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Abstract

Introduction: Breast cancer is the most frequent cancer in women worldwide. The primary treatment
is breast-conserving surgery or mastectomy with an adequate clearance margin. Diathermy blade is
used extensively in breast-conserving surgery. Surgical smoke produced as a side product has cancer-
specific molecular features. Differential mobility spectrometry (DMS) is a rapid and affordable
technology for analysis of complex gas mixtures. In our study we examined surgical smoke from

malignant and benign breast tissue created with a diathermy blade using DMS.

Material and methods: Punch biopsies of 4 mm diameter from breast cancer surgical specimens
were taken during gross dissection of fresh surgical specimen and placed in a well plate. The
measurement system is a custom-built device called automatic tissue analysis system (ATAS) based
on a DMS sensor. Each specimen was incised with a diathermy blade and the surgical smoke was

analyzed.

Results: We examined 106 carcinoma samples from 21 malignant breast tumors. Benign samples (n
= 198) included macroscopically normal mammary gland (n = 82), adipose tissue (n = 88) and
vascular tissue (n = 28). The classification accuracy when comparing malignant samples to all benign
samples was 87%. The sensitivity was 80% and the specificity was 90%. The classification accuracy

of carcinomas to ductal and lobular was 94%, 47%, respectively.

Conclusions: Benign and malignant breast tissue can be identified with ATAS. These results lay

foundation for intraoperative margin assessment with DMS from surgical smoke.
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1. Introduction

Breast cancer is the most frequent cancer among women; it affects nearly 1.7 million women
worldwide each year and is the fifth most common cause of cancer death in women [1]. The surgical
treatment of breast cancer consists of the removal of the tumor by either breast-conserving surgery or
mastectomy, accompanied with sentinel node biopsy and in select cases, removal of the axillary
lymph nodes [2]. According to recent data, 60% of breast cancer is treated with breast-conserving
surgery, while 80% of breast cancer patients are eligible to breast-conserving surgery, suggesting that
although patient choice and logistics affect the choice of treatment, the practice may still be too radical
[3,4]. Acquiring adequate margin clearance is a key challenge in breast-conserving surgery. A
positive margin increases the risk of local recurrence in both invasive breast cancer and ductal
carcinoma in situ (DCIS), warranting reoperation. [5,6] According to the Society of Surgical
Oncology guidelines on margins in breast-conserving surgery, no ink on tumor consensus appears
adequate for stage I and II invasive breast cancer, but for DCIS use of 2 mm margin should be the
standard [7,8]. According to recent data, up to 30% of patients requires reoperation due to inadequate
clearance margins after breast-conserving surgery [9-11]. No-ink-on-tumor consensus has led to a

decrease in reoperation rates and an increase in the popularity of breast-conserving surgery [9].



Due to costs associated with reoperations, several methods have been developed for the intraoperative
evaluation of margins. An intraoperative histological examination of resected tissue by frozen section
analysis can be used in suspicious areas but the entire surgical margin cannot be evaluated [12]. The
diagnostic accuracy of frozen section analysis is good [13] and routine use of frozen section analysis
in breast-conserving surgery has been shown to significantly reduce the reoperation rate [12,14].
Imprint cytology of specimen surfaces has been shown to have the highest performance in evaluating
surgical margins of breast cancer patients [15]. The challenges of frozen section analysis include the
added duration and disruption of the operation, transportation of samples and the costs of the

contribution of the pathologist.

Several methods are being developed for assessing breast cancer margins intraoperatively in vivo or
ex vivo besides imaging and histological assessment. Use of radiofrequency (RF) spectroscopy
analysis for the detection of surgical margins (MarginProbe®) might reduce the number of
reoperations due to inadequate clearance margins [16,17]. In the study by Schnabel et al. the
sensitivity and specificity of the device were 75% and 46%, respectively [17]. However, RF
spectroscopy disrupts the workflow of the surgeon and might compromise the orientation of the tumor
leading to challenges in re-excision. Specimen radiography is used especially for nonpalpable tumors
and can be a factor to consider for predicting tumor margins [ 18]. Intraoperative ultrasound can offer
additional information on surgical margins in breast-conserving surgery [19]. Breast specimen
radiography and large specimen MRI can offer additional information on the diameter of the invasive
carcinoma, but for example the detection of DCIS is challenging [20]. Optical coherence tomography
(OCT) has shown potential for intraoperative margin assessment in breast-conserving surgery with a

sensitivity varying from 100% to 58.8% and specificity from 82% to 81% in studies [21,22].

Electrosurgery is used extensively in breast surgery [23]. It cuts tissues by heat-induced evaporation,
producing surgical smoke [24]. Rapid evaporative mass spectrometry (REIMS) studies show that the

molecular composition of surgical smoke has cancer-specific features with an accuracy of over 95%



for discriminating malignant tissues from benign ones [25,26]. Currently, the disadvantage of mass
spectrometry technology is the excessive cost and complexity, preventing adoption outside research
facilities. Differential mobility spectrometry (DMS) or synonymous field asymmetric ion mobility
spectrometry (FAIMS) have been extensively studied in medical applications [27]. DMS is a variant
of ion mobility spectrometry: a stream of gas is first ionized, then an asymmetric radiofrequency
electric field is applied to the sample gas, enabling the differentiation and filtering of ions to
discriminate and analyze the molecular composition of the sample and present it as a dispersion plot.
The advantage of DMS is its lower cost, complexity and maintenance requirements compared to
systems based on mass spectrometry. We have demonstrated that DMS discriminates porcine tissues

by surgical smoke [28]. To date, there is no data on discrimination of benign and malignant tissues.

In our study we examined surgical smoke created with a diathermy blade using DMS. We analyzed
fresh malignant breast tissue, normal mammary gland and adipose tissue ex vivo. Our goal was to

demonstrate the capability of DMS in this application, paving way for real-time margin assessment.

2. Material and Methods

2.1 Study material

This study has been approved by the Ethical Committee of Tampere University Hospital (TAUH)
(code R17007). The tissue material consisted of breast cancer surgical specimens of which surgery
were performed in TAUH and Hatanpdd County Hospital between June 2017 and November 2017.
All patients included in the study underwent standard diagnostic workup and pre-operative tumor
board. Tissue samples were collected by two breast pathologists (J.H. and T.T.) from Fimlab

Laboratories, which is the principal pathology laboratory in the TAUH region.



Punch biopsies of 4 mm diameter were taken during the gross dissection of fresh surgical specimen.
Tissues included in the study were: palpable breast carcinoma preliminarily assessed as clinical tumor
stage (cT) > cT2, macroscopically normal mammary gland > 2 cm apart from the malignant tumor,
fat and vascular structures. Several samples, usually five, were taken from each category per patient.
Vascular specimens were collected only when clearly visible on grossing. The accuracy of sample
site for cancerous punch biopsies were histologically verified in 20 cases (Fig. 1). The samples were
covered with a gauze moisturized with saline to prevent dehydration and stored at +4 °C until analysis
at Tampere University of Technology within the same or following day in most cases. For the

analysis, a custom-made well plate was made to control the sampling process.

The well plate contained 40 rounded wells (5.5 mm diameter, 5.75 mm depth). To prevent the
diathermy knife from short-circuiting due to direct contact with the well plate, the wells were covered
with a thin protective layer of agar. Agar was a suitable material for the protective layer, since it
produces unnoticeable DMS response, when subjected to electrosurgery. The surgical smoke analyses
were performed in random order. Measurements of poor quality due to incomplete production of
smoke, defective sample preprocessing or malfunctions in the DMS analysis were excluded from the
study. The selection criteria for technically failed measurements are presented in Fig. 2. The number
of measured and excluded samples for each measurement day can be seen in the supplementary
material (Table S1). The full reports of the cases (structured histopathology report and a prognostic
panel including estrogen receptor (ER), progesterone receptor (PgR), Ki-67, Her2 IHC and dual ISH)

were gathered from patient records after analysis.

2.2 Measurement system

The measurement system used in this study is an advanced model of a custom-built device that we

have previously described as the automatic tissue analysis system (ATAS). The system comprises a



computer-controlled electrosurgical sampling stage, a gas sample pre-processing unit, and the ENVI-

AMC® DMS device (Environics Oy, Finland). [28]

In this study, the DMS analysis produced an output dispersion plot of 1620 values that represent the
ion spectrum of the measured surgical smoke sample. A schematic illustration of the measurement

system and an example output dispersion plot are presented in Fig. 3.

Sampling protocol

Each sample was cut individually in an automated measurement sequence. The depth (3 mm) and
duration (1.5 s) of the electrosurgical cut was kept constant to stabilize the concentration of the created
surgical smoke. The duration of DMS was one minute, after which the system cleaned itself with

dried purified air for another minute to prevent carry-over in the subsequent measurement.

2.3 Classification Models and Statistical Analysis

The DMS data from the measured surgical smoke was processed with cross-validated linear
discriminant analysis (LDA) classification algorithms created in MATLAB (The MathWorks Inc.,
U.S.A). The basic principle of LDA classification is presented in the supplementary material (Fig.
S1). The LDA classification models were cross-validated with 10-fold cross validation (10-f-CV). To
exclude the possible overfitting bias from the classification, an additional holdout classification with
randomly selected 70% of the data used as the train set and the remaining 30% used as the test set,

was also conducted.

The LDA classification of the samples was first done by using the full raw data matrix (1620 values)
of the dispersion plots. The analysis was continued with a process called forward sequential feature

selection (FSFS) to locate the key areas in the dispersion plots of the tissue types. In FSFS, subsets



of the data matrices are selected until the classification accuracy does not improve significantly by
the addition of new features [29]. A block diagram explaining the principle of FSFS is presented in
the supplementary material (Fig. S2). The most relevant pixels in the dispersion plots were chosen

for further analysis by performing 1000 cycles of FSFS each with new dataset partitions for 10-f-CV.

Using the FSFS-selected features, a receiver operating characteristic (ROC) curve was also plotted to
visualize the diagnostic properties of the differentiation of carcinoma and all measured benign tissues.

The ROC curve was plotted using the bootstrap method with 1000 repetitions.

3. Results

3.1 Characteristics of study samples

In total we examined 106 surgical smoke samples from 21 malignant breast tumors and 198 samples
from benign tissues including macroscopically normal mammary gland (n = 82), adipose tissue (n =
88) and vascular tissue (n = 28). No benign breast tumors were included in the study. Clinical
characteristics of carcinomas are presented in Table 1. Histopathological analysis was done for all

tumors.

3.2 Classification results

With the raw data, our 10-f-CV LDA model achieved a classification accuracy of 86.5% when
comparing carcinoma samples to all benign samples. The sensitivity was 80.1% and specificity
89.9%. The results of the binary classification are presented in Table 2. With the holdout method, the

classifier achieved an overall classification accuracy of 84.9%, a sensitivity of 77.1% and a specificity



of 89.1%. In total, we measured 350 samples, out of which 304 were used in the final analysis. The

exclusion criteria for the raw data can be seen in Fig. 2.

The classification accuracy of breast cancer to ductal (n = 69), lobular (n = 32) and invasive
micropapillary (n = 5) was 94%, 47%, and 100%, respectively. The total classification accuracy by
cancer type was 80.2%. The confusion matrix of the classification results is presented in the

supplementary material (Table S2).

After the breast cancer classification with all 1620 pixels of the dispersion plot, the thousand FSFS
cycles were performed. The process revealed that by average, 7 pixels from the dispersion plot were
used in the feature selective classification of carcinoma and benign tissues. The average classification
accuracy was 82.4% with a standard deviation of 1.8%. With the seven most frequently selected
pixels, a ROC curve for the classification between carcinomas and benign tissue was plotted (Fig. 4).
The area under the curve (AUC) value for the classification was 0.895 with 95% confidence bounds

0f 0.850 and 0.923.

4. Discussion

DMS coupled with ATAS achieves high performance in discrimination of benign and malignant
breast tissue. The analysis of raw DMS data achieved a high discrimination rate of 86.5%. Similar
performance was retained with only seven selected features of the dispersion plots and with the
holdout validation. These results demonstrate the feasibility of intraoperative margin assessment with

DMS from surgical smoke.

The inherent advantage of surgical smoke analysis is that if the surgeon uses electrocautery to excise

the whole tumor, the whole surface of the cavity is sampled without additional stages in the surgery.



Furthermore, the orientation is easy to maintain and real-time analysis would allow the surgeon to
excise positive margins accurately without resorting to larger resections such as shaving the whole

cavity.

The performance of ATAS is close to the reported performance of REIMS, which achieved sensitivity
and specificity of 100% in a proof-of-principle study with 16 patients. The discrimination seems to
result from different glycerophospholipid profiles. [26] Although the performance of REIMS is
impressive, the costs and maintenance needs of mass spectrometry technology remain a major
obstacle for clinical adoption. As a more economical option, DMS may achieve the optimal

compromise of cost and performance.

Our results compare favorably to existing margin assessment methods. RF spectroscopy, which has
been shown to reduce the re-excision rate in breast-conserving surgery in two studies [16,17], has
shown comparable performance in detection of benign breast tissue and carcinoma with a sensitivity
and specificity of 90% and 91%, respectively [30]. RF spectroscopy can cover an area large enough
to be practical but can currently only be performed ex vivo, leading to challenges of accurate
orientation of the resected tumor. If the margin is positive, a larger re-excision is needed to achieve
negative margins because the orientation of elastic breast tissue is difficult to maintain. OCT has been
applied for intraoperative breast cancer margin evaluation with a sensitivity of 100% and a specificity
of 82% [21]. It yields a histologic view of the tissue, which requires human interpretation and thus
significant training for the surgeon. Nolan et al. addressed this issue by developing a decision support
system for studying axillary lymph nodes in breast cancer surgery with a low sensitivity of 58.8%
and mediocre specificity of 81.4% [22]. The results imply that in skilled hands, the specificity of OCT
is similar to ATAS. However, the results concerning the sensitivity of OCT are inconclusive. Both
RF and OCT require an additional stage of analysis in the surgery, which prolongs the anesthesia and

interrupts the workflow.



Our protocol was designed to minimize bias. In addition to cancerous tissue, benign samples were
collected from the patients as reference. Samples were collected within hours of the operation, stored
fresh and analyzed shortly after gathering. The collection of samples was done by two experienced
pathologists. The analysis of surgical smoke was done in a standardized pattern in a controlled
environment. Hence, the analyses done on separate occasions are comparable and the risk for day-to-
day bias is low. Punch biopsies of cancerous tissue were histologically verified in 20 cases. Biopsies
from one large lobular carcinoma (T3) were not verified, but due to the macroscopic extend of the
carcinoma it is likely that all punch biopsies consisted of cancerous tissue. From the 20 carcinomas
that were histologically verified, punch biopsies from 18 cases consisted entirely of cancerous tissue.
Punch biopsies from two carcinomas were only partially cancerous tissue in the histological
assessment: in total 10 punch biopsies classified as malignant tissue may contain benign tissue. When
the samples from the unverified lobular carcinoma and the samples from the two carcinomas of which
punch biopsies were only partially cancerous tissues were excluded from the study, the accuracy
(87%), sensitivity (84%) and specificity (89%) remained unchanged suggesting insignificant bias.
Therefore, the samples remained included in the study. Benign punch biopsies were not histologically
verified. However, all benign punch biopsies were collected by experienced pathologists by
macroscopic judgement from a distance of 2 cm from the tumor. Should some of the benign contain

malignant tissue, it would cause negative bias and would underestimate the performance of DMS.

All carcinomas that were preliminarily assessed as clinical tumor stage were included in the study.
Despite the preliminary estimation a portion of tumors were classified as pTlc (n = 4). One of the
tumors was micropapillary carcinoma and consequently the number of micropapillary carcinoma
samples analyzed was small compared to other carcinomas. Micropapillary and ductal carcinoma
samples were analyzed on the same day: all micropapillary samples were classified correctly and only
one ductal carcinoma sample was classified as invasive micropapillary. The performance of the

classification could be more balanced with additional measurements to strengthen classification of



carcinomas by their key features or by separating the benign classes. Weighting coefficients could

also be implemented for further improving the diagnostic properties.

Even though the results of this study were comparable to previous studies, limitations of the design
must be acknowledged. The key issues in the study were the challenges relating to the function of the
ATAS system, variations in the study material, and the duration of the measurements. The system-
related limitations led to occasional failed measurements that could not be used in the result analysis.
The causes for failed measurements were 1) sample adherence to the diathermy, which prevented
smoke production, 2) data communication delay between the sampling system, and 3) malfunctions
of the pre-processing unit or the DMS device. Even with the exclusion of technically failed
measurements, responses of especially vascular tissue specimens exhibited high variation. The
heterogeneity of the tissue pieces and the resulting variation in the dispersion plots can explain the
relatively low sensitivity of the binary classification. In our classification models, the benign tissue
class was heterogenous with distinct dispersion plots from adipose tissue, macroscopically normal
mammary gland and vascular tissue. This makes the classification criteria more complex and reduces
the performance in small samples. The dispersion plots of the malignant tissues were more
homogenous, leading to a more uniform malignant class. In addition, the benign class consisted of
almost twice as many samples compared to the malignant class, which may bias the classification

algorithm to favor the larger group in unsure cases, resulting in high specificity, but low sensitivity.

In this pilot study with the focus on the proof-of-concept, we used a high-resolution dispersion plot
and a long cleaning period to maximize the data from the samples. This results in 1-minute duration
of the measurement with an additional 1-minute for cleaning period. However, the FSFS classification
models revealed that the whole spectrum of 1620 pixels is needlessly large for accurate differentiation
of carcinoma and benign breast tissues. By concentrating on the selected areas of the dispersion plot,

the combined measurement and recovery time is reduced to seconds, making it feasible for real-time



use. This model will be validated in future work, taking a step further towards the intraoperative

cancer margin analysis.

5. Conclusions

The results demonstrate the ability of DMS to differentiate malignant and benign breast tissues based
on surgical smoke in a laboratory setting. In the future, a rapid analysis model should be validated

and the automatic tissue analysis system should be further developed for robust operation.
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