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Toward real-time margin
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Margin assessment in breast-conserving surgery (BSC) remains a critical challenge, with 20-25% of
cases resulting in inadequate tumor resection, increasing the risk of local recurrence and the need for
additional treatment. In this study, we evaluate the diagnostic performance of hyperspectral imaging
(HSI) as a non-invasive technique for assessing resection margins in ex vivo lumpectomy specimens.
A dataset of over 200 lumpectomy specimens was collected using two hyperspectral cameras, and

a classification algorithm was developed to distinguish between healthy and tumor tissue within
margins of 0 and 2 mm. The proposed approach achieved its highest diagnostic performance at a

0 mm margin, with a sensitivity of 92%, specificity of 78%, accuracy of 83%, Matthews correlation
coefficient of 68%, and an area under the curve of 89%. The entire resection surface could be imaged
and evaluated within 10 minutes, providing a rapid and non-invasive alternative to conventional
margin assessment techniques. These findings represent a significant advancement toward real-time
intraoperative margin assessment, highlighting the potential of HSI to enhance surgical precision and
reduce re-excision rates in BCS.

Keywords Breast-conserving surgery, Hyperspectral imaging, Resection margin assessment, Breast tissue,
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Breast cancer remains a global health concern with an annual incidence of more than 2.2 million newly diagnosed
cases worldwide, ranking as the leading cause of cancer among women!. To treat this disease, breast-conserving
surgery (BCS) is often conducted followed by radiotherapy with the primary objective of only resecting the
tumor while keeping surrounding healthy tissue intact, ensuring the most favorable cosmetic result possible. To
achieve optimal patient outcomes following BCS, the evaluation of resection margins stands as a critical factor
during the surgical procedure?>. However, aiming for clear margins remains challenging as surgeons are limited
to visual and tactile feedback, increasing the complexity of such procedures when the tumor is not visible or
palpable. In complex cases when the tumor cannot be identified properly, surgeons can decide to conduct a
traditional frozen section analysis to assess the surgical margin status intraoperatively.

While this technique allows for accurate analysis of breast surgical margins, its drawback lies in its time-
consuming nature and restriction to examine only a small fraction of the entire lumpectomy resection surface®.
This limitation may result in overlooking critical regions that could be positive for tumor tissue. Consequently,
surgeons continue to depend on the gold standard for a thorough evaluation of surgical margins. This gold
standard involves histopathological examination, a process that often requires several days. Due to the
prolonged histopatholgical processing time (2-5 days) and lack of adequate margin assessment during surgery,
surgical margins still remain tumor-positive in about 20-25% of the cases depending upon adherence to national
oncology guidelines’12. Therefore, there is a need for advanced real-time technologies to assist surgeons in the
evaluation of surgical margins during surgery. Such technologies would allow immediate re-excision of any
suspected areas, reducing the number of ultimate tumor-positive margins and thereby decreasing the necessity
for additional treatment, which negatively impacts quality of life and increases healthcare expenses.
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To address these challenges, various alternative approaches are being explored!>!4,

ultrasonography'>!¢, radiofrequency 7~ and bioimpedance spectroscopy 2!, Raman spectroscopy
diffuse reflectance spectroscopy?>?S, digital breast tomosynthesis %/, fluorescence imaging 2%, microcomputed
tomography %°, optical coherence tomography °-32, ultraviolet photoacoustic microscopy *, intraoperative flow
cytometry %35, and microscopy with ultraviolet surface excitation . While some of these techniques show
promise, none have yet been adopted into routine clinical practice. Barriers to implementation include limited
diagnostic accuracy, time-consuming procedures, complex interpretation, operator dependence, incomplete
margin coverage, early-stage development, and uncertain cost-effectiveness.

Hyperspectral imaging (HSI) is an optical imaging technique, which has the potential to address this
challenge and fulfil the clinical needs from surgeons. Unlike many other optical or imaging methods, HSI offers
unique advantages. It is a fast, non-contact, and non-invasive technique that does not rely on contrast agents and
is free from radiation exposure. With its ability to capture data from the reflected light of entire tissues across
a wide range of wavelengths - far beyond what the human eye can perceive - HSI has proven to be a promising
tool for different clinical applications, for example oxygen saturation assessment®’~%°, blood vessel detection?®:4!.
Additionally, HSI has been investigated for margin assessment during cancer surgery*>-%°.

In previous studies conducted by our research group, we specifically explored the use of hyperspectral
imaging for margin assessment in breast-conserving surgery *>46:4867.68 Tn these studies, we initially explored
the use of HSI under highly controlled conditions. A dataset of gross-sectioned breast tissue slices was acquired
and used to develop a tissue classification algorithm to distinguish between healthy and tumor tissue?>.
Following the excellent performance of this algorithm, we transitioned to studying lumpectomy specimens
that had not yet undergone histopathological processing, thereby representing the actual resection surface
during surgery. This feasibility study, involving only six lumpectomy specimens faced significant limitations*’.
The primary challenge was correlating the hyperspectral data with histopathology due to the limited available
histopathologic information, preventing a comprehensive evaluation of the entire imaged resection surface.
Furthermore, discrepancies were noted between breast tissue slices and lumpectomy specimens in terms of tissue
thickness, freshness, surface structure, blood saturation, and cauterization. These differences made it challenging
to directly apply the developed classification algorithm from tissue slices to lumpectomy resection surfaces*®’.
Additionally, the complexity of correlating hyperspectral data with histopathology had to be addressed
before advancing. To this end, we successfully developed a novel hyperspectral-unmixing-based approach on
lumpectomy specimens to accurately assign ground-truth labels to hyperspectral images and created a robust
classification algorithm. At that stage, the classification performance was only evaluated at various locations on
a single lumpectomy resection side®.

In the current study, we build upon our previous research with a focused objective: to employ HSI for the
comprehensive evaluation of the entire resection surface of lumpectomy specimens.

We specifically address the limitations observed in earlier studies and highlight our main contributions:

including intraoperative
22-24
)

« Tissue structure and thickness: Measurements were taken directly from the original resection surface, ensur-
ing realistic variations in tissue structure and thickness compared to grossly sectioned tissue slices

« Freshness: Unlike previous studies using processed specimens, we acquired hyperspectral data immediately
after surgery, preserving the natural tissue characteristics as much as possible

o Cauterization: Since data collection occurred after surgery, it included the cauterization effects introduced
during the procedure

« Large-scale dataset: We used a dataset of over 200 patients, improving algorithm robustness

« Comprehensive evaluation: We examined the entire resection surface instead of limited regions

« Diagnostic performance: In contrast to previous studies, which either only confirmed malignancies using
available H&E sections without assessing diagnostic performance or evaluated it in limited regions, we assess
both sensitivity and specificity of hyperspectral imaging across the entire resection surface to determine the
surgical margin status

These contributions represent a critical step toward the final clinical application, aiming to provide surgeons
with a real-time tool for assessing resection margins during BCS.

Materials and methods

Study design

This study was conducted between 2018 and 2021 at the Netherlands Cancer Institute - Antoni van Leeuwenhoek
Hospital (NKI-AVL). This study is approved by the NKI-AVL Institutional Review Board of the hospital
(protocol code CFMPB545) and adheres to the Declaration of Helsinki. Informed consent was obtained from all
patients and/or their legal guardians in accordance with the Dutch Medical Research Involving Human Subjects
Act (WMO), allowing the use of their tissue samples in this study. In total, a dataset on ex vivo lumpectomy
specimens was collected from 204 female patients with breast cancer who underwent primary breast-conserving
surgery at the Netherlands Cancer Institute-Antoni van Leeuwenhoek hospital. The lumpectomy specimens
of patients who had neoadjuvant therapy were also included. The lumpectomy specimens of the patients
undergoing a reoperation were excluded from this study. Immediately after excision, the lumpectomy specimens
were measured with hyperspectral cameras that were situated within the operating room facility. Following the
optical measurements, the lumpectomy specimens were transported to the pathology department where they
were processed according to standard protocol.
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Hyperspectral camera systems

The lumpectomy specimens were measured using two line-scanning hyperspectral cameras (Specim, Spectral
Imaging Ltd., Oulu, Finland), selected for their high spatial and spectral resolution, which provides detailed
imaging and enhanced tissue type discrimination. The first camera (PFD-CL-65-V10E) features a CMOS sensor
with 1312384 pixels, capturing 384 wavelength bands at 3 nm increments in the visible (VIS) region (400-
1000 nm) with a spatial resolution of 0.16 mm per pixel. The second camera (VLNIR CL-350-N17E) uses an
InGaAs sensor with 320256 pixels, offering 256 wavelength bands at 5 nm increments in the near-infrared
(NIR) region (900-1700 nm) and a spatial resolution of 0.5 mm per pixel. These cameras’ broad wavelength
range, including the NIR spectrum, minimizes the impact of blood/hemoglobin absorption, allowing for more
accurate capture of relevant chromophores. The geometry of the setup of both cameras is similar and consists of
an illumination system with three halogen lights (2900 K) mounted under an angle of 35 degrees, and a scanner
which is used to move the sample under the camera so that it can be imaged per line. In Fig. 1, a representation
of one of the cameras is shown.

Data acquisition and correlation

During the data acquisition, the specimen was considered as a cube with six resection sides and images were
captured of each side, see Fig. 2. To acquire the hyperspectral images, the specimen was placed on a container
tray. This tray, attached reproducibly to the translation frame of each scanner. Using this configuration, each
resection side could be imaged with both cameras sequentially, without manipulating the specimen when
transitioning from one camera to the other. Once imaging of one resection side was completed, the specimen was
manually repositioned to ensure that the next side could be similarly imaged with both cameras in succession.
To reposition the specimen manually, sutures were used that had been strategically positioned on the specimen
during the surgical procedure. Surgeons and pathologists use these sutures as reference markers to determine the
specimen’s orientation within the patient’s body (a single suture indicates the resection side facing the nipple of
the breast whereas double sutures indicate the side oriented toward dorsal, i.e. the patient’s back). Hence, these
sutures could be used to correlate the hyperspectral images of the resection sides with the pathology results.

Data preprocessing

We performed a dark measurement to compensate for the dark current in the hyperspectral imaging systems.
Secondly, we performed reference measurements on Spectralon (SRT-99-100, Labsphere, Northern Sutton, New
Hampshire, USA) for both cameras to compensate for the spectral dependence of lamp output and camera
sensitivity. The raw intensity hyperspectral images were converted into diffuse reflectance images, using the
procedure as explained by Kho et al.*°. To obtain a consistent size and spatial resolution among the hyperspectral
images from the VIS and NIR camera, an affine registration was employed to resize them, yielding images with
a dimension of 320 X 256 pixels corresponding to a spatial resolution of 0.5 mm per pixel. Given that the

wavelength (nm)

Fig. 1. Ilustration of the hyperspectral imaging setup. By capturing images of the lumpectomy specimen (A),
a three-dimensional array of images can be generated across a broad range of the electromagnetic spectrum
(B). Five example images out of the total 528, each captured at a distinct wavelength, provide diverse spatial
information about the specimen (C). Every pixel in the image also contains spectral information, offering
additional details about the tissue’s composition. By considering this information for multiple wavelengths,

a diffuse reflectance spectrum, i.e. an optical fingerprint can be generated for each pixel which enables the
detection of cancer cells.
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Fig. 2. Orientation of the lumpectomy specimen during data acquisition. The specimen is considered as a
cube with six resection sides. To acquire hyperspectral images of the entire resection surface, each side of
the specimen is imaged according to a fixed order (sides 1-6). Surgical sutures, placed during the procedure
to preserve the specimen’s original orientation, serve as reference markers. A single suture indicates the

side facing the nipple, while double sutures indicate the side facing the dorsal (back) of the patient. These
sutures allow for cross-referencing the imaged resection sides with the pathology results. Based on the suture
markings, the specimen was inked and processed in the pathology department, where the surgical margin
status of each side was evaluated by a pathologist.

sensors have a reduced sensitivity for wavelengths at the ends of the spectral range, these were excluded from
the analysis. As a result, hyperspectral images were used with a wavelength range from 450 to 951 nm for the
VIS camera (consisting of 318 wavelength bands) and from 954 to 1650 nm for the NIR camera (comprising
210 wavelength bands). Additionally, a standard normal variate (SNV) normalization was applied per camera
to account for the variability between measurements due to the uneven tissue structure of the lumpectomy
specimen®. The hyperspectral images were also post-processed to exclude pixels corresponding to non-tissue-
related objects, such as the tissue container tray, sutures, skin, and shadow areas. Excluding shadow areas was
important because their reduced illumination affects the measurements and cannot be effectively corrected for
using SNV normalization*®. The post-processing involved setting a local threshold value to identify these pixels
and converting them to black background pixels.

Tissue classification
The lumpectomy dataset was divided at a patient level, with approximately 80% of patients assigned to the
training set and around 20% to the test set while keeping the data of patients in one of the respective sets. The
training set consisted of 332 hyperspectral measurements (i.e. SNV normalized reflectance spectra) from 168
patients that were correlated to ground-truth hematoxylin and eosin-stained (H&E) images from histopathology.
For a precise pixel-level correlation between the hyperspectral measurements and ground-truth labels, black ink
markers were strategically placed at the position of the hyperspectral measurements from which we intended
to extract the tissue labels. These markers were subsequently identifiable on the H&E images, allowing the
corresponding tissue labels (healthy or tumorous) to be accurately retrieved. For further details regarding
the correlation of the hyperspectral measurements with the ground-truth labels, the reader is referred to our
previous research in which we elaborate on the approach®. Per patient, a maximum of three ink markers at one
side of the lumpectomy resection surface was allowed due to regulations within the histopathology workflow.
Consequently, only a limited number of spectra (pixels) from the entire resection surface could be correlated to
the histology ground-truth labels.

A weighted K-Nearest Neighbors (kNN) classification algorithm was developed on the training set to
discriminate healthy from tumor tissue, i.e fat and/or connective tissue from invasive carcinoma (IC) and/or
carcinoma in situ (CIS), respectively. After training the classification algorithm, its performance was evaluated

Scientific Reports |

(2025) 15:9556 | https://doi.org/10.1038/s41598-025-94526-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

using a test set consisting of hyperspectral images obtained from 36 patients. This test set included labels
indicating the margin status for the entire specimen (0: negative margin, 1: positive margin). The hyperspectral
images in the test set covered the entire resection surface of the lumpectomy specimen, reflecting the aim to
comprehensively assess the surgical margins. In total, six images were collected per lumpectomy specimen. To
determine which sides of the imaged resection surface were tumor-positive, surgical sutures were used that
had been positioned on the specimen to preserve its original orientation in the patient’s body, see Section Data
acquisition and correlation and Fig. 2. Based on the sutures, it was known how the specimen would be inked in
the pathology department. The ink was applied to the specimen’s edges, and these inked areas were later used
to match the specimen with the imaged resection sides. This allowed us to align the imaged resection sides with
the corresponding sides evaluated by pathology. After imaging, the specimen was sliced and further processed
at the pathology department according to standard protocol. The obtained H&E images were then evaluated by
a pathologist, who assessed the surgical margins. According to the pathology reports, we were able to determine
which lumpectomy specimens had a positive resection margin and identify the specific locations of these tumor-
positive areas (specimen side).

Performance evaluation
Due to the lack of consensus in international oncology guidelines regarding adequate resection margins,
definitions vary across countries’’. To align more broadly with these guidelines, we opted to incorporate both
Dutch and USA guidelines for evaluating the diagnostic performance of our tissue classification algorithm.
According to the Dutch guidelines, margins are considered tumor-positive when IC and/or CIS are detected on
the inked surface of the lumpectomy specimen, commonly referred to as “tumor on ink””!. The USA guidelines
define a positive margin for CIS if it is within 2 mm of the inked surface’?. For IC, no tumor on ink is deemed
an adequate margin’>. When adhering to the USA guidelines in our evaluation, a positive margin is identified
whenever any lesion is within 2 mm of the inked surface, irrespective of its type. This is because HSI imaging can
detect IC as well as CIS, but is hardly able to differentiate between both*®. Therefore, we trained and tested our
algorithm to detect the presence or absence of any tumor (IC or/and CIS) within the indicated surgical margins.
We evaluated the performance of the developed classification algorithm using the sensitivity, specificity,
accuracy, area under the curve (AUC) and Matthew’s Correlation Coefficient (MCC) as performance metrics®.
The sensitivity, specificity and accuracy were determined based on the optimal cut-off point on the receiver
operating characteristics (ROC) curve. Also, the associated 95% confidence intervals (CI) were calculated using
the Clopper-Pearson interval method”*.

Results

Dataset description

Within this ex vivo study, the lumpectomy specimens of in total 204 female patients were examined. Table 1 gives
details on the characteristics of these patients. The average age was 57 + 11 years (mean + standard deviation
(STD)), with most patients being post-menopausal. The majority had an early TNM stage of 1 (135 patients,
66%) or a precancerous stage of 0, i.e. CIS (37 patients, 18%). Given the American College of Radiology (ACR)
score, the majority of patients had either a scattered fibroglandular (78 patients, 38%) or heterogeneously dense
breast density (82 patients, 40%). Only a minority (38 patients, 19%) underwent neoadjuvant therapy. The
lumpectomy specimens had an average size and mass of respectively 56 + 55 cm? and 26 + 27 g (mean + STD).

The dataset consisted of 168 patients in the training set and 36 patients in the test set. Table 2 presents the
number of tumor-positive margins in the test set. The results are based on oncology guidelines from both the
Netherlands and the USA, defining positive margins as the presence of tumor tissue (including IC and/or CIS)
within a distance of 0 mm and 2 mm from the inked surface, respectively. Additionally, the table provides details
on cancer subvariants. For the 0 mm margin or “tumor on ink” lesions, thirteen patients had a positive resection
margin, representing 36% of cases. Among these patients, there were four doubtful cases of CIS lesions (3 DCIS,
1 LCIS) where the pathologist had uncertainties regarding their radicality. With a 2 mm margin, the number of
positive margins increased to eighteen patients, comprising 50% of the total.

Opverall, the hyperspectral cameras required an average of 7 minutes to capture the entire resection surface
of the lumpectomy specimen per patient. The tissue classification and analysis of the resection sides took on
average less than 3 minutes using a computer workstation with Intel(R) Xeon(R) E-2144G CPU @ 3.60GHz and
16GB of RAM memory.

Classification lumpectomy resection surface

Fig. 3A demonstrates the ROC curves for the KNN classification algorithm, used to evaluate its performance in
discriminating healthy from tumor tissue across the entire resection surface, with margins defined at 0 mm and 2
mm distance. The curves are generated using prediction scores derived from the total number of classified tumor
pixels per patient. Using the optimal cut-off point on the ROC curves, the confusion matrices shown in Fig. 3B
and Fig. 3C are created, illustrating the predicted versus actual number of patients with negative (healthy) or
positive (tumor) margins for the 0 mm and 2 mm, respectively.

For the 0 mm margin, we achieved a sensitivity of 92% (95% CI, 0.64-1.00) and specificity of 78% (95% CI,
0.56-0.93), with an accuracy of 83% (95% CI, 0.67-0.94). The AUC and MCC were 89% and 68%, respectively.
For the 2 mm margin, sensitivity and specificity were 83% (95% CI, 0.59-0.96) and 72% (95% CI, 0.47-0.90),
respectively. The obtained accuracy was 78% (95% CI, 0.61-0.90), with an AUC of 85% and MCC of 56%.

In the remainder of this section, we will elaborate the results through two patient cases in detail. In Figs.
4-5 these examples are presented, showing the lumpectomy specimens from the patients along with their
corresponding classification results. In both figures, the first row indicates the RGB color image of the lumpectomy
resection surface imaged from all six sides (extracted from the hyperspectral data). The lumpectomy specimen
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Characteristic No. of patients (%) | Mean + STD
Age, years 5711
<50 52 (25)

50-59 73 (36)

60-69 45(22)

> 70 34 (17)

TNM staging, pT

0 37 (18)

1 135 (66)

2 30 (15)

3 2(1)

Menopausal stage

Pre 44 (22)

Peri 18 (9)

Post 118 (58)

Unknown 24 (12)

Breast side

Left 100 (49)

Right 104 (51)

Breast density, ACR! score

1 15(7)

2 78 (38)

3 82 (40)

4 24 (12)

Unknown 5(2)

Neoadjuvant therapy?

Chemotherapy 22 (11)

Hormone therapy 14 (7)

Immunotherapy 2(1)

None 166 (81)

Size lumpectomy, cm? 56 + 55
Mass lumpectomy, g 26 +27

Table 1. Patient characteristics ' American college of radiology score; 1 = almost entirely fatty. 2 = scattered
fibroglandular densities. 3 = heterogeneously dense. 4 = extremely dense. 2Only patients with either no or
partial tumor response to neoadjuvant therapy were included.

Margin 0 mm* Margin 2 mm*

No. of patients (%) | Subvariants No. of patients (%) | Subvariants
Cancer type
IC 6(17) 1ILC,5IDC 8(22) 1ILC,7IDC
CIS 7 (19) 6 DCIS, 1 LCIS 8(22) 7 DCIS, 1 LCIS
IC & CIS - - 2(6) 21IDC & DCIS

13 (36) 18 (50)

Table 2. Number of tumor-positive margins in test set. *based on Dutch oncology guidelines. *Based on
USA oncology guidelines. ILC = invasive lobular carcinoma. IDC = invasive ductal carcinoma. DCIS = ductal
carcinoma in situ. LCIS = lobular carcinoma in situ.

is oriented such that the single surgical suture facing the nipple consistently appears at the bottom of all images,
while the double sutures pointing toward the dorsal side are visible in side 3. The second and third row represent
the probability maps generated by the kNN classification algorithm and the corresponding tissue classification
maps, respectively. The probability map illustrates the predicted tumor locations on the lumpectomy resection
side, with blue areas indicating a lower estimated tumor percentage and yellow areas representing a higher tumor
percentage, particularly in regions likely to have a positive margin. The classification map depicts the final tissue
assessment of healthy and tumor tissue per resection side, determined by applying a probability threshold value
of 0.99 for tumor.
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Fig. 3. Classification performance. (A) ROC curves of the classification algorithm to distinguish healthy
tissue from tumor tissue within a margin of 0 (yellow) and 2 mm (blue) from the entire resection surface.
The circular markers indicate the selected cut-off points for which the results are reported. (B-C) Confusion
matrices based on the cut-off points on the ROC curves, showing the predicted and true number of patients
with a negative (healthy) or positive (tumor) margin.

Probability map RGB

Classification

Fig. 4. Patient case 1: Lumpectomy specimen with a tumor-negative resection margin. The specimen was
excised medially in the lower inner quadrant of the right breast. The six resection sides are depicted in the
RGB color images, which are generated from hyperspectral data. The probability and classification map are
the results of the classification algorithm for each side. Areas with a higher tumor probability are visualized in
yellow while the final classification for tumor tissue is highlighted in red.
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Fig. 5. Patient case 2: Lumpectomy specimen with a tumor-positive resection margin. The specimen was
excised laterally in the lower outer quadrant of the left breast. The six resection sides are depicted in the RGB
color images, which are generated from hyperspectral data. The probability and classification map are the
results of the classification algorithm for each side. Areas with a higher tumor probability are visualized in
yellow while the final classification for tumor tissue is highlighted in red.

Fig. 4 depicts an IC case (i.e. IDC) of a patient with a tumor-negative resection margin (at least 3 mm toward
dorsal) as determined by histology results. The specimen was excised medially in the lower inner quadrant of the
right breast. The probability maps reveal minimal areas with a high tumor percentage, and the corresponding
classification maps also appear entirely green across all resection sides. This indicates a lumpectomy resection
surface with clear margins for both 0 and 2 mm, confirming the pathology outcomes.

Fig. 5 represents a patient case with a tumor-positive resection margin. The lumpectomy specimen is excised
from the lower outer (lateral) quadrant of the left breast. Histology results revealed a CIS (i.e. DCIS) lesion on
the inked surface, at the dorsal and craniolateral sides corresponding to respectively sides 3 and 4 in the images.
The classification maps highlight the lesion in red on the resection sides, aligning with the pathology findings.
In side 6, the lesion is visible at the top left of the lumpectomy surface, indicating its presence at the craniolateral
side from a different (nipple side) perspective. Additionally, it can be noticed that sutures and shadow areas are
correctly identified and converted to black background pixels.

Discussion

In the past few years, there has been a significant improvement in the prognosis of breast cancer due to
advancements in early diagnostics and effective treatment methods including BCS. A positive patient outcome
after BCS depends on the real-time assessment of the lumpectomy’s resection surface during surgery but despite
the critical need for an adequate intraoperative margin assessment technique, surgeons still have to rely on the
time-consuming gold standard of histopathology. Consequently, the challenge of inadequate surgical margins
persists, necessitating additional treatment for residual tumors to reduce the risk of local recurrence. In this
study, we have employed HSI as a margin assessment technique to distinguish between healthy and tumor tissue
on the resection surface of lumpectomy specimens, aiming to overcome this clinical need. With the encouraging
results of this study we have successfully demonstrated that by applying HSI with our developed classification
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algorithm, the entire lumpectomy’s resection surface following BCS can be assessed within a short timeframe
of 10 minutes with a high diagnostic performance. Thereby we have made a major step toward the clinical
implementation of HSI in the surgical workflow.

We achieved a sensitivity of 92% for identifying patients with a tumor-positive resection margin at the 0 mm
margin distance. This indicates that we accurately identified nearly all patients in our test set with a tumor-positive
tissue label, with only one patient missed. At the 2 mm margin distance, our sensitivity was 83%, indicating three
missed patients. Upon closer examination of these false-negative cases (including the patient missed at the 0
mm margin), histopathology revealed that the missed tumors either consisted solely of residual tumor isles
or were smaller than 2 mm in width. These findings are consistent with previous results that indicate reduced
classification accuracy of HSI for tumors smaller than 3 x 3 mm*. According to Dutch oncology guidelines, these
cases would not necessitate re-excision since the requirement is a minimal width of 4 mm’!. Instead, further
treatment options such as adjuvant radiotherapy would be considered for the patient. Irrespective of the tumor
size, to ensure the identification of all patients with a positive margin in an intraoperative setting, adjustments
to the ROC curve’s cut-off point can be made (Fig. 3A). For instance, increasing sensitivity to 94% on the ROC
at the 2 mm margin may decrease specificity to 61%. This adjustment improves tumor detection rates but also
increases the likelihood of classifying healthy tissue as suspicious, potentially leading to unnecessary excision
of healthy tissue. However, even with the excision of some extra tissue, it remains preferable to avoid a positive
margin.

In this study, we have treated the lumpectomy specimen as a cube with six distinct resection sides to ensure
consistent and reproducible data acquisition and analysis. However, in practice, the specimen tends to have a
more spherical shape lacking clearly defined corners, despite the distinct depiction of corners in hyperspectral
images. This discrepancy can lead to inaccuracies in correlating with pathology reports, particularly when
identifying a positive margin at image transitions. The tissue’s surface inclination may result in shadow areas
that affect reflectance spectra, requiring their exclusion from the analysis*®. Additionally, the tissue may overlap
in the images. Consequently, determining which hyperspectral images align with this tumor-positive tissue label
can be challenging. Since the accuracy of the correlation between ground-truth labels and images plays a major
role in the performance of the classification algorithm, we addressed this in the test set by assigning for each
patient with a positive margin, tumor-positive labels to the entire lumpectomy specimen rather than individually
for each imaged side of the specimen.

Surgical sutures on the lumpectomy specimen enable pathologists and histopathologists to determine
its original position in the patients body. This allows for routine processing and examination according to
standard histopathological procedure. Furthermore, the sutures facilitate a systematic data acquisition with HSI
by indicating the anatomical side of the specimen in each image (Fig. 2). This systematic approach enabled
us to verify whether the classified tumor lesions accurately matched their positions on the resection surface,
as indicated by pathology reports. In all cases, the lesion positions were confirmed. This indicates that if HSI
would be employed during surgery, it could reveal the location of the positive margin, enabling the surgeon
to identify the areas where additional resection is needed. An alternative method for confirming tumor lesion
positions would involve placing ink markers for precise localization on the H&E images. However, during the
data acquisition phase, the classification algorithm was not yet developed, preventing us from employing this
method. Nevertheless, this approach has limitations, as the routine histopathology workflow allows for only a
few ink mark locations to be investigated, thereby not covering the entire resection surface.

Our classification algorithm was developed to differentiate between healthy and tumor tissue on the resection
surface, without distinguishing between IC, CIS, or their subvariants. While the primary goal is to detect positive
resection margins, differentiating between cancer and precursor variants can be helpful in deciding when re-
excision is necessary. However, there is currently no international consensus on the definitions of positive
margins and re-excisions. Oncology guidelines, which specify which cancer (sub)variants are considered tumor-
positive and require re-excision, can vary from country to country. In our study, we therefore aimed to align
more broadly with guidelines by adhering as closely as possible to both Dutch and USA oncology standards.
Nevertheless, it is important to note that prior to surgery, information about the cancer type, size, and grade is
often available from pathology biopsies and/or preoperative medical imaging. This information can be used in
the decision-making process to perform a re-excision when a lesion is classified as tumor-positive.

Numerous studies have previously explored the potential of HSI as a technique for assessing resection
margins in cancer surgery*?~%. While these studies have shown promising results, bridging the gap between
their current stage and the ultimate goal of clinical implementation remains challenging. Many of these studies
were in their early research phases and conducted under controlled conditions that may not accurately represent
real surgical environments. The difficulty of conducting research within surgical settings contributes to a scarcity
of clinically labeled datasets. In our study, we have demonstrated the efficacy of hyperspectral imaging in quickly
evaluating the entire resection surface of ex vivo lumpectomy specimens. As such, this study represents the first
of its kind in this regard, aiming to advance the application of HSI for margin assessment with the ultimate
objective of achieving clinical implementation.

Compared to other technologies, hyperspectral imaging provides a fast, automated, and non-contact solution
for intraoperative margin assessment. Unlike Raman spectroscopy or fluorescence imaging, which rely on
contrast agents or complex spectral interpretation, HSI offers label-free imaging while capturing detailed spectral
data from the entire tissue surface. Furthermore, our approach enables real-time full-margin evaluation, making
it significantly faster than traditional histopathology and frozen section analysis, which can take anywhere from
30 minutes to several days while assessing only limited portions of the margin.

In summary, we have shown that combining hyperspectral imaging with our classification algorithm achieves
high diagnostic performance, effectively distinguishing between healthy and tumor tissue within the resection
margins of lumpectomy specimens. This achievement represents a major advancement toward providing real-
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time feedback to surgeons during breast-conserving surgery in order to improve the accuracy of surgical margin
assessment, particularly in complex cases where precise tumor identification is challenging. This advancement
is important for better patient outcomes and reducing the burden of additional treatments for residual tumors.

For successful integration into the surgical workflow, it is essential to ensure that the classification algorithm
is both robust and adaptable across different clinical conditions. By training the algorithm on data obtained
directly from the original resection surface of lumpectomy specimens, we ensured that it was exposed to
unprocessed tissue with a consistent surface structure. Although the data was collected ex vivo, measurements
were performed immediately after surgery to minimize the effects of tissue degradation. Moreover, a previous
study reported no significant differences in optical properties between ex vivo and in vivo tissue data, implying
that the algorithm may be applicable in both settings’>. However, further investigation is necessary to confirm
these findings and evaluate potential variability across different clinical conditions. To further enhance real-time
applicability, future efforts could focus on the development of more compact camera setups, such as dedicated
snapshot hyperspectral cameras, for close proximity to the patient. Currently, commercial models offer faster
data capture than current line-scanning models, with speeds exceeding 20 fps, making real-time feedback
on in vivo tissue during breast-conserving surgery possible. However, their limited number of wavelengths
presents a challenge. Before HSI can be fully implemented in clinical practice, further investigation is needed to
understand how the reduced wavelength range impacts classification performance compared to broader spectral
data. Addressing this is crucial for ensuring the feasibility and accuracy of real-time surgical margin assessment.

Beyond technical considerations, the successful adoption of HSI in surgery will depend on cost-effectiveness,
accessibility, and surgeon training. Initial system costs and the need for specialized training could pose barriers
to widespread adoption. Therefore, further studies should focus on evaluating the cost-benefit ratio of HSI in
reducing re-excision rates and improving surgical outcomes. Additionally, user training programs and simplified
interfaces will be crucial to ensure that surgeons and operating room staff can efficiently integrate HSI into their
workflow. By addressing these challenges and leveraging ongoing advancements in HSI technology, this imaging
modality has the potential to become a practical and valuable tool for intraoperative decision-making in breast-
conserving surgery and beyond.

Data availability
The datasets generated during and/or analysed during the current study are not publicly available due to privacy
or ethical restrictions but are available from the corresponding author on reasonable request.
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