality. Moreover, liquid biopsies are set to 

enable quantification of circulating tumor DNA which may have clinical utility for early detection of 

breast cancer as well as detection of recurrence following treatment.1 Changes in the somatic mutational 

landscape of normal breast tissue that predate development of proliferative or malignant lesions remains 

poorly understood. Certain types of histologically normal tissue display a significant somatic 

mutational burden frequently comprising known cancer driver mutations.2 More detailed interrogation 

of this landscape will improve understanding of tumor initiating events and subsequent pathways of 

tumorigenesis. This in turn could facilitate individualized approaches to breast cancer prevention in 

higher risk women where uptake of chemoprevention with hormonal agents remains low. Pathogenic 

mutations in high-risk predisposition genes such as BRCA1/2, TP53, and PALB2 have an autosomal 

dominant pattern of inheritance with vertical transmission and are causative for a significant proportion 

of hereditary breast cancer. However, it seems unlikely that mutations in coding regions of other high-

risk genes will account for any residual hereditability of breast cancer.3 The focus has now shifted from 

high penetrance genes to intermediate and low penetrance mutations that confer high levels of 

individual risk but collectively are important. Thus, it is likely that either non-coding and splice site 

mutations, or the contribution of multiple breast cancer-susceptibility alleles (with much lower effect 

sizes) will be more clearly defined with development of polygenic risk scores.4 In turn, this may 

facilitate a tailored approach to screening and prevention based on more sophisticated models of risk 

stratification and prediction. This will have implications for surgical workload, if the volume of risk-

reducing surgery increases. 

 

  



Optimizing Breast Conserving Surgery 

Presently, average rates of re-operative intervention following failed breast conserving surgery are 

approximately 18% for invasive disease and higher rates have been identified for DCIS, resulting in 

cost-inefficiencies, delays to adjuvant therapy, and inferior cosmesis.5 Technology offers exciting 

solutions to tackle high national average rates of re-operative intervention for close-positive resection 

margins. Indeed, a range of innovative functional imaging and sensing systems are gathering 

momentum and have either reached ‘first in woman’ clinical trial stage and/or have been 

commercialized for use in the operating room.6 

 

Specimen Imaging 

Despite modest diagnostic accuracy, immediate evaluation of the resection specimen with D digital 

specimen radiography is common place.7 Systems offering intraoperative 3D comosynthesis (e.g. 

Mozart®, Kubtec Medical Imaging) with advantages over 2D planar views, have already been 

developed with early studies suggesting encouraging results with respect to identification of margin 

status in-vivo.7 In future, high dimensional, 3D specimen images will likely be captured using 

miniaturized specimen CT imaging or micro-CT and /or portable MRI scanners.8,9,10 Even more 

exciting is the potential to obtain functional information regarding cellular activity to go beyond 

morphological imaging. In this regard, Cerenkov Luminescence Imaging (CLI) detects light emitted 

from positron emission tomography (PET) imaging agents making it a promising candidate for 

functional specimen assessment. Initial trials of CLI for breast margin assessment such as using the 

LightPath® system (Lightpoint Medical) have demonstrated a high level of agreement between CLI and 

conventional histopathlogy.11 

 

Hand-held Imaging / Sensing Probes 

Hand-held imaging techniques such as intra-operative ultrasound, whilst operator dependent have been 

shown to reduce re-operative intervention by more than 50% in randomized trials.12 Innovative hand-

held probes are being developed that can be applied to or inserted in to the edge of the resected specimen 

to determine the oncological status of the margin based on differences in tissue bioimpedance, i.e. the 

electrical impedance of tissue measured in relation to an applied electric field. For example, Margin 

Probe® (Dilon Technologies Inc) is a commercially available system which uses radiofrequency 

spectroscopy to detect electrical signatures of cancer at the resection, and there is emerging data from 

randomized controlled trials to suggest its use can reduce re-excision rates by approximately 50%, and 

results of UK trials to evaluate the devicearea awaited.13,14,15 Similarly, ClearEdgeTM (LsBioPath) uses 

bioimpedance spectroscopy sensitive to cancer related changes in dielectric properties has been 

evaluated in a phase II cohort study with demonstrable high diagnostic accuracy for margin assessment 

in-vivo.16 

 
  



Cellular and Sub-Cellular Imaging 

The diagnostic accuracy of immediate traditional cytopathological techniques such as frozen section 

and imprint cytology are unparalleled, but given the burden on human resources, turnaround time and 

delays obtaining results with pressures on theatre utilization, these techniques are unlikely to future 

proof breast conserving surgery.7  Instead, techniques that aim to provide cellular level imaging 

solutions direct to the operating room may have significant impact. For example, confocal microscopy 

provides real-time highly magnified surface level images allowing intraoperative noninvasive breast 

margin histopathological examination and systems to classify confocal images from benign and 

malignant tissues have been developed based on a library of image features and corresponding 

hematoxylin and eosin (H&E) stained slides.17,18 Commercial confocal systems such as Histolog® 

(Samantree) enable wide field ultrafast confocal imaging with subcellular resolution of the entire 

resection surface for immediate clinical review. Optical Coherence tomography (OCT) measures the 

speed and reflection of infrared light waves, to produce high resolution non-invasive images of tissue 

microstructure. Recent clinical feasibility studies of OCT report encouraging diagnostic accuracy (86-

96%) but further clinical and randomized studies are needed to determine its impact on re-operation 

rates.19  

 

 

Intra-operative Mass Spectrometry 

Mass spectrometers measure the mass/charge of ions and can be used to provide detailed chemical 

analysis of tissues. Recently, investigators have discovered the benefits of mass analysis of the bovie 

smoke plume which is effectively a cloud of ionized particles reflecting the chemical composition of 

the recently evaporated tissues. Rapid evaporative ionization mass spectrometry (REIMS) of the 

diathermy plume has been shown to accurately (>90%) and rapidly (~1∙8s) characterize breast tissue 

type based on differences in chemical composition between healthy breast (upregulation of 

triglycerides) and breast cancers (upregulation of phospholipids).20 The in-vivo diagnostic accuracy of 

the REIMS based intelligent knife or so called “iKnife” is under investigation in a ‘first in woman’ 

clinical feasibility trial [CRUK  

“REI-EXCISE Trial: NCT03432429]. 

 

De-escalation of Surgery to the Breast 

Exceptional Responders 

The use of neoadjuvant systemic treatment (NST) has increased rapidly over the past two decades and 

newer more effective induction regimens have achieved pathologic complete response (pCR) rates as 

high as 70% and 30 - 40% for HER2 positive and triple negative breast cancers respectively.21 As pCR 

rates continue to improve the necessity of breast cancer surgery for all patients is increasingly being 

questioned.22  Following initial feasibility trials suggesting that pCR might be reliably determined by 

percutaneous tumor bed biopsy instead of open surgery, three multi-center, prospective trials are now 

underway [RESPONDER (Germany), MICRA (Netherlands), and NOSTRA (UK)] to investigate these 

minimally invasive imageguided biopsies to standardize future approaches in terms of needle size and 

number of passes.23,24,25 A trial at the MD Anderson Cancer Center (NCT02945579) involves 



elimination of surgery in patients with cT1-2 and cN0-1, triple-negative or HER-2 positive breast 

cancers, who have no residual tumor on image guided-biopsies following NST and undergo standard 

breast radiotherapy only (omission of breast and axillary surgery).26 Future trials might consider the 

incorporation of biomarkers, such as tumor infiltrating lymphocytes, to supplement information from 

image-guided biopsies to improve accuracy of predicting pCR without surgical resection.27 It remains 

uncertain whether it is safe to omit or postpone surgery in these excellent responders following NST. 

 

Non-operative Intervention for DCIS 

The concept of non-operative therapy of breast cancer, including ductal carcinoma-insitu (DCIS) is a 

paradigm shift that continues to evolve. If proven to be safe and effective, omission of surgery has the 

potential to eliminate post-operative complications, improve quality of life, and reduce healthcare costs. 

Four prospective randomized controlled trials aim to determine whether screen-detected low and 

certain intermediate nuclear grade DCIS can safely be managed by an active surveillance strategy with 

comparable outcomes to conventional treatment that usually includes surgical resection as standard of 

care. The COMET (United States) and LORETTA (Japan) trials routinely determine estrogen receptor 

(ER) and HER-2 expression in DCIS and permit adjuvant endocrine treatment in the observation arm. 

The trial designs are otherwise similar to the LORIS (UK) and LORD (Netherlands) trials.28,29,30,31 

These trials collaboratively aim to reframe the perception of risk for DCIS and avoid overtreatment 

which can lead to physical and emotional morbidity. 

 

Ablative Therapies 

Prospectively conducted cohort trials of adequate power are required to confirm whether innovative 

ablative techniques can successfully treat breast cancers. These techniques including high intensity-

focused ultrasound, laser ablation, and cryoablation are being evaluated in small, often uncontrolled 

studies that are unlikely to change clinical practice or even provide a basis for larger, multi-center phase 

III trials.32,33 Once complete pathological ablation can be confirmed, randomized controlled trials 

comparing these ablative techniques to surgical excision as well as comparative studies of different 

technologies can be conducted to determine longterm outcomes of efficacy and treatment-related 

complications. 

  



 
Technologies for Improved Breast Cancer Staging & Axillary De-escalation 

Sentinel lymph node (SLN) biopsy has been embraced globally as a standard of care for breast cancer 

patients and usually incorporates dual localization techniques combining blue dye and radioisotope.34 

Breast cancer is a biologically heterogeneous disease and demands a tailored approach to axillary 

management with intensity of treatment based on risk stratification. A selective policy involving 

axillary lymph node dissection (ALND) where necessary versus SLN biopsy and observation alone 

will maximize regional control and minimize treatment-related morbidity such as lymphoedema and 

shoulder stiffness. 

Innovations in sentinel node identification 

Potential drawbacks from radioactive tracers for SLN localization include cumulative radiation 

exposure for healthcare workers, surgical waste disposal and restrictions on access to radioisotopes 

secondary to mandatory licensing. Radioisotopes are a bi product of a contracting nuclear industry and 

supply might become precarious with more widespread usage amongst emerging economies. 

Localization techniques using non-radioactive tracers warrant further investigation and in the longer 

term there is a need to explore novel agents. These include fluorescence mapping with indocyanine 

green and magnetic nanoparticles (e.g. MAGTRACE) that appear to be non-inferior with comparable 

performance parameters to standard tracer agents.35,36 These alternatives might have clinical utility 

as sole tracer agents for SLN biopsy; they combine key advantages of blue dye and radioisotope without 

the disadvantages and might be relevant once further clinical experience as part of a dual localization 

strategy has accrued.37 

Targeted Axillary Dissection 

Improvements in adjuvant systemic therapy and radiotherapy contribute to locoregional control and 

have decreased the therapeutic value of axillary surgery. The contribution of more effective adjuvant 

therapies to regional disease control has permitted de-escalation of axillary surgery.38 With omission 

of completion ALND now feasible for many SLN biopsy positive patients, there is a need to identify 

patients with lower burden of positive nodes (≤2) for whom regional nodal irradiation is not justified.39 

Neoadjuvant chemotherapy (NACT) may downstage biopsy-proven positive axillary nodes with 

complete pathological response rates (pCR) of up to 60% for certain biological subtypes. Instead of 

compulsory ALND, these exceptional responders can be offered targeted ALND consisting of dual 

tracer SLN biopsy and removal of at least three (including clipped/biopsied) nodes.40 Furthermore, 

NACT may permit safe omission of any axillary surgery in phenotype appropriate clinically node 

negative patients with a strong correlation between breast and axillary pCR.41,42  

  



Avoidance of Axillary Staging 

The role of axillary surgery in staging is also declining with decisions for adjuvant therapies 

increasingly based on primary tumor characteristics and various biomarkers of clinical utility. Regional 

recurrence rates for SLN biopsy negative and selected positive cases are very low.43,44 So why 

perform SLN biopsy, given no survival benefit from ALND, low regional recurrence rates, and 

alternative strategies to select patients for adjuvant treatments? There are finite rates of lymphoedema 

from SLN biopsy that have relevance to prolonged survivorship and cumulative effects. Two ongoing 

trials are exploring the feasibility of omitting surgical staging in clinically node negative breast 

conservation patients with favorable tumor characteristics.45 Eligible patients will be randomized to 

SLN biopsy or no axillary surgery with preliminary analysis suggesting non-inferiority for the 

observation arm. Imaging axillary nodes with MRI and newer contrast agents such as iron nanoparticles 

may increase predictive values (negative (NPV)/positive (PPV)) but functional imaging with FDG-PET 

seems unlikely to reach levels of sensitivity that will stratify nodal burden and aid initial management 

of early breast cancer patients.46 Nonetheless, combined pre-operative MRI and ultrasound has high 

NPV (96∙7%) and may avoid staging SLN biopsy or support direct ALND without antecedent SLN 

biopsy.47 Nevertheless, ALND remains a fundamental operation in patients with high volume axillary 

disease. Risks of lymphoedema may be mitigated through nanotechnology may allow visualization and 

protection of lymphatics and warrant investigation as an early preventive strategy. Sentinel node 

mapping with increased scrutiny of targeted nodes is the contemporary approach to surgical axillary 

staging. However, there are resource and safety implications of current tracer agents and even magnetic 

particles cause troublesome imaging artifacts and require special non-metallic surgical tools. 

Nanotechnology offers potential for SLN identification and even local delivery of treatment without 

nodal resection. Anti-tumor effector molecules could be linked to nanoparticles and targeted to 

obliterate microscopic nodal deposits. 

Techniques to reduce Lymphoedema 

Lymphedema rates are set to decline as a result of de-escalation of axillary surgery and incorporation 

of techniques including axillary reverse mapping (ARM), and lymphedema microsurgical preventive 

healing approach (LYMPHA). In advanced stages Vascularized lymph node transfer (VLNT) and 

lymphovenous bypass appear promising techniques. 

Lymphovenous Anastomosis (LVAs) 

Lymphovenous anastomosis (LVA) aims to overcome localized obstructions in the lymphatic system 

consequent to axillary lymph node dissection. The aim is to divert lymph into the venous system from 

distended lymphatics proximal to the areas of obstruction. A suitable lymphatic channel must be 

identified using a distally injected dye (e.g. patent blue) and/or indocyanine green lymphography. A 

suitable vein of compatible size, location, and minimal backflow must then be identified prior to 

undertaking anastomosis. There is no consensus on the optimal timing, number and location of these 

lymphovenous anastomoses. 

Lymph Node Transfer 

Vascularized Lymph Node Transfer (VLNT) is the transplantation of vascularized lymph nodes to a 

lymphedematous area. There remain many unanswered questions with regards to mechanism of action, 

donor site selection, recipient site selection, and postoperative care. Although the precise 

pathophysiological mechanism by which VLNT improves lymphedema is poorly understood, the 



VLNT may function as a sponge or pump to extract the lymph and channel it via the nodes into the 

venous circulation through naturally occurring lymphovenous connections in the transplanted 

tissues.48 

Innovations in Reconstructive Breast Surgery 

Implant based breast reconstruction is the most commonly performed technique worldwide and has 

traditionally been performed as a two-stage procedure. The introduction of biological and synthetic 

meshes revolutionized the technique since they were first used in 2005 and allow single-stage direct to 

implant reconstruction with potential benefits for patients and healthcare providers. A wide range of 

biological and synthetic products are now available for use in breast reconstruction.  

Acellular Dermal Matrix 

Biological meshes can be derived from a number of dermal and non-dermal sources but acellular dermal 

matrices (ADM) are the most commonly used.49 ADMs may be subdivided into human derived, which 

are not available in the UK, or xenografts of porcine or bovine origin. Initially available in sheet form, 

ADMs have recently become significantly more user friendly, with shaped, perforated (to reduce 

seroma), and bilateral versions.50 Their use has become an attractive, but expensive option. Synthetic 

meshes are mass-synthesized polymers, which may be multifilament (Polyglactin 910, Vicryl) or 

monofilament (Poly-4-hydroxybutyrate, P4HB). These may be more cost effective than biological 

meshes but comparative evidence is lacking. The TiLOOP Bra, (pfm medical) is a permanent titanium 

coated polypropylene mesh which has shown to have a major complication rate of 13∙4%.51 

The Polyglactin is an absorbable mesh which may have a low infection rate (2∙7%) but well controlled 

studies to evaluate the outcomes following the use of these meshes to date have been infrequent.52 

Traditionally meshes have been used for lower pole coverage in subpectoral breast reconstruction; 

however they are increasingly being used in pre-pectoral implant based procedures where mesh is used 

to cover the implant. Pre-pectoral reconstruction has the advantage of leaving the pectoralis muscle 

undisturbed, reducing breast animation and reduced post-operative pain although evidence to support 

these benefits is sparse.53 There is currently limited high-quality evidence to suggest which meshes 

should be recommended for use in implant-based reconstruction or whether prepectoral or subpectoral 

techniques offer better outcomes for patients. A number of RCTs 

comparing techniques are underway to address these issues. The best available data from the UK multi-

center iBRA study including over 2000 patients suggests no differences in short-term complications in 

implant reconstruction with or without mesh or between pre or subpectoral techniques.54 The iBRA 

study recently reported short-term outcomes after implant based reconstruction where the majority of 

patients had either a biological (1133, 54%) or synthetic mesh (243, 12%). The implant loss rate at 

three months was 9%, (95% CI 8%-10%) indicating further work is required to reduce the complication 

rate associated with this reconstructive technique.55 

  



 

Tissue Engineering 

The underlying premise for this technology is use of an absorbable biologic matrix that is then 

impregnated with autografted lipocytes from the patient's abdomen or other fatty area. This may be 

used to fill a defect after breast conservation or whole breast reconstruction. Microtubular structures 

throughout the matrix provide influx of blood and bionutrients to potentially increase lipocyte viability 

compared with that of fat grafting alone. Trials to-date have been confined to animal models, but tissue 

engineering has now received National Institute of Health funding with the prospect of a clinical trial 

in patients. Researchers at Queensland University of Technology in Brisbane, Australia, are developing 

bioabsorbable 3D printed scaffolds based on MRI reconstruction of the contralateral breast that 

dissolves over a two to three year period as the fatty breast tissue regenerates.56 Scientists at the 

University of Texas are working with TeVido BioDevices to create 3D bio-printed breast implants for 

nippleareola complex reconstruction and bespoke volumetric replacement of lumpectomy defects.57 

 

Volumetric Analysis 

Measurement of breast volume has been a challenge for breast and plastic surgeons for decades with 

various methods ranging from basic Archimedes’ principle of water displacement to more complex 

anthropomorphic methods. Other approaches include thermoplastic/plastic casting, magnetic resonance 

imaging, computer tomography, and three-dimensional surface imaging (3D-SI).58 The latter has been 

used to make 3D images of the torso from which the breast volume can be calculated by interpolating 

the chest wall and measuring the volume within the breast mound. Plastic surgeons have been using 

this technology to simulate a patient’s appearance after a breast augmentation or reduction. There has 

been limited application of these tools for planning oncological, and oncoplastic and reconstructive 

procedures in breast cancer patients.59 

 

Conclusion 

There will continue to be significant changes in the extent and sequencing of breast surgery as a 

component of breast cancer management. There is now greater appreciation of how non-surgical 

treatments can contribute to loco-regional disease control and have permitted a reduction in surgical 

resection and a shift away from maximal ablative surgery. Increasingly tailored approaches based on 

tumour biology and biomarker profiles will facilitate optimal treatment planning that maximizes 

clinical and patient reported outcomes whilst minimizing side effects and providing value-based 

healthcare. This ongoing trend has been collectively underpinned by research in basic, translational and 

clinical sciences. Both patients and surgeons should recognize that outcomes for individual patients are 

more often dependent on biologically-driven treatment responses rather than extent of surgery. 
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