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Introduction. Breast cancer is one of the most common cancers affecting females in the United 

Kingdom and United States. In 2011, 41,523 women in the UK were diagnosed with invasive 

breast cancer the vast majority of whom received surgery with curative intent. Positive tumour 

resection margins following attempted breast conserving surgery (BCS) is one of the most 

important contributing risk factors for ipsilateral local recurrence and it is recommended that in 

cases where margins are positive or “close” (within 2mm) that further surgery is carried out to 

confirm that margins are clear of disease. A recent UK National Audit of screen detected breast 

cancers indicates that ~24% of women undergoing BCS require additional surgery to treat 

positive resection margins. Not only are these rates excessive but many patients undergo 

reoperation unnecessarily since in a significant proportion of patients (~50%) no further disease 

is identified. Re-operative breast cancer surgery has physical, psychological and economic 

sequelae. It may result in delays to receipt of adjuvant therapy, and has been associated with an 

elevated risk of local and distant disease relapse.  

 

Clearly, there is an urgent need to address high rates of close or positive margins and re-

operative BCS, which commonly results from the inability of the surgeon to rapidly and reliably 

evaluate resection margin status intra-operatively. The method known as Rapid Evaporative 

Ionisation Mass Spectrometry (REIMS) technology uses mass spectrometric and chemometric 

analysis of the tissue specific ionic content of the surgical diathermy smoke plume for the rapid 

identification of dissected breast tissues. The REIMS method developed recently was mainly 
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used for solid, non-fatty tissue. Normal breast and low grade breast cancers have a significant 

amount of fatty (adipose) and fibrotic (stroma) tissue within them, and as such the signal 

obatined is significantly lower than that observed for other tissue types.  Therefore a  method 

was developed and optimized in order to ensure suitable phospholipid (PL) and triglyceride (TG) 

signals from both healthy and cancerous breast tissue. The current study aims to develop a 

method for near real time, in vivo, intra-operative tissue classification that may be used by breast 

surgeons as an intelligent knife (or “iKnife”) to have a better guide for oncological margin 

control. 

 

Methods. Rapid Evaporative Ionization is based on the mass spectrometric analysis of surgical 

smoke generated by monopolar or bipolar electrosurgical diathermy. In order to transfer the 

aerosol to the distant mass spectrometer, the commercially available handpiece has been 

modified to include an additional tube and a small piece of stainless steel tubing (1/8 in. 

diameter) at the base of the diathermy tip, which is connected to PTFE tubing for the transfer of 

tissue specific ions to the mass spectrometer, this was used for the ex vivo experiments. For in 

vivo work a sterile disposable, hand switching pencil was used with an attached smoke 

evacuation tube (Covidien, USA). A commercially available Force Triad generator was used 

(Covidien, USA) throughout the experiments. A total of 45 patients undergoing breast surgery 

were enrolled in this study. Ethical approval was obtained from the Research Ethics Committee 

and all patients were consented according to these guidelines. A number of different methods 

have been tested including the modification of the atmospheric interface of a Xevo G2-S mass 

spectrometer (Waters, UK), sampling in both positive and negative mode and using post 

ionization methods.  

 

The data analysis workflow includes the construction of a tissue specific spectral database 

followed by a multivariate classification algorithm and spectral identification algorithm. A 

home-built SQL database and software was created for data interpretation. In a defined subset of 

the database, first principal component analysis (PCA) is performed, followed by the linear 

discriminant analysis (LDA) of the first 25 principal components. During the surgical 

intervention, the acquired spectra are transformed into the LDA-space of the statistical model 

and a squared Mahalanobis distance is calculated to every spectral class average for each data 
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point. The spectrum is assigned to the closest class, if the distance does not exceed in any 

dimensions the 3*standard deviation of the class training dataset, otherwise the sample is 

classified as an outlier. Our aim is to separate healthy, benign and cancerous tissue based on the 

REIMS fingerprint of each tissue type. 

 

Results. Our first goal was to create a stable and robust setup for acquiring spectra from both 

normal breast tissue and solid breast tumors. We have tested a number of different configurations 

(Fig. 1) in both positive and negative ion mode using different atmospheric interface setups. In 

the first stage, the conventional REIMS method with an atmospheric interface featuring a jet 

disruptor element was used in negative ion mode. Solid tumors had clear phospholipid signals in 

the m/z range 600-900, however analysis of adipose tissue resulted in low intensity data lacking 

phospholipid peaks. We hypothesized that the high triglyceride content of the adipose tissue 

prevented the evaporation of initial droplets formed on Joule heating, effectively hindering the 

sonic spray-like ion formation mechanism which requires the complete evaporation of droplets 

carrying electric charge.  

 

In positive ion mode electrospray post-ionization resulted in high sensitivity triglyceride peaks in 

the m/z range 850-1000 when normal breast tissue was analyzed, however no signal was 

observed for solid tumor tissue (Stage II, Fig 1). Triglycerides readily undergo ionization in 

positive mode, however most of the phospholipids (with the exception of phosphatidyl-cholines) 

do not form positive ions in REIMS, not even by using electrospray post ionization.  

 

In order to overcome this problem, a novel atmospheric interface featuring a heated jet disruptor 

surface was constructed. Using the novel setup, the intensity of triglyceride cations increased by 

2 orders of magnitude, however the problem of low signal intensity in case of tumor tissue 

remained unchanged.  (Stage III, Fig. 1). Since the spectral intensity obtained for the cancerous 

breast tissue was an order of magnitude below that of the normal tissue, the cross-validation 

algorithm of the dataset containing tissue from 11 patients has performed well; the false negative 

rate was 8.57%, while the false positive was 1.82%, however 25% of the spectra were marked as 

“outlier” and were not classified by the algorithm.  
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Figure 1. Different REIMS settings developed for acquiring breast tissue. In each stage 

normal breast tissue spectrum and the total ion intensity is shown.  
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In case of tissue specimens with mixed histology, tumor signal was not detected due to the low 

specific intensity and differences in signal-to-noise ratios between the two groups. The 

Triglyceride pattern does not yield high discriminatory power between the tissue types, thus the 

setup had to be further developed. 

 

A similar atmospheric interface setup in negative ion mode yielded lower intensity signal, 

however acceptable phospholipid signal was observed for both normal breast tissue and invasive 

ductal carcinoma (Stage IV, Fig 1). The leave one patient out cross-validation for 12 patients 

gave results below those obtained in Stage III. Apparently the phospholipid signal of the tumors 

containing high amount of fatty tissue were similar to the normal fatty tissue. Thus the setup was 

further optimized with regard to geometric and electrostatic parameters.  

 

 

Figure 2. Mass spectra of different breast tissue sampled ex-vivo fresh with the latest setup. 

The intensity of triglycerides is comparable to the intensity of phospholipids in normal 

breast tissue, while the membrane phospholipids are more dominant in fibroadenomas and 

different type of breast cancers.  
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The total intensity of the spectra increased by 2 orders of magnitude and both PL and TG signal 

appeared in the spectra of normal breast tissue, while mainly PLs could be observed in 

fibroadenomas and breast cancer tissue (Stage V, Fig 1; Fig 2). The cross-validation of a dataset 

containing 16 patients showed 100% separation of healthy, benign and malignant tissue, and the 

number of unclassified spectra decreased to 14%.  

 

In addition to the increase in sensitivity, the new geometry provided sufficient signal to use the 

coagulation mode of electrosurgery, something that was not possible before due to lack of signal 

and signal to noise (Fig 3.). The coagulation of the tissue surface previously resulted in a high 

noise level, and due to the low sensitivity of the preceding methods and the high signal to noise 

ratio, most PLs or TGs could not be observed. Breast surgeons often prefer to use the coagulation 

mode (90% of the time in this study, compared to 10% for cutting mode) as the lower current 

density is able to both cut tissue and seal blood vessels by forming a thermal coagulum hence 

preventing bleeding. Therefore being able to analyze data obtained in coagulation mode is a 

crucially important step towards an intelligent MS-guided surgical tool.  

 

 

 

Figure 3. Normal breast and breast cancer spectra acquired with diathermy coagulation 

mode. TGs dominate the spectrum in normal tissue, however both PLs and TGs can be 

observed in invasive ductal carcinoma spectra. 
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The novel method was tested on 6 patients in vivo during breast tumor resection surgery (Fig 4.). 

One patient with calcification in the left breast, one patient with a large calcification and 

probably ductal carcinoma in-situ (DCIS), two patients with breast reduction surgery and two 

patients with invasive ductal carcinoma (IDC). The iKnife monopolar handpiece was used 

throughout the entire intervention and spectra were recorded continuously. After the removal of 

the tissue, the margin was tested with cut mode in 3 of the above cases. The acquired files were 

classified using a classification model containing the ex vivo, fresh data of 16 patients (n=78) to 

estimate preliminary proof of concept classification rate. In all cases our method revealed a clear 

negative margin. While the database still requires further extension (for example by adding 

spectra acquired using coagulation mode) in order to analyze all surgical data, the new setup is 

already proving promising with regard to real-time MS-guided breast surgery.  

 

Figure 4. The iKnife handpiece and instrument used during breast surgery (left). Breast 

mammogram with a wire included in order to help the navigation of the surgeon (right)  
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Conclusions. A number of different methods have been tested and an optimized novel setup has 

been developed for acquiring spectra from both adipose and solid tumor tissue. Preliminary data 

suggests that this technique is suitable with almost 100% accuracy for the separation of normal, 

benign (fibroadenoma) and cancerous (invasive ductal and invasive lobular carcinoma) breast 

tissues. In addition the new instrumental setup also allows the use of the coagulation 

electrosurgical setting, enabling the recording and analysis of REIMS data throughout the full 

intervention. We have tested our method in 6 patients undergoing breast reduction, mastectomy 

or wide local excision surgeries, and the system correctly suggested clear margin in all of these 

cases. 

 

Novel aspects. In-situ MS-guided breast surgery, real-time in vivo margin control during breast 

surgery.  

 

 


