
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20109  | https://doi.org/10.1038/s41598-020-77102-1

www.nature.com/scientificreports

Stromal vapors for real‑time 
molecular guidance 
of breast‑conserving surgery
Pierre‑Maxence Vaysse1,2,3, Loes F. S. Kooreman4,5, Sanne M. E. Engelen2,5, 
Bernd Kremer3,5, Steven W. M. Olde Damink2,6,7, Ron M. A. Heeren1, Marjolein L. Smidt2,5 & 
Tiffany Porta Siegel1*

Achieving radical tumor resection while preserving disease‑free tissue during breast‑conserving 
surgery (BCS) remains a challenge. Here, mass spectrometry technologies were used to discriminate 
stromal tissues reported to be altered surrounding breast tumors, and build tissue classifiers ex vivo. 
Additionally, we employed the approach for in vivo and real‑time classification of breast pathology 
based on electrosurgical vapors. Breast‑resected samples were obtained from patients undergoing 
surgery at MUMC+. The specimens were subsequently sampled ex vivo to generate electrosurgical 
vapors analyzed by rapid evaporative ionization mass spectrometry (REIMS). Tissues were processed 
for histopathology to assign tissue components to the mass spectral profiles. We collected a total of 
689 ex vivo REIMS profiles from 72 patients which were analyzed using multivariate statistical analysis 
(principal component analysis‑linear discriminant analysis). These profiles were classified as adipose, 
stromal and tumor tissues with 92.3% accuracy with a leave‑one patient‑out cross‑validation. Tissue 
recognition using this ex vivo‑built REIMS classification model was subsequently tested in vivo on 
electrosurgical vapors. Stromal and adipose tissues were classified during one BCS. Complementary 
ex vivo analyses were performed by REIMS and by desorption electrospray ionization mass 
spectrometry (DESI‑MS) to study the potential of breast stroma to guide BCS. Tumor border stroma 
(TBS) and remote tumor stroma (RTS) were classified by REIMS and DESI‑MS with 86.4% and 87.8% 
accuracy, respectively. We demonstrate the potential of stromal molecular alterations surrounding 
breast tumors to guide BCS in real‑time using REIMS analysis of electrosurgical vapors.

Breast conserving surgery (BCS) is a broadly used surgical treatment for early-stage breast cancer patients and 
consists of achieving full tumour removal while conserving as much as possible healthy tissues. Despite assistance 
options with intraoperative diagnostic techniques such as ultrasound or radioactive seed  localization1, BCS can 
remain a challenge for the surgeon. In the current setting, the outcome of the operation can only be determined 
in detail after pathology examination of the resected tissue. An unsuccessful outcome can lead to reoperation or 
more burdensome adjuvant treatments for the  patient2.

Despite its soft structure, recent advances in ambient mass spectrometry have enabled the analysis of breast 
 tissues3–6 by desorption electrospray ionization mass spectrometry imaging (DESI-MSI)7 and rapid evaporative 
ionization mass spectrometry (REIMS)8,9 to predict histopathology based on metabolic profiles. While DESI-MSI 
uses charged droplets to desorb molecules from tissue sections to generate in situ two dimensional molecular 
distributions with precise histopathology examination, REIMS analyses electrosurgical vapors of tissue slices 
ex vivo and in vivo during surgery. After building a library of histologically validated lipid profiles with REIMS, 
tissues can be classified within seconds, which matches with the intraoperative need for pathological  feedback5,8,9. 
As REIMS is easily combined to routine surgical tools, it may greatly benefit surgeons by providing an on-line 
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feedback about tissue pathology based on the chemical information present in the vapors produced in vivo 
without changing the operation procedure. This is a crucial point to facilitate clinical implementation of the 
technology for in vivo metabolic profiling.

DESI has determined specific metabolic profiles for adipose, stromal, glandular and tumor of breast  tissues3,4 
but REIMS has discriminated normal breast and breast tumor tissues  only6. The variety of healthy breast tissues 
reported with DESI-MSI suggests that specific metabolic profiles for different healthy breast tissues could be 
expected with REIMS, which remains unexploited. Moreover, alterations of stromal tissues surrounding breast 
tumors have been associated to clinical  observations10,11. If detectable in real-time, these stromal changes could 
mark a safe area of resection to complement the assessment of margin of resection by histopathology. They would 
constitute a classification of healthy and tumor surrounding tissues for precise surgical guidance.

Herein, we investigate the potential of breast stroma to guide BCS by mass spectrometry analysis. First, we 
built a classification model based on REIMS analysis of ex vivo electrosurgical vapors to recognize breast stroma 
during BCS. Then, we use REIMS and DESI-MS to investigate further the potential of breast stroma to guide BCS.

Materials and methods
Study population and tissue procurement. This study included 85 female patients (Table  S1) who 
underwent surgery for breast tumor at Maastricht University Medical Centre (MUMC+) between September 
2017 and September 2019. The study patient inclusion followed a protocol approved by the Medical Ethics Com-
mittee (Medisch-Ethische ToetsingsCommissie) azM/UM of MUMC+ (approval number METC 16-4-168). The 
study was conducted with highest practice standards according to the revised version of the Declaration of 
Helsinki. Written informed consent was obtained from each patient prior to study participation. A pathologist 
selected samples on the resected-tissue for the present study; samples were taken of the tumor and benign tissue 
at least 2 cm away from the tumor. Tissue slices were used for REIMS ex vivo analysis, or frozen in liquid nitro-
gen and stored at − 80 °C until DESI-MSI analysis.

REIMS ex vivo analysis. Tissues from 72 patients were cauterized ex vivo using a monopolar hand-piece 
(iKnife disposable device, Waters, Hungary) equipped with a 1.7 cm-diameter blade electrode, connected to 
an electrosurgical heat-generator (Force FX, Covidien), operated in cut modality. The generated vapors were 
aspirated into a mobile REIMS Xevo G2-XS Q-ToF mass analyzer (Waters Corporation, Wilmslow, UK). Iso-
propanol (Biosolv, France or Honeywell, Germany) containing Leucine-Encephalin (Sigma-Aldrich, The Neth-
erlands) was infused at 150 μL/min12. REIMS acquisitions were performed in negative ionization mode over the 
mass range m/z 100 to 1500. After REIMS analysis, the remaining tissue was formalin fixed and paraffin embed-
ded. Tissue blocks were sectioned at 5 μm-thickness. Tissue sections were stained with hematoxylin and eosin 
(H&E). A breast pathologist attributed tissue components to the surroundings of the sampling spots without 
knowledge of the MS profiles. Percentages of tissue components were assigned to each MS profile based on the 
histology surrounding of each sampling spot. For the classification of tumor border stroma (TBS) and remote 
tumor stroma (RTS), only the stroma profiles correctly classified in the adipose/tumor/stroma REIMS model 
were included. Stromal profiles generated on tissue sampled at least 2 cm from the tumor and presenting no 
tumor were considered RTS profiles. Stroma profiles generated on tissues containing sampling spots containing 
a tumor component in their pathology examination were considered TBS profiles.

REIMS in vivo analysis. In vivo measurement was performed on the same instrument during the BCS of 
one patient. Surgery was performed using commercial hand-piece (Erbe) and heat generator (Valleylab FT10, 
Covidien). Three GoPros (Hero4) were set up to record surgical site, heat generator and screen of the com-
puter of the mass spectrometer to coordinate in time, site of electrosurgical vapors production, the diathermia 
parameters and MS profile generation. Synchronization was performed using timestamps associated to sound 
generated in the operation room during the surgery. Orientation of the resection margins on the specimen was 
obtained during and after surgery using video recorded and comments made by surgeons at that time and while 
watching the video post-surgery. Macroscopic and microscopic analyses of the resection margins were inspected 
by a pathologist according to the surgeons’ markings. Conditions for experimental measurements were set up 
the same as for ex vivo analysis with air gas. Electrosurgical vapors were directed towards the mass spectrometer 
and the REIMS source and partially discarded as usual.

DESI‑MS analysis. Two groups of specimens were selected for DESI-MSI analysis; samples of the tumor 
site or samples of fibro-glandular tissues at least 2 cm away from the tumor site from 22 patients. Frozen tissues 
were sectioned using a cryotome (Microm) at 10 μm-thickness, thaw mounted on histological slides (Superfrost) 
and stored at − 80 °C prior analysis. Experiments were performed on a Xevo G2-XS Q-ToF MS (Waters Corpora-
tion, Wilmslow, UK). 98%methanol/water (Biosolv, France) at 1.5 μl/min was used as a solvent. Measurements 
used for the tissue classification were performed in negative ionization mode, over the mass range m/z 100–1000 
at 40 × 40 μm2 pixel size, acquired at scan rate of 150 μm/s. Tissue sections were stained by H&E and scanned 
on a slide scanner (Ventana) after DESI-MSI analysis. Stromal areas surrounding remote normal glands and 
surrounding tumors were selected by a breast pathologist using QuPath (v0.1.2). One data point corresponded 
to the sum of the signal of 6 adjacent pixels selected in TBS or RTS areas in HD Imaging (v1.5, Waters, UK). 
Complementary experiment was performed over the mass range m/z 50–2000 at 30 × 30 μm2 pixel size at scan 
rate of 100 μm/s.

Data analysis. Data were analyzed using a prototype of abstract model builder software (AMX v1.01563.0, 
Waters Research Corporation, Budapest, Hungary). One scan was considered per tissue sampling spot. Data 
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processing includes lock-mass correction, background subtraction, normalization on total ion count and sig-
nal background removal. Principal component analysis-linear discriminant analysis (PCA-LDA) and leave-one 
patient-out cross-validation were used to compare the accuracy between the histopathology classification and 
the MS-based classification.

Molecular identification. Spectra were lock-mass corrected on deprotonated leucine-encephalin m/z 
554.2615 [M–H]− for REIMS and deprotonated raffinose m/z 503.1606 [M–H]− for DESI-MS for identification 
based on mass accuracy. Tandem mass spectrometry experiment was performed by collision-induced dissocia-
tion with argon gas. Experimental data were tested on  ALEX123 lipid  calculator13 for fatty acids and compared to 
reference literature for lactate  dimer4.

Statement. We report the in vivo recognition of breast stroma and its potential for real-time molecular 
guidance of breast-conserving surgery using rapid evaporative ionization mass spectrometry analysis of elec-
trosurgical vapors.

Results
Ex vivo built database enables in vivo tissue recognition. In total, 689 REIMS ex vivo profiles were 
generated from 72 patients and were attributed as 209 stroma, 256 adipose and 224 tumor profiles by histopa-
thology (Tables S2–3).

REIMS profiles were classified with 92.6% accuracy (Fig. 1A) using PCA-LDA and a leave-one patient-out 
cross-validation. A PCA score plot (Fig. 1B) showed a separation of adipose and tumor profiles along the PC1 
axis (which describes 56.2% of the variance of the data) and a separation of stroma and tumor profiles along 
the PC2 axis (25.6%). Main discriminators were m/z 893.75 and m/z 919.75 (Fig. 1C) previously assigned as 
 triglycerides6 for adipose, and m/z 255.25 and m/z 281.25 (Fig. 1D) assigned as fatty acids, palmitic acid and 
oleic acid respectively, for stroma (Table S5). Single MS profiles for each tissue type and pseudo-LDA score plot 
are shown in Figure S1.

Next, in vivo REIMS data were collected in an operating room during one BCS performed using a diathermia 
knife. We detected intense MS signals throughout the operation (Fig. S2A). At around 14 min of recording, scan 
845 and scan 851 (Fig. 2B, D, respectively), both displayed MS signals generated in cut modality. The pictures 
taken during surgery indicate a change in the transected tissue (Fig. 2A, C). While the most intense MS peaks 
in scan 845 were detected only in the mass range m/z 200–400, intense MS peaks were displayed in the mass 
range m/z 800–1000 for scan 851.

Figure 1.  REIMS analysis of electrosurgical vapors ex vivo classifies tumor, stroma and adipose tissues. (A) 
PCA score plot (mass range m/z 200–1000, PC1 describing 56.2% of total variance, PC2 25.6%). (B) Confusion 
matrix. (C) Mass features loading plots for PC1 with indication of the two most discriminative mass features for 
adipose. (D) mass features loading plots for PC2 with indication of the two most discriminative mass features 
for stroma.
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Our REIMS model of ex vivo profiles enabled the recognition of stroma on scan 845 and of adipose on scan 
851. Based on pathology report, stroma and adipose tissues were present on the resection margins present on 
the mediodorsal orientation of the specimen (Fig. S2B and S2C respectively). These observations correlated with 
the MS signal measured in scans 845 and 851. This demonstrates the potential of our REIMS classification model 
generated ex vivo to recognize breast tissue types in vivo during surgery.

Stroma changes surrounding breast tumors. Further investigations were pursued on 189 ex  vivo 
REIMS profiles generated from tissues of 43 patients and designed as 44 tumor border stroma (TBS) profiles 
and as 140 remote tumor stroma (RTS) profiles (Table S3; Fig. 3A). PCA score plot did not enable separation 
of TBS and RTS profiles, therefore no straightforward screening and molecular identification of the main MS 
peaks discriminant of TBS and RTS was possible (Fig. S3A). However, LDA score plot enabled a good separation 
(Fig. S3B) and MS profiles were classified as TBS or RTS with 86.5% accuracy (Fig. 3B) using PCA-LDA and a 
leave-one patient-out cross-validation.

We complemented the REIMS experiments with DESI-MSI experiments for more precise analysis of the 
stromal changes surrounding tumor borders. In total, 196 DESI-MS profiles, including 98 remote tumor stroma 
profiles (RTS) and 98 tumor border stroma (TBS) profiles, were extracted from pixels of 22 tissue sections 
from 22 patients (Table S4). DESI-MS profiles were classified as TBS or RTS with 87.8% accuracy (Fig. 4A) 
using PCA-LDA and leave-one patient-out cross-validation. PCA score plot displayed a separation RTS and 
TBS mainly along the PC1 axis (Fig. S4A). Main discriminator of TBS along PC1 mass loading plot was a mass 
feature m/z 201.05 (Fig. S4C) corresponding to mass value m/z 201.04 previously identified (15) and confirmed 
(Table S6) as lactate dimer. Its distribution delineates the tumor borders with an intense MS signal coming 
from the TBS areas (Fig. 4B), illustrating how in situ molecular distributions may provide relevant information 
beyond histopathology.

Figure 2.  REIMS analysis of electrosurgical vapors enables in vivo tissue recognition. (A) Surgical site for scan 
845. (B) Mass spectrum signal and tissue classification result for scan 845. (C) Surgical site for scan 851. (D) 
Mass spectrum signal and tissue classification result for scan 851.

Figure 3.  REIMS profiles discriminate tumor border stroma (TBS) and tumor remote stroma (TRS). (A) 
Histological sampling spots examined as RTS and TBS. (B) Confusion matrix (mass range m/z 200–500).
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Discussion
We confirm the changes of metabolic profiles between remote and tumor stromas on intraoperative breast 
biopsies by DESI-MSI4. We report similar classification of stromal tissues with REIMS analysis of electrosurgical 
vapors. Our ex vivo built library of histopathology validated molecular profiles enabled in vivo stroma recogni-
tion and therefore illustrates a exciting step towards intraoperative molecular guidance during BCS. Metabolic 
alterations of the tumor microenvironment lay the bases of how insight into molecular changes can improve 
surgical precision.

Technological improvements of speed and intraoperative  sampling14–16 recently contributed to emerging 
mass spectrometric tissue classifiers for clinical  applications17. Paradoxically, the molecular margin of  resection18 
beyond histopathology, characterized in earlier studies to understand tumor  recurrence19,20, was set aside as a 
factor to be considered in the most recent investigations. The benefit of mass spectrometric technologies for 
clinical applications has been mainly considered only by histopathological validation which remains the gold 
standard for disease-free patient survival. Nevertheless, the detection of more subtle molecular changes, not 
detectable by histopathology, could be even more valuable, as previously reported by REIMS on primary liver 
 tumors8. REIMS has been mainly reported in the perspective to correct the execution of unsafe resection margins 
by near real-time classification of tumor and normal tissues during surgery. Our report suggests that surgeons 
could benefit from a critical information, the distance to the tumor, with recognition of breast stroma metabolic 
profiles during surgery. Beyond a correction, this would constitute a real-time molecular guidance to improve 
surgical precision of BCS. This is expected to be a major leap towards achieving the smallest possible resections 
with safe margins. Our classification of breast pathology from electrosurgical vapors generated ex vivo enabled 
direct stroma recognition in vivo. This augments the value of REIMS for in vivo tissue  recognition6 and to utilize 
breast stromal molecular information to guide more precise BCS.

Data availability
The process datasets generated during the current study are available with this article in the supporting material, 
accessible from Scientific reports website.

Received: 11 June 2020; Accepted: 5 October 2020

References
 1. Gray, R. J., Pockaj, B. A., Garvey, E. & Blair, S. Intraoperative margin management in breast-conserving surgery: A systematic 

review of the literature. Ann. Surg. Oncol. 25, 18–27 (2018).
 2. Leff, D. R., St John, E. R. & Takats, Z. Reducing the margins of error during breast-conserving surgery: Disruptive technologies 

or traditional disruptions?. JAMA Surgery. 152, 517–518 (2017).
 3. Calligaris, D. et al. Application of desorption electrospray ionization mass spectrometry imaging in breast cancer margin analysis. 

Proc. Natl. Acad. Sci. 111, 15184–15189 (2014).
 4. Guenther, S. et al. Spatially resolved metabolic phenotyping of breast cancer by desorption electrospray ionization mass spectrom-

etry. Can. Res. 75, 1828–1837 (2015).
 5. Porcari, A. M. et al. Multicenter study using desorption-electrospray-ionization-mass-spectrometry imaging for breast-cancer 

diagnosis. Anal. Chem. 90, 11324–11332 (2018).
 6. St John, E. R. et al. Rapid evaporative ionisation mass spectrometry of electrosurgical vapours for the identification of breast 

pathology: Towards an intelligent knife for breast cancer surgery. Breast Cancer Res. 19, 59 (2017).
 7. Takats, Z., Wiseman, J. M., Gologan, B. & Cooks, R. G. Mass spectrometry sampling under ambient conditions with desorption 

electrospray ionization. Science 306, 471–473 (2004).
 8. Balog, J. et al. Intraoperative tissue identification using rapid evaporative ionization mass spectrometry. Science Translational 

Medicine. 5, 194–193 (2013).
 9. Mason, S. et al. Mass spectrometry transanal minimally invasive surgery (MS-TAMIS) to promote organ preservation in rectal 

cancer. Surg. Endosc. 34(8), 3618–3625 (2020).
 10. Ironside, A. J. & Jones, J. L. Stromal characteristics may hold the key to mammographic density: The evidence to date. Oncotarget 

7, 31550–31562 (2016).
 11. DeFilippis, R. A. et al. CD36 repression activates a multicellular stromal program shared by high mammographic density and 

tumor tissues. Cancer Discov. 2, 826–839 (2012).
 12. Jones, E. A. et al. Matrix assisted rapid evaporative ionization mass spectrometry. Anal. Chem. 91, 9784–9791 (2019).
 13. Pauling, J. K. et al. Proposal for a common nomenclature for fragment ions in mass spectra of lipids. PLoS ONE 12, e0188394 

(2017).

Figure 4.  DESI-MS profiles discriminate tumor border stroma (TBS) and tumor remote stroma (TRS). (A) 
Confusion matrix (mass range m/z 200–400). (B) Histology and molecular distribution of lactate dimer (m/z 
201.04) in a histologically normal stroma surrounding an invasive ductal carcinoma.



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20109  | https://doi.org/10.1038/s41598-020-77102-1

www.nature.com/scientificreports/

 14. Zhang, J. et al. Nondestructive tissue analysis for ex vivo and in vivo cancer diagnosis using a handheld mass spectrometry system. 
Sci. Transl. Med. 9, 66 (2017).

 15. Saudemont, P. et al. Real-time molecular diagnosis of tumors using water-assisted laser desorption/ionization mass spectrometry 
technology. Cancer Cell 34, 840-851.e844 (2018).

 16. Woolman, M. et al. Picosecond infrared laser desorption mass spectrometry identifies medulloblastoma subgroups on intrasurgical 
timescales. Cancer Res. 79, 2426–2434 (2019).

 17. Vaysse, P. M., Heeren, R. M. A., Porta, T. & Balluff, B. Mass spectrometry imaging for clinical research—Latest developments, 
applications, and current limitations. The Analyst 142, 2690–2712 (2017).

 18. Mao, L. & Clark, D. Molecular margin of surgical resections—Where do we go from here?. Cancer 121, 1914–1916 (2015).
 19. Oppenheimer, S. R., Mi, D., Sanders, M. E. & Caprioli, R. M. Molecular analysis of tumor margins by MALDI mass spectrometry 

in renal carcinoma. J. Proteome Res. 9, 2182–2190 (2010).
 20. Caldwell, R. L., Gonzalez, A., Oppenheimer, S. R., Schwartz, H. S. & Caprioli, R. M. Molecular assessment of the tumor protein 

microenvironment using imaging mass spectrometry. Cancer Genom. Proteomics 3, 279–287 (2006).

Acknowledgements
This research was financially supported by MUMC+ and the Dutch Province of Limburg as part of the LINK 
program. We thank the mamma care team, C.M.R. Haeckens, J.M.J. Lipsch-Crijns, E.M.P.H. de Jong-Vrancken, 
C. Goessens, M.M.M. Geurts, F. Bruls and surgeons K.B.M.I. Keymeulen, E. Mitalas, E. M. Heuts for help with 
patient information and inclusion. We thank the teams of surgery, pathology and OR complex (MUMC+) for 
their cooperation on the research. We thank the iKnife consortium, J. Balog, E.A. Jones and S.D. Pringle (Waters) 
for methodological advice and technical support regarding the utilization of REIMS and DESI-MS systems for 
clinical studies. We thank E. Meessen (IDEE, Maastricht University) for technical support.

Author contributions
P.M.V., B.K., S.W.M.O.D., R.M.A.H. and T.P.S. designed research. P.M.V. performed research. L.F.S.K., S.M.E.E., 
R.M.A.H. and M.L.S. contributed to samples and resources. P.M.V. analyzed the data. L.F.S.K. performed pathol-
ogy examination of the samples. P.M.V. wrote the original draft manuscript. P.M.V., S.W.M.O.D., R.M.A.H. and 
T.P.S. reviewed and edited the final manuscript. P.M.V., S.M.E.E., B.K., S.W.M.O.D., M.L.S. and T.P.S. contributed 
to clinical implementation.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-77102 -1.

Correspondence and requests for materials should be addressed to T.P.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-77102-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Stromal vapors for real-time molecular guidance of breast-conserving surgery
	Materials and methods
	Study population and tissue procurement. 
	REIMS ex vivo analysis. 
	REIMS in vivo analysis. 
	DESI-MS analysis. 
	Data analysis. 
	Molecular identification. 
	Statement. 

	Results
	Ex vivo built database enables in vivo tissue recognition. 
	Stroma changes surrounding breast tumors. 

	Discussion
	References
	Acknowledgements


