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Positive surgical margins in breast-conserving surgery (BCS) for breast cancer occur in 20% of cases,
making intraoperative margin assessment (IMA) crucial to avoid re-operations. This study evaluated
specimen PET-CT imaging for IMA in 41 patients undergoing BCS. Specimen PET-CT imaging was
performed with the B-CUBE/X-CUBE (MOLECUBES) or the AURA 10 (XEOS). Seven physicians, with
varying experience, assessed margin status postoperatively as positive, close (<1 mm), or negative
using PET-CT images at 10 min acquisition time and low reconstructed ['®FIFDG dose (0.8MBa/kg).
Close margins on PET-CT were analyzed once as positive and once as negative. Histopathology was
the gold standard. The proposed technique showed 91% sensitivity and 86% specificity for invasive
ductal carcinoma (IDC). Histopathology identified 9 positive margins in 31 IDC cases; 88% were
detected by all physicians on specimen PET-CT whereas standard of care identified 44%. Therefore,
specimen PET-CT will improve IMA in BCS and potentially reduce re-operation rates. The trial is
registered since 20/01/2020 on ClinicalTrials.gov (ID: NCT04343079) with the title: “Intra-operative
PET-CT: a Novel Approach to Determine Excision Margins in Lumpectomy Breast Cancer”.

The standard treatment for early-stage breast cancer (BC) typically involves
breast-conserving surgery (BCS) and a sentinel node procedure followed by
radiation therapy. This approach offers better cosmetic outcomes, improved
quality of life, and comparable survival rates (both overall survival and
disease-free survival) compared to total mastectomy'~. However, local
recurrence (LR) rates after BCS range from 3.5% to 6.5% after 10 years®. The
most significant risk factor for LR is a positive resection margin">°, as LR
usually occurs at the previous excision site and shares the same histology as
the primary tumor’. According to recent ESMO guidelines®, positive mar-
gins are defined as ink on tumor for invasive cancers or a tumor-free margin
of <2 mm for ductal carcinoma in situ (DCIS).

Even in experienced hands, positive excision margins for invasive BC
are found in approximately 20% (9% to 36%) of BCS cases at international

breast care units’, and are associated with significantly higher LR rates, i.e.,
27% for positive margins versus 7% for negative margins'’. Consequently, a
re-operation is recommended when tumor free margins are not achieved.
Until now, literature still reports a high re-operation rate of 14%'". Re-
operations have been associated with higher risk of surgical complications,
poorer cosmetic outcomes, delay in the administration of adjuvant therapy,
and increased psychological and economic burdens for patients and
society'>".

To avoid re-operations due to positive margins, a rapid and reliable
method for intraoperative margin assessment (IMA) is needed. Tradition-
ally, specimen radiography for non-palpable masses is used as the standard
of care (SOC) IMA method but other techniques have been reported,
including frozen section, intraoperative ultrasound, and micro-CT. The
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performance of these methods has been reviewed in recent meta-
analyses'*"”. However, no current method offers high diagnostic perfor-
mance in combination with minimal disruption to the surgical workflow.

Here, we used a novel IMA technique: high-resolution Positron
Emission Tomography - Computed Tomography (PET-CT) specimen
imaging with the use of "*F-fluoro-deoxyglucose (["*F]JFDG). This method
combines the high sensitivity of PET for detecting metabolically active
tumor tissue and the precise anatomical delineation of CT. This clinical
open-label, prospective single-arm study builds on a pilot study that
explored the feasibility of this new IMA technique'. In the pilot study
(n=20), images were analyzed by three physicians and compared to final
histopathology, which is considered the gold standard.

The primary aim of this study is to (1) assess the diagnostic perfor-
mance of specimen PET-CT as an IMA technique by comparing it to final
histopathology in the largest patient cohort until now, involving multiple
evaluating physicians. Additionally, the study aims to (2) determine its
clinical value by comparing it to the SOC (i.e., specimen radiography for
non-palpable specimens) and other established IMA methods. Further
analyses examine the influence of physician experience and confidence
levels. In short, the objective is to demonstrate the diagnostic performance
and clinical value of specimen PET-CT, providing a foundation for further
research that could support its clinical implementation.

Results

Descriptives

Between June 2017 and December 2022, 49 patients were enrolled in this
study, for which 41 cases were analyzed. A detailed overview of the 8 cases
that were unsuitable for interpretation, e.g., no tumor present in specimen
after NACT (neoadjuvant chemotherapy), can be found in the supple-
mentary Table 1. An inclusion stop was seen during the covid pandemic.
The following patients were included: 31 patients with IDC (with or without
DCIS), 2 patients with DCIS-only, 6 patients with ILC (with or without
lobular carcinoma in situ (LCIS)), and 2 patients who had undergone NACT
(both also IDC cases). Patient and tumor characteristics are detailed in Table
1. In 25 patients, the tumor was not palpable thus a guidewire was placed and
specimen radiography was performed as part of SOC.

Image quality

A region of high ['*F]FDG uptake was visualized in every resected specimen
across all anatomical planes, in correlation with the histopathology findings,
for all types of tumor. An example of the specimen PET-CT images is shown
in Fig. 1 for an IDC case and Fig. 2 for an DCIS case. Visual comparison of
the PET-CT images corresponding to the received dose (4 MBq/kg for
n =40 patients) and to the reconstructed dose of 0.8 MBq/kg with 10 min
acquisition time, showed similar uptake patterns (see Supplementary Fig. 1).
Therefore, all images were interpreted by the physicians at this low dose and
short acquisition time. Both scanners (MOLECUBES and AURA10), dif-
fering mainly in usability, offered again similar image quality (which was
already established in the pilot study), thus images from both scanners were
used for the same analysis.

The mean time between [“F]FDG injection and PET-CT image
acquisition was 185 minutes (range: 47-351 min) and the mean injected
dose was 288 MBq (range: 58-417 MBq). For uniformity and to mimic the
intraoperative settings, the radioactivity of the excised specimen was
recalculated at the mean time of PET acquisition, ie., 185min post-
injection. The median radioactivity at 185 min post-injection was 75.5 kBq
for a 4 MBq/kg dose and 15.1 kBq for a 0.8 MBq/kg dose (median was used
due to outlier behavior). For an overview, see Supplementary Table 2.

Margin analysis

The mean sensitivity and specificity, categorized by level of experience and
type of BC, are presented in Table 2. In the IDC group (n =31), a mean
overall sensitivity of 75% and specificity of 94% were observed when
close =neg. More importantly, these values altered to 91% and 86%
respectively, when close = pos. Within the IDC group, specificity decreased

Table 1 | Overview of patient and tumor characteristics

Category Subcategory Patients (n =41)

Age mean [min- 60 [38-81]

max] (years)

Length mean [min- 164,1 [150-178]

max] (cm)

Weight (mean [min- 70,8 (563-103)

max]) (kg)

Clinical stage (n (%)) Tis 2 (5%)
T1a (<5 mm) 2 (5%)
T1b (<10 mm) 10 (24%)
T1c (<20 mm) 19 (46%)
T2 (<50 mm) 8 (20%)
NO 34 (83%)
N1a 5 (12%)
N2a 2 (5%)

Tumor Histology (n (%)) IDC 31 (75%)
ILC 6 (15%)
DCIS 2 (5%)
NACT 2 (5%)

Nothingham Grade (n (%)) 1 9 (22%)
2 20 (48%)
3 11 (27%)
N/A 13%)

Estrogen receptor (n (%)) Negative 3 (7%)
Positive 37 (90%)
N/A 13%)

Progesterone receptor Negative 9 (22%)

(0 (%)) Positive 31 (75%)
N/A 13%)

HER2 amplification (n (%)) Negative 31 (75%)
Positive 6 (15%)
N/A 4 (10%)

Ki-67 classification (n (%)) High (> 15%) 17 (41%)
Medium (10-15%) 7 (17%)
low (< 10%) 15 (37%)
N/A 2 (5%)

Tumors were divided into four groups: IDC invasive ductal carcinoma, ILC invasive lobular
carcinoma, DCIS ductal carcinoma in-situ only, and NACT neoadjuvant chemotherapy. N/A stands
for not available.

limited across all levels of experience, while sensitivity increased when
shifting from close = neg to close = pos ie., from 74% to 89% for the
experienced group, from 70% to 92% for the limited experience group, and
was 89% for both scenarios in the no experience group. This trend holds
across all levels of experience and types of BC, except in the DCIS group,
where specificity remained constant. Important to note is the small sample
size for other tumor types. DCIS only cases (n =2) showed a very high
sensitivity and specificity of 100% (if close = pos), whereas patients with ILC
(n=6)and NACT (n = 2) showed lower sensitivity (50% and 43% resp.) and
specificity (54% and 43% resp.). Comparing experience levels in the IDC
(close = pos) group, sensitivity differed by just 3%, and specificity varied by
14%, see Table 2.

IDC cases

Positive margins of IDC on histopathology were observed in 29% (9/31) of
cases, as shown in Table 3. In this study, specimen PET-CT was performed
intraoperatively and retrospectively analyzed. Had PET-CT results been

npj Breast Cancer| (2025)11:101


www.nature.com/npjbcancer

https://doi.org/10.1038/s41523-025-00818-8 Article

Fig. 1 | Example of a specimen PET-CT and CT transverse coronal sagittal
only image in an IDC case. The window is set to
80%. Final histopathology showed a 2 mm posterior
positive margin. All seven physicians assessed these
margins as positive (post-operatively). Re-operation
was needed. Surgical orientation is shown for each
plane (i.e., transverse, coronal, and sagittal): “ant” is
anterior, “pos” is posterior, “inf” is inferior, “sup” is
superior, “lat” is lateral, “med” is medial.

Fig. 2 I Example of a specimen PET-CT and CT transverse coronal Sagitta|
only image in a DCIS case. The window is set
relative to 50%. The guide wire is visible as well. Final
histopathology showed a medial positive margin. All
seven physicians assessed the image as positive
(post-operatively).

Table 2 | Overview of calculated sensitivity and specificity percentages

Assessor group Close margin classification IDC (n=31) ILC (n=6) DCIS (n=2) NACT (n=2)
sens spec sens spec sens spec sens spec
OVERALL close = neg 75 94 50 86 86 100 29 71
close = pos 91 86 50 54 100 100 43 43
Experienced (n = 3) close = neg 74 95 50 83 66 100 0 100
close = pos 89 91 50 58 100 100 33 33
Limited experience (n = 3) close = neg 70 95 50 92 100 100 33 66
close = pos 92 85 50 58 100 100 33 66
No experience (n =1) close = neg 89 86 50 75 100 100 100 0
close = pos 89 77 50 25 100 100 100 0

Calculated for all groups (IDC, ILC, DCIS only and NACT), by level of experience (experienced, limited experience and no experience) and by analyzing the “close margins” once as a positive margin (close =
pos) and once as a negative margin (close = neg). The overall sensitivity (sens) and specificity (spec) percentages were given as well. The experienced group consisted of two nuclearist and one radiologist.
The limited experience group of three breast surgeons and the one identified as “no experience”, was a resident in gynecology.
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Table 3 | Overview of IDC cases (n = 31)

Positive margins

Histopathology (gold standard)

Specimen PET-CT
when all physicians (7/7) would perform a cavity shave

9/31 (29%)
8/9 (89%)

Compared with no IMA technique NNT of 4 (26%, ARR

8/31)

NNT of 8 (13%, ARR
4/31)

Compared with SOC

Interventions (in case of positive margins)

Direct cavity shave (SOC) 3/9 (33%) 2 seen on PET-CT
Re-operation not possible (skin) 1/9 (11%) all seen on PET-CT
Re-operation needed 5/9 (55%) all seen on PET-CT

The absolute risk reduction (ARR) and the number needed to treat (NNT) of the specimen PET-CT as
IMA technique was calculated, once in comparison with no intervention, and once in comparison
with SOC. The interventions that were done in case of positive margins, were described

available in real-time for surgical decision-making, they could have sup-
ported cavity shave recommendations in 8 of these 9 positive margin cases,
potentially reducing the positive margins to just 1 in 31. The one margin not
detected on PET-CT, had a cavity shave according to SOC. This represents
an absolute risk reduction (ARR) of 0.26 (8/31) when comparing PET-CT to
no IMA technique, resulting in a Number Needed to Treat (NNT) of 4.
When comparing PET-CT to the SOC (specimen radiography with a guide
wire for non-palpable lesions), specimen PET-CT again showed advantages:
the ARR was 0.13 (4/31, as 5 of 31 positive margins were missed with SOC,
compared to 1 of 31 with PET-CT), yielding a NNT of 8. Out of 9 patients
with positive margins, 3 received an immediate cavity shave based on spe-
cimen radiography (SOC). In one case, re-operation was not possible since
the positive margin was located at the skin side. Consequently, 5/9 (55%)
patients still required a re-operation under standard care. Importantly, all
seven physicians recommended a cavity shave supported by the specimen
PET-CT images, in all 5 cases. Over a mean follow-up period of 49 months
(19-79 months), one recurrence in the IDC group was seen (1/31 or 3%).

Confidence level

Confidence levels were analyzed across various parameters, with detailed
findings presented in Supplementary Table 3. Notably, the average rate of
confident interpretations for IDC cases was 76%. Furthermore, when sur-
geons interpreted the images as close, this was generally associated with a
low confidence level, i.e., 19% confident, 57% limited confident, and 24% not
confident. In these ‘close’ cases, cavity shaves were suggested by the surgeons
in the majority (80%) of instances.

Discussion
This study evaluated the diagnostic performance and clinical value of spe-
cimen PET-CT imaging for IMA in patients undergoing BCS.

With a sensitivity of 91% and a specificity of 86%, specimen PET-CT
accurately defined the margins in IDC tumors, the most common form of BC,
representing 75.2% of all BC cases in Belgium"”. Additionally, the sensitivity
improved when close = pos, indicating an increased detection of true positive
margins (positive margins that would be missed otherwise), thereby reducing
the need for re-operation by enabling immediate cavity shaving. Encoura-
gingly, specificity decreased only limited when close = pos, suggesting
minimal additional false positives thus minimal excessive tissue removal,
maintaining comparable cosmetic outcomes. This implies that identifying a
close margin on specimen PET-CT as positive is advantageous: performing a
cavity shave in these cases could prevent re-operation without compromising
cosmetic results. Importantly, for these close margins, most surgeons opted
for a cavity shave, likely due to the belief that avoiding re-operation outweighs
removing extra tissue. Unfortunately, due to the low number of patients in
other subgroups (ILC, DCIS, and NACT), interpreting these results is

challenging, and no definitive conclusions can be made. Nevertheless, the
promising sensitivity and specificity of 100% in DCIS (1 = 2) cases, suggests
its diagnostic performance in this subgroup as well.

The detailed analysis of the positive margins seen in the IDC cases,
highlights the clinical value of specimen PET-CT imaging: out of 31 IDC
cases, 9 had positive margins on final histopathology. With specimen PET-
CT guidance, surgeons recommended cavity shaves in 8 of these 9 cases,
resulting in a very low NNT of 4. This means that scanning 4 patients with
specimen PET-CT and performing a cavity shave when indicated, could
prevent one positive margin on final histopathology and thus avoid one re-
operation. When comparing specimen PET-CT to the SOC (specimen
radiography with a guide wire for non-palpable lesions), also alow NNT of 8
was found. This indicates that for every 8 patients scanned with specimen
PET-CT, one positive margin (and potentially a re-operation) could be
avoided compared to SOC. These findings show the clinical value of PET-
CT in reducing positive margins and support further research to explore its
broader use in BCS. Most importantly, in all 5 cases that needed a re-
operation, all seven physicians recommended a cavity shave supported by
the specimen PET-CT images. If this device was used intra-operatively, all
re-operations could have been avoided.

The safety and minimal workflow interruption of this technique are
supported by the clear visualization of high [18 FJFDG uptake in every
resected specimen, even with a 10-minute acquisition time and a recon-
structed dose as low as 0.8 MBq/kg. Since the sentinel lymph node (SLN)
procedure can be performed during this 10-min scanning time, there is
almost no interruption in the surgical flow. Second, the median activity for
this 0.8 MBq/kg dose was only 15.1kBgq, indicating limited radiation
exposure for the surgical team and histopathologist. Rep et al."® showed that
even with a specimen activity of 333kBq (i.e, 5 uSv/h at 10 cm of the
specimen), the dose rate was below the IEC safety performance standard.
Additionally, a recent study by Lambert et al. investigated the practical
aspects of implementing a safe workflow for intraoperative PET-CT
imaging". The authors monitored radiation dose rates around the patient
throughout the procedure and recorded absorbed doses for all involved
personnel, including surgeons and instrumenting nurses. With a normal-
ized injected activity of 1 MBq/kg, the estimated median absorbed dose per
procedure was 15.6 uSv for surgeons and 14.1 pSv for instrumenting nurses.
The study concluded that the 1 MBq/kg dose level provided high-quality
imaging while enabling a safe and feasible clinical implementation.
Although some radiation exposure is inherent to the procedure, reducing
the injected dose to 0.8 MBq/kg—which is approximately one-fifth of a
standard whole-body PET-CT dose—further minimizes exposure, keeping
it within safe limits. Consequently, this method is safe and no changes to the
standard workflow, such as use of lead containers, are necessary. Third,
comparison of physician experience levels in the IDC group (close = pos)
revealed only a 3% difference in sensitivity, suggesting that even inexper-
ienced physicians can achieve high diagnostic performance after inter-
pretation training. This indicates the ease of implementation for the
interpretation flowchart. Additionally, the confident level for IDC cases was
consistently around 76%, reflecting both the clarity of PET-CT images and
the effectiveness of the interpretation guidelines. However, confidence levels
for DCIS, ILC, and NACT cases were lower, indicating that the guidelines
may need adaptation for these subtypes, though the small sample size limits
definitive conclusions. In summary, this technique is safe, straightforward to
implement, and minimally disruptive to the surgical workflow.

Recent large-scale systematic reviews highlight the sensitivity and
specificity of other IMA techniques: ultrasound (72% and 78%), frozen
section (81% and 97%), and specimen radiography (52% and 77%)">"".
Although frozen section has traditionally been the IMA gold standard, its
use is limited in many hospitals due to many challenges: it requires a
pathologist on standby, allows only spot checks, involves complex transport
logistics, and averages 24.7 minutes (range 10-50 min), causing workflow
delays. Additionally, it can damage specimen margins, interfering with final
histopathology”**'. Frozen section re-operation rates are 5.9% (range:
0-23.9%), with a local recurrence (LR) rate of 4.2% over 12-62 months of
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follow-up”, making it the benchmark for less disruptive IMA techniques.
Ultrasound, identified as the most accurate method by Manhoobi et al.” is
often impractical because it requires an in-room breast radiologist, inter-
rupting workflow and adding resource demands. It is also operator-
dependent, less effective for DCIS detection, and susceptible to the “pancake
phenomenon,” which can lead to false positives”. Consequently, it falls
short as a reliable alternative to frozen section'”. Other techniques discussed
in Armani et al., are promising but not yet clinically practical or proven to
reduce re-operation rates. These include optical coherence tomography,
ClearEdge, MarginProbe, micro-CT, imprint cytology, fluorescent imaging
(LUMO15), and cavity margins™. Integration of artificial intelligence, such
as CAMELYONI6 for pathology, shows potential but requires further
validation®. In short, according to literature, no current IMA technique can
provide diagnostic performance together with a minimal interruption of the
surgical flow. For this reason, the relatively high sensitivity and specificity of
specimen PET-CT (91% and 86% for IDC), its clinical value and its minimal
interruption in the surgical flow, shows the potential of this new technique
to become a new SOC IMA method.

The primary challenge identified in this study is the accurate margin
assessment for DCIS, ILC, and NACT cases, where the limited patient
numbers hinder robust conclusions. Additionally, different uptake patterns
in DCIS, ILC, and NACT cases imply the need for an adapted window
setting, and so suggest adjustments to the interpretation flow. Here, only the
invasive tumor mass was analyzed in both IDC and ILC cases, leaving any
in-situ components unassessed. Therefore, future research should focus on
training physicians to assess these in-situ components within invasive
carcinomas as well.

Another challenge is the potential interference of [18 FIFDG activity
with SLN localization using the gamma probe to detect [99mTc]Tc-
nanocolloid. Improved results were observed with the 1-day protocol and
use of patent blue. Future studies might also benefit from adjusting
gamma probe settings to mitigate this issue. Although radiation exposure
to staff and patients is limited (only 1/5 of a full body PET-CT dose is
used), other IMA techniques, such as frozen section, offer zero or sig-
nificantly lower radiation exposure. Device cost is another consideration,
its justification hinges on cost-effectiveness analysis and prevention of re-
operations.

Important to note is that the potential of specimen PET-CT imaging
extends beyond BC, with promising results observed in head-and-neck
cancer”, prostate cancer”’, thyroid cancer” and more. Therefore, this
multidisciplinary view can change the cost-effectiveness analysis drastically.
In these studies, the use of different tracers, such as [18 FJPSMA and [68Ga]
PSMA for specimen PET-CT imaging in prostate cancer, and [18 F]Choline
for parathyroid imaging was demonstrated'®””. For breast cancer, the
emergence of novel PET tracers may offer added value in future research. As
estrogen receptor (ER)-positive breast cancer is the most prevalent subtype,
[18 F]FES PET imaging—which allows visualization and quantification of
ER expression across all tumor sites—presents a promising avenue for
future studies™.

In conclusion, the findings of this study are promising, indicating that
this novel IMA technique achieves high diagnostic performance in margin
assessment and offers valuable support for BCS. To confirm these findings, a
multicentric study (BrIMA) with a larger patient cohort for all subtypes, is
ongoing.

Methods

Ethics and patient information

The study was conducted in compliance with local and national regulations
and in accordance with the Declaration of Helsinki and the International
Council for Harmonisation Guidelines for Good Clinical Practice. The
study protocol and amendments were approved by an independent ethics
committee or review board at the participating institution (Ghent Uni-
versity Hospital Ethics Committee, identifier EC/2017/0200); all patients
provided written informed consent. The trial is registered since 20/01/2020
on ClinicalTrials.gov (ID: NCT04343079) with the title: “Intra-operative

PET-CT: a Novel Approach to Determine Excision Margins in Lumpect-
omy Breast Cancer”.

Eligible participants were females aged 18 years or older, diagnosed
with early-stage invasive BC (T1-2, NO-1, ductal or lobular), and scheduled
for BCS. Exclusion criteria included pregnancy or lactation, diabetes,
inflammatory BC, prior surgical treatment or radiotherapy of the affected
breast, logistical infeasibility, i.e, appointment at the nuclear medicine
department for radiotracer injection that would result in an unacceptable
delay of surgery, and participation in other clinical trials. For an overview of
these inclusion and exclusion criteria see Supplementary Table 4.

Surgical procedure with specimen PET-CT imaging

On the day of surgery, 40 patients received an intravenous administration of
4 MBq/kg of ["*F]FDG, whereas only one patient received an intravenous
administration of 0.8 MBq/kg of ["*FIFDG. Those scheduled for SLN were
given a single subcutaneous injection of 148 MBq of [*"Tc]Tc-nanocolloid
around the tumor, as part of the standard treatment. In case of non-palpable
masses, a guide wire placement was done preoperatively.

Subsequently, BCS was performed. After excision, the radio-
activity level of each specimen (in kBq) was measured with a VDC-404
dose calibrator (Veenstra Instruments, Joure, the Netherlands). Next, a
high-resolution specimen PET-CT scan was performed. At the start of
the study, only the preclinical MOLECUBES scanners (MOLECUBES,
Ghent, Belgium) situated at the radiology department, were available
(n=35). A CT scan (X-CUBE) of approximately 3 min was performed,
followed by a PET scan (8-CUBE) with an acquisition time between 20
(n=1), 30 (n=26), and 40 (n = 8) min. Later, the AURA 10 (XEOS,
Ghent, Belgium) was used (n = 6), i.e., a mobile and compact PET-CT
device designed specifically for intraoperative use with a scan time of
around 10 min for PET and 1min for CT. All images were recon-
structed postoperatively to emulate an acquisition time of 10 min and a
low [18 FJFDG dose of 0.8 MBq/kg. This approach aimed to increase
uniformity across the different acquisition parameters and to stimulate
a potential future clinical protocol involving shorter PET acquisition
time and lower radiotracer dose. The decision to reconstruct the
images at a dose of 0.8 MBq/kg, was based on the results of Goker
et al.', which showed adequate image quality at this reconstruction
parameter. Other reconstruction parameters are detailed in Supple-
mentary Table 5.

During the specimen PET-CT imaging, the SLN procedure was con-
ducted using a Neoprobe 2000 Gamma Detection System with an NPB14A
14 mm Bluetooth probe (Neoprobe Corporation, Dublin, OH). Throughout
the study, interference with ["*F]JFDG activity was seen. The first twenty
patients were injected with [**Tc] Tc-nanocolloid the day before the surgery
(2-day protocol), leading to a higher overall signal at the time of surgery and
the need for a periareolar subdermal injection of 2 ml Patent Blue (V sodium
salt injection. Guerbet, Gorinchem, the Netherlands) to correctly locate the
sentinel node. The remaining twenty-one patients were injected the same
day of the surgery (1-day protocol) giving a better signal thus no Patent Blue
was needed.

In this study, the PET-CT images were not assessed intraopera-
tively. After imaging of the tumor specimen by the PET-CT, it was
brought either first to the radiology department to perform a specimen
radiography (in case of a guide wire localization), or directly to the
histopathology department. At the histopathology department, the
tumor margins were assessed following ASCO/CAP protocols™.
Tumor size and resection margin status were microscopically mea-
sured. For each lamella of the resected specimen, presence or absence of
in situ and/or invasive carcinoma was analyzed, along with its relation
to the inked surgical resection margins. Final histopathology served as
the gold standard for comparing the PET-CT results.

Image assessment
The PET-CT images were interpreted postoperatively by seven phy-
sicians, who were blinded to the patient and the histopathological
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Interpretation flow specimen PET-CT image

evaluate the main lump (high FDG uptake) on the PET-CT images

/\

no FDG uptake at the tissue border

negative margin

hypodense (i.e. darker grey) rim of
tissue at tissue border

Important:
+  Evaluate margins on 2D sections in all three anatomical planes.

*  Check whether FDG uptake at the tissue border is caused by
inflammation around the wire.

« Consider to manually adjust the PET window by lowering the max.
threshold in case of less FDG-avid breast tumors (e.g. ILC, DCIS)

negative margin

FDG uptake at the tissue border

hide PET image (CT only)

R

7

hyperdense (i.e. lighter grey) tissue
at tissue border
(s 1mm free distance)

hyperdense (i.e. lighter grey) tissue
at tissue border
(no free distance)

positive margin

close margin

Fig. 3 | Interpretation workflow. Visualization of the interpretation workflow. In this study, margins were evaluated as negative, (>1 mm margin free of tumor), close

(<1 mm margin free of tumor), or positive (tumor seen on the specimen margins).

results. All physicians underwent interpretation training, which
included: (1) learning the fundamentals of PET and CT, (2) training on
interpreting specimen PET-CT images and assessing margins using an
interpretation flow chart, and (3) practicing with test cases (n = 10) to
verify their comprehension. Importantly, the image interpretation
flow, illustrated in Fig. 3, guided the physicians in scoring the margin
status of the PET-CT images. The training primarily focused on the
main tumor lump, without specific evaluation for in-situ components
in invasive cases. After the training, the physicians were asked to
determine the margin status, i.e., positive (=0 mm), close ( < 1 mm),
or negative (>1mm), for all six orientations (anterior, posterior,
superior, inferior, medial and lateral) based on the PET-CT images.
Here, a single definition of a positive margin, i.e., no free distance, is
used in the interpretation flow, so no distinction is made between
invasive and in-situ components.

The physicians also assessed their confidence in margin evaluation (1 =
not confident, 2 = limited confidence, or 3 = confident), identified the
orientation of the closest margin and indicated if they would take a cavity
shave. The window setting (red means a high uptake, purple/blue a low
uptake) is set to 80% to optimize contrast and signal intensity for most
tumor types. For invasive lobular carcinoma and ductal carcinoma in-situ, it
is reduced to 50% based on our pilot study, which showed that a narrower
window enhances visualization of their subtle, diffuse growth pattern and
improves margin delineation. All specimen PET-CT images were visualized
using AMIDE (Amide’s a Medical Image Data Examiner), an open-source
software platform

Statistics and image analysis

Descriptive statistics were used to detail patient and tumor characteristics. In
the analysis, the physicians were divided into predetermined subgroups
depending on experience level: (1) no experience, ie., one resident in
gynecology who only received the image interpretation training (A.D.C), (2)
limited experience, i.., three breast surgeons who already had experience
with interpreting specimen PET-CT images for study purposes (G.V., M.G.,
G.C.),and (3) experienced, i.e., two nuclear medicine physicians (K.M., B.B.)

and one radiologist (P.V.) who have experience with PET and/or CT during
their daily practice. All physicians work at Ghent University Hospital except
for one breast surgeon from IRCCS San Raffaele Scientific Institute in
Milan (Ttaly).

The sensitivity and specificity of the proposed method were cal-
culated for each physician, using histopathology as the gold standard.
Since the image interpretation focused on the main tumor lump, only
invasive margins indicated by histopathology were included for inva-
sive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC)
cases. Additionally, these metrics were determined based on varying
levels of experience and different tumor types: IDC, ILC and ductal
carcinoma in situ (DCIS), or a different treatment type: after neoad-
juvant chemotherapy (NACT). The analysis included an evaluation of
close margins in two ways: first, when margins analyzed as ‘close’ were
considered ‘positive’ (close = pos), and second, when margins analyzed
as ‘close’ were considered ‘negative’ (close = neg). Ultimately, this
approach allowed us to simplify the close margin outcomes into a final
dichotomous variable, distinguishing clearly between positive and
negative results.

The level of confidence with respect to various types of tumors, the
number of ‘close’ interpretations, and the number of cavity shaves that the
physician ‘would take’ when a ‘close’ interpretation is made, were calculated
as well. The activity of each specimen was recalculated to reflect the activity
at 185 minutes post-injection, which is the average time between injection
and PET acquisition. This was done for both 4 MBq/kg and 0.8 MBq/kg
injection scenarios. Finally, the mean and median values of these recalcu-
lated activities were determined

Data availability
The data supporting the findings of this study are available from the cor-
responding author upon reasonable request.
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