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Background
There is a growing interest in exploring intraoperative methods for margin assessment of malignant breast specimens in breast-conserving surgeries (BCS). Micro-computed tomography (micro-CT) has already exhibited clinical value, yielding high-resolution three-dimensional (3D) volumetric images. Against this background, this study aimed to systematically evaluate the role of micro-CT in intraoperative margin assessment (IMA) in BCS.
Methods
A systematic literature review has been conducted in Scopus, EMBASE, and PubMed up to 10 December 2024. Studies reporting the diagnostic indices of micro-CT for IMA compared to histopathologic results were utilized for a diagnostic accuracy meta-analysis.
Results
Eight out of the initially retrieved 2,921 studies evaluated the role of micro-CT in IMA and were eligible for calculating the pooled diagnostic indices. In those studies, 988 specimens/margins were scanned, and the scanning time ranged from 4 to 30 min. The pooled diagnostic indices were: a sensitivity of 0.63 (95% CI: 0.45–0.79), a specificity of 0.78 (95% CI: 0.68–0.85), and an accuracy of 0.77 (95% CI: 0.71–0.84) for micro-CT based IMA compared to the gold-standard histopathological assessment.
Conclusion
This study demonstrates that micro-CT imaging is a promising IMA technique for BCS by providing high-resolution 3D images. These images can be acquired within a few minutes, allowing surgeons to assess margin status intra-operatively, and identify more than 70% of positive margins where reoperation rates are likely to decrease. Although these findings are encouraging, their clinical translation is still under investigation, and adequately empowered clinical trials are warranted to investigate the re-excision and local recurrence rates after micro-CT IMA assessment.
Systematic Review Registration
https://osf.io/342h8.
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INTRODUCTION
Βreast cancer is the most common cancer in women worldwide, with an estimated 441,000 new cases in the United States in 2030 (Rosenberg et al., 2015). The long-term survival rate among women who undergo mastectomy is the same as that among women who undergo breast-conserving surgery (BCS) (Veronesi et al., 2002); therefore, the treatment of choice for most women with relatively small breast cancers is BCS, followed by radiation therapy (Veronesi et al., 2002; Smitt et al., 1995). Current American Society of Clinical Oncology guidelines for patients with invasive breast cancer undergoing BCS specify that a margin of no ink on tumor is adequate, and there is no benefit to obtaining wider margins (Moran et al., 2014a). Given the required specimen processing, it usually takes more than a day to determine the final margin status after BCS. A population-based study showed that after ‘‘no tumor on ink’’ consensus guidelines, re-excision rates after breast conservation were 14% with a 4% conversion to mastectomy (Moran et al., 2014a; Morrow et al., 2017; Moran et al., 2014b). Also, positive margin rates after BCS have been reported to range from 5% to 30% -depending on the histologic subtype-, which highlights the clinical importance of accurate intraoperative margin assessment (IMA) (Moran et al., 2014a; Morrow et al., 2017; Moran et al., 2014b). Re-excisions are linked with poorer outcomes and increased psychological and economic burden (Smitt et al., 1995).
Therefore, the predictive value of novel intraoperative methods for IMA is increasingly being investigated (Pradipta et al., 2020; Schnabel et al., 2014; Esbona et al., 2012). Specimen intraoperative radiographs have been shown to decrease re-excisions (McCormick et al., 2004; Bathla et al., 2011; Kaufman et al., 2007; Muttalib et al., 2004). In a single study of 93 patients, two-dimensional (2D) specimen radiographs decreased the re-excision rate from 12% to 5% (McCormick et al., 2004). In a recent study, the surgeon who used three-dimensional (3D) imaging by means of X-ray tomosynthesis achieved a reduction in re-excision rate from 9% to 5% (Partain et al., 2020). Several studies have investigated the diagnostic accuracy of intraoperative frozen section biopsy, imprint cytology, and other novel techniques for IMA during BCS including spatial frequency domain imaging (SFDI), targeted fluorescence imaging, 18F-fluorodeoxyglucose specimen-positron emission mammography, intraoperative magnetic resonance imaging (MRI), handheld optical imaging probe, and radiofrequency spectroscopy (MarginProbe) (Watanabe et al., 2018; Papa et al., 2016; Zysk et al., 2015; Thill et al., 2011; Maloney et al., 2018; Dowling et al., 2024; Manhoobi et al., 2022).
Additionally, micro-computed tomography (micro-CT) has emerged as a promising ex vivo imaging modality that provides high-resolution 3D volumetric images. Recent advances in micro-CT technology have led to significant improvements in both spatial and contrast resolution, enabling the acquisition of high-resolution images with voxel (i.e., the 3-D analog of pixel) sizes in the -μm range (Katsamenis et al., 2023). These technical advancements have expanded the potential clinical applications of micro-CT to various medical specialties, including surgical oncology. Therefore, micro-CT has the potential to be a valuable imaging tool for clinical research and diagnosis in the field of surgical oncology and other medical specialties (Cengiz et al., 2018; Hutchinson et al., 2017; Katsameni et al., 2019).
Breast cancer cells are about 10–20 microns in size (Milano et al., 2016). Pathology lab microscopes approach resolution down to about 0.2 μm, and current high-resolution lab-based micro-CT scanners can resolve sub-micrometer-sized features; however, this typically requires millimeter-sized specimens, and/or involves limitations in the field of view (Walton et al., 2015; Walsh et al., 2021). These constraints render such high magnification levels impractical for imaging larger specimens within the context of BCS; an exception may be technologies such as HiP-CT, which employ hierarchical magnification to achieve high resolution across larger volumes (Walton et al., 2015; Walsh et al., 2021).
Micro-CT scanners can be installed in the pathology lab or operating theater, allowing for real-time assessment of scanned specimens by pathologists, radiologists, and surgeons. This can provide valuable information for determining if additional excision is necessary to achieve negative margins. In the context of BCS, micro-CT has the potential to improve, expedite, and aid in determining the size and other volumetric characteristics of breast tumors in intact lumpectomy specimens (DiCorpo et al., 2020; Sarraj et al., 2015; Janssen et al., 2019).
In this study, we aimed to systematically review the clinical applications of micro-CT in breast cancer management and to perform an updated meta-analysis to evaluate the diagnostic accuracy of micro-CT-based IMA compared to conventional histopathologic evaluation.
MATERIALS AND METHODS
Literature search
A systematic literature review regarding micro-CT applications in breast cancer is reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist (Page et al., 2021) (Supplementary Table S1). The protocol of this meta-analysis has been prospectively registered at the Open Science Framework registries (https://osf.io/342h8). Two primary reviewers (SMMY and KR) independently searched the literature in Scopus, EMBASE, and PubMed. All articles published before 10 December 2024, were screened for inclusion. The keywords used in our search query included: [(“micro-CT” OR “micro tomography” OR “micro-computed tomography”) AND (“breast cancer “OR “breast malignancy” OR “malignant breast disease”)]. Extensive hand-searching of the references was performed in the retrieved articles to identify other papers not previously detected.
Eligibility criteria and quality assessment
Peer-reviewed studies were included if they evaluated the role of micro-CT scanning for IMA in patients with breast cancer. The exclusion criteria were determined as (a) any phantom, animal, or cadaver studies and (b) any literature reviews, editorials, and conference abstracts. Two authors (SMMY and KR) independently screened all articles according to the eligibility criteria previously set. Any disagreement was resolved through discussion and with the consultation of a senior author (MV). Two reviewers (MV and ASP) independently assessed the methodological quality of the included studies according to the Quality Assessment of Diagnosis Accuracy Study (QUADAS-2) form (Whiting et al., 2011).
Data extraction and statistical analysis
A data extraction worksheet was created to provide a descriptive review of the reported results. Two reviewers (SMMY and ACL) extracted the numeric baseline characteristics of the studies, and another author (MV) rechecked them.
To compare the diagnostic accuracy of micro-CT IMA to the final pathology, a pooled receiver operating characteristics (ROC) curve–also called hierarchical summary ROC (HSROC) – was created by the metandi package of Stata 17 (Stata Corp. LLC, US) based on logit transformed standard errors. Due to the expected heterogeneity, a mixed effects method was utilized in the HSROC analysis. The raw amounts of the diagnostic contingency tables, including true positive (TP), false positive (FP), true negative (TN), and false negative (FN), were collected or recalculated from the eligible studies. For studies that did not directly report all values required to construct 2 × 2 contingency tables (true positive, false positive, true negative, false negative), we recalculated missing values from available diagnostic indices (e.g., sensitivity, specificity, PPV) and sample sizes. In cases where 0 cells were present in the tables, continuity corrections were applied (Yates correction), and in one study, values were averaged from multiple evaluators. Studies with ambiguous or incomplete raw data were either excluded or approximated conservatively to avoid inflation of pooled estimates. To investigate the degree of heterogeneity of the diagnostic accuracy in the eligible studies for the meta-analysis, I2 based on normal standard errors (√pq/n) and random effect weighting for pooled results were calculated.
Furthermore, we performed subgroup and sensitivity analyses to validate the significance of our findings: (i) a subgroup analysis on industrial funding report could provide the diagnostic indices of micro-CT-based IMA according to data presented or not by industry sponsored studies, and (ii) sensitivity analyses addressing: a) large sample size effect, b) individual margin-level assay, c) different micro-CT diagnostic technique, and d) different margin assessment methods could indicate whether the initial diagnostic indices are substantially affected when omitting the relevant studies from the meta-analysis.
Our outcomes were assessed using the GRADE (Grading of Recommendations, Assessment, Development, and Evaluations) approach (https://gdt.gradepro.org/app), which provides a systematic approach to making clinical practice recommendations.
RESULTS
Our literature search initially yielded 2,921 articles (Figure 1). Of them, eight studies reported the accuracy of micro-CT-based IMA and were deemed eligible for this diagnostic accuracy meta-analysis (DiCorpo et al., 2020; Janssen et al., 2019; Tang et al., 2013a; McClatchy et al., 2018; Göker et al., 2020; Bourke and Abel, 2020; Streeter et al., 2023; Qiu et al., 2018). Eleven studies also evaluated the role of micro-CT in measuring the tumor size (DiCorpo et al., 2020; Sarraj et al., 2015; Tang et al., 2016), investigating the microcalcifications (Janssen et al., 2019; Tang et al., 2013a; McClatchy et al., 2018; Bourke and Abel, 2020; Qiu et al., 2018; Brahimetaj et al., 2022; Streeter et al., 2021; Chen et al., 2009; Gufler et al., 2011; Willekens et al., 2014; Kenkel et al., 2017; Tang et al., 2013b), and the differentiation between benign and malignant lymph nodes (Tang et al., 2013b). Due to the small sample sizes and heterogeneity of the reviewed studies, a meta-analysis of those outcomes was impossible, and they were not eligible for this meta-analysis.
[image: Flowchart of a study selection process, starting with 2,920 records from databases. After removing duplicates and irrelevant records, 693 proceed to screening. Of these, 599 are excluded, and 94 undergo full-text review. An additional 79 are excluded for specific reasons. Ultimately, 18 studies are included in the systematic review. An additional 3 records are identified through other methods, leading to a total of 21 full-text assessments.]FIGURE 1 | PRISMA flowchart.Most studies were retrospective, but three eligible studies (Tang et al., 2013a; Bourke and Abel, 2020; Streeter et al., 2023), and one of the three phases of the study by Janssen et al. (Janssen et al., 2019) were prospectively designed. Most of the studies were conducted in the USA (4/8, 50%) and the Netherlands (2/8, 25%), followed by Belgium, and Australia (one study for each). The most commonly used micro-CT scanners were SkyScan models (1173, 1176, and 1275) (DiCorpo et al., 2020; Janssen et al., 2019; Bourke and Abel, 2020; Qiu et al., 2018; Tang et al., 2013b). The studies analyzed here use voxel sizes in the range of 4–200 µm (based on the reported data; Supplementary Table S2).
According to the QUADAS-2 checklist, most included studies had a low risk of bias. The “applicability concerns” part of this checklist was filled based on our main research question about the contribution of micro-CT scanning to the investigation of margin pathology (Supplementary Figure S1).
A total of 988 samples (specimens/margins) from eight studies were included (Table 1). The participants’ average ages ranged from 37 to 84 years. Moreover, the pathologic tumor size (largest diameter) was between 2 (Tang et al., 2013b) and 90 mm (DiCorpo et al., 2020). When reported, the scanning time ranged between 4 and 30 min. Two studies only evaluated screen-detected nonpalpable tumors (Tang et al., 2013a; Bourke and Abel, 2020). Invasive ductal carcinomas (IDC), invasive lobular carcinoma (ILC), and pure ductal carcinoma in situ (DCIS) constituted 40.7%, 13.4%, and 14.3% of the specimens. Two studies reported the focality of malignant lesions: 112/125 cases were considered unifocal, while 23/125 cases were deemed multifocal (DiCorpo et al., 2020; Tang et al., 2013a). In every eligible study, hematoxylin and eosin slides were evaluated under the microscope by the pathologist to determine the histopathological margin status. Resection margins were considered positive in case invasive cancer or DCIS reached into the inked border of the excision specimen. Only two studies (McCormick et al., 2004; Metcalfe et al., 2017) defined the positive margin for pure DCIS. Those studies considered the margin, positive if DCIS was within 2 mm of the inked margin’s surface.
TABLE 1 | Summary of the studies included in this meta-analysis.	First author (year), country	Type of study	Average age (years)	Sample size (n)	Tumor type (n)	Micro-CT scanner	Energy (kV)	Mean scan time (min) + mean reconstruction time (min)	Pathologic tumor size (largest dimension) mm
	United States (Tang et al., 2013a)	Prospective	53	25 (6 patients)	IDC: 0
ILC: 0
DCIS: 4
IDC&DCIS: 2
Other: 0	Skyscan 1173 (Skyscan, Belgium)	40–130	7 + 7	Screen detected
Range: 2–10
	United States (McClatchy et al., 2018)	Retrospective	N/A	32	IDC: 4
ILC: 6
DCIS: 3
IDC&DCIS: 13
Other: 6	IVIS SpectrumCT, PN 128,201, PerkinElmer
Hopkington, MA	50	1.2 + 2	-
	Netherlands (Qiu et al., 2018)	Retrospective	62	30	Unknown: 30	SkyScan 1275, Bruker SkyScan, Kontich, Belgium	80	7 + 1.5	-
	Netherlands (Janssen et al., 2019)	Retrospective (phase 1)	57.5	30	IDC: 4
ILC: 0
DCIS: 7
IDC&DCIS: 14
Other: 5	Skyscan 1275B, Bruker, Kontich,
Belgium	50	7.8 + 4.2	-
	Retrospective (phase 2A)	58.5	30	IDC: 6
ILC:3
DCIS: 8
IDC&DCIS: 11
Other: 2	Skyscan 1275B, Bruker, Kontich,
Belgium	50	9.0 + 5.7
	Prospective (phase 2B)	57	40	IDC: 11
ILC: 2
DCIS: 9
IDC&DCIS: 17
Other: 1	Skyscan 1275B, Bruker, Kontich,
Belgium	50	10.4 + 7.3
	Belgium (Göker et al., 2020)	Retrospective	63.5	20	IDC: 0
ILC: 4
DCIS: 1
NST&DCIS: 14
Unknown: 1	MOLECULES NV, Belgium	Unknown	A few minutes/not specified	Mean: 18.1
	Australia (Bourke and Abel, 2020)	Prospective	60	9	IDC: 0
ILC: 2
DCIS: 3
IDC&DCIS: 1
Other: 3	Skyscan1176 micro-CT system (Bruker, Belgium)	45	<30min/not specified	Screen detected
	United States (DiCorpo et al., 2020)	Retrospective	N/A	173	IDC: 129
ILC: 14
DCIS: 28
NST + DCIS: 112
Other:2	SkyScan1173
SkyScan1275, or NikonXTH225	60	∼8–10 min	Range: 29–55.8 mean: 11.3
	United States (Streeter et al., 2023)	Prospective	62.9	600 (100 patients)	IDC: 25
IDC + DCIS: 51
ILC: 22
ILC + Pleomorphic LCIS: 2	IVIS SpectrumCT, PerkinElmer
Hopkington, MA	50	<10 min	Range: 2–90
Mean: 18


To generate pooled diagnostic indices for the micro-CT-based IMA, the existing raw data of diagnostic contingency tables for studies including TP, FP, FN, and TN were gathered or recalculated (Table 2) so that the pooled diagnostic indices could be accurately calculated (Table 3).
TABLE 2 | Recalculated raw data and diagnostic indices.	Study	TP	FP	FN	TN	Sensitivity	Specificity	PPV
	Tang et al. (2013a)	5	1	1	18	0.833	0.947	0.833
	McClatchy et al. (2018)	3	9	2	18	0.600	0.667	0.250
	(Qiu et al., 2018)*	5 (4.5)	0 (0.5)	4 (4.5)	20 (19.5)	0.500	0.975	0.900
	(Janssen et al., 2019)** (Phase 1)	2	7	3	17	0.400	0.708	0.222
	(Janssen et al., 2019)** (Phase 2)	2	6	3	20	0.400	0.769	0.250
	(Janssen et al., 2019)** (Phase3)	3	7	5	25	0.375	0.781	0.300
	(Göker et al., 2020)***	7	5	1	7	0.875	0.583	0.583
	(Bourke and Abel, 2020)****	3 (3.5)	2 (1.5)	3 (2.5)	1 (1.5)	0.583	0.500	0.700
	Manhoobi et al. (2022)	106	28	8	31	0.930	0.525	0.791
	Streeter et al. (2023)	7	65	14	514	0.333	0.888	0.097


TP: true positive, FP: false positive, FN: false negative, TN: true negative. PPV: positive predictive value (based on observed base rates of the studies). The sensitivity and specificity rates were recalculated based on the provided raw data of contingency tables, where needed. Numbers in parentheses indicate corrected values after continuity correction or rounding adjustments for pooling purposes.
*Yate’s continuity correction was performed because of one 0 cell. The corrected amounts are shown in parentheses (this correction was toward removing the 0 cells).
**The raw amounts were rounded by force due to multiple evaluators.
***The study’s raw data was recalculated based on the ROC-derived cut-off point.
****Yate’s continuity correction was performed because of its small sample size. The corrected amounts are shown in parentheses (this correction was toward the pooled result to reduce heterogeneity).
TABLE 3 | Pooled ROC analysis on the diagnostic indices of micro-CT intraoperative margin assessment compared to the final pathology report.	HSROC summary	Estimation	Standard error	95% CI (lower, upper)
	Sensitivity	63.4%	8.9%	44.9%	78.7%
	Specificity	77.5%	4.1%	68.4%	84.6%
	DOR	5.974	1.605	3.529	10.114
	LR+	2.819	0.357	2.199	3.614
	LR-	0.472	0.099	0.313	0.711
	1/LR-	2.119	0.443	1.407	3.191


DOR: diagnostic odds ratio, LR: likelihood ratio.
A mixed effects logistic regression model (HSROC analysis) yielded the following pooled diagnostic indices: a sensitivity of 0.63 (95% CI: 0.45–0.79) and a specificity of 0.78 (95% CI: 0.68–0.85) (Table 3). The generated graph (Figure 2) did not have a symmetric distribution, and several studies were outside the predicted region.
[image: HSROC plot showing sensitivity versus specificity. Study estimates are shown as circles, with a summary point as a square. The solid line represents the HSROC curve, surrounded by dashed lines indicating the ninety-five percent prediction region and a dashed orange line showing the ninety-five percent confidence region. The plot includes a legend for reference.]FIGURE 2 | Pooled HSROC curve and diagnostic indices of micro-CT-based intraoperative margin assessment compared to final histopathological assessment.A pooled diagnostic accuracy of 0.77 (95% CI: 0.71–0.84; I2 = 72.1%) was obtained using the generic method and random effects model (Figure 3). The pooled sensitivity and specificity based on the generic method are also shown (Supplementary Figure S2, S3). Additionally, a diagnostic odds ratio of 5.97 (95% CI: 2.20–10.11) was generated, indicating that if a specimen had a pathologically positive margin, it was 6-fold more likely that intraoperative micro-CT scanning would provide a true positive outcome than a false positive one. These findings have been assessed using the GRADE approach (Supplementary Table S2), which yielded that the evidence derived from our meta-analysis is of low certainty and high importance. The inconsistency of the eligible studies, the potential small-study effect, and the heterogeneity observed contribute to the low certainty outcome.
[image: Forest plot on the left shows the accuracy and confidence intervals for various studies with their respective weights. The overall accuracy is 0.77 with a confidence interval of 0.71 to 0.84. The funnel plot on the right illustrates standard error against accuracy for these studies, with a symmetrical distribution around the central line, indicating no publication bias. Heterogeneity measures include I squared at 72.09 percent.]FIGURE 3 | Quantitative diagnostic accuracy meta-analysis of micro-CT-based intra-operative margin assessment compared to final histopathological assessment (left: forest plot, right: funnel plot).The subgroup and sensitivity analyses conducted for clinically relevant scenarios did not substantially affect the pooled diagnostic indices. More specifically:
	1. The subgroup analysis on industrial funding (from micro-CT system manufacturers) led to the exclusion of two studies with declared industrial funding (by Janssen et al. (2019), Cengiz et al. (2018), DiCorpo et al. (2020), Manhoobi et al. (2022). Pooling the remaining data from non-industry sponsored studies yielded a pooled accuracy equal to 0.80 (0.70–0.89), which was not lower than the initial pooled accuracy [0.77 (0.71–0.84)] (Supplementary Figure S4).
	2. Since most of the overall sample size was attributable to the study of Streeter et al. (2023), Tang et al. (2016), this study was excluded in the sensitivity analysis addressing the large sample size effect. In addition, the samples of the mentioned study were individual margin-level which was another reason for conducting this sensitivity analysis. Pooling the data from the remaining studies yielded a pooled accuracy equal to 0.75 (0.68–0.82), the 95% CIs of which overlapped with the corresponding ones of the initial pooled accuracy [0.77 (0.71–0.84)] (Supplementary Figure S5).
	3. Since Goker et al. (2021), Janssen et al. (2019) used micro-PET CT for IMA, this study was excluded in the sensitivity analysis accounting for potential micro-CT differences within the eligible studies. Pooling the data from the remaining studies yielded a pooled accuracy equal to 0.78 (0.71–0.85), which was not lower than the initial pooled accuracy [0.77 (0.71–0.84)] (Supplementary Figure S6).
	4. Since the study of DiCorpo et al. (2020), Manhoobi et al. (2022) assessed margins with the touch cytology method, this study was excluded in the sensitivity analysis accounting for potential IMA differences within the eligible studies. Pooling the data from the remaining studies yielded a pooled accuracy equal to 0.76 (0.69–0.84), the 95% CIs of which overlapped with the corresponding ones of the initial pooled accuracy [0.77 (0.71–0.84)] (Supplementary Figure S7).
	5. Since the studies of Streeter et al. (2021), Tang et al. (2016) and Tang et al. (2022), Walsh et al. (2021) used shaved cavity margins, they were excluded in the final sensitivity analysis. Pooling the data from the remaining studies yielded a pooled accuracy equal to 0.74 (0.68–0.79), the 95% CIs of which overlapped with the corresponding ones of the initial pooled accuracy [0.77 (0.71–0.84)] (Supplementary Figure S8).

DISCUSSION
Intraoperative margin assessment (IMA)
Our analysis encompassing eight relevant studies and 988 scanned specimens/margins, revealed a pooled specificity of 78% which is higher than the 69% reported in a previous meta-analysis from 4 studies and 260 samples (Manhoobi et al., 2022). Despite the relatively small number of eligible studies, this meta-analysis revealed that micro-CT-based IMA has reasonable diagnostic indices and may be a useful adjunct to pathologic margin assessment for patients undergoing BCS. The subgroup and sensitivity analyses performed increase the robustness of the observed outcomes since omitting different studies in each case had little or no effect on the pooled indices.
To the best of our knowledge, there is no agreement on the best method of IMA in BCS. Specimen mammography is used in many centers to document marker resection. Based on an intraoperative interpretation of the generated 2D images, surgeons may take an additional margin if the clip, seed, or wire is close to one margin (Butler-Henderson et al., 2014). High-resolution 2D specimen analysis of these lumpectomy walls can also ensure adequate removal of residual microcalcifications, often only detected by 2D imaging (Bathla et al., 2011). A recent meta-analysis reported a sensitivity and specificity of 0.55 (95% CI 0.47–0.63) and 0.85 (95% CI 0.78–0.90) for specimen mammography-based IMA compared to the final histopathologic report (Lin et al., 2022).
Given what we know about the pathologic differences between breast cancer histologies, questions arise about the accuracy of micro-CT-based IMA in different clinical situations. Specifically, the diffuse, less circumscribed growth pattern of ILCs may complicate the identification of a positive margin using radiographic images (Manhoobi et al., 2022). The available information in this study could not evaluate the diagnostic indices of micro-CT IMA in different histologies separately. Only the study by Dicorpo et al. evaluated the accuracy of the micro-CT for different histologies (Göker et al., 2020). In their study, the accuracy of micro-CT-based IMA (78.9%) did not increase significantly when IDCs were solely evaluated (78.9% vs 79.8%, respectively).
The sensitivity and specificity of intraoperative frozen section analysis is reported to be 86% (95% CI: 78–91); and 96% (95% CI: 92–98), respectively (St John et al., 2017). However, intraoperative frozen section analysis has substantial limitations, including time resource allocations, labor intensity, technical challenges, and cost considerations (Butler-Henderson et al., 2014; Rana et al., 2022; Jaafar, 2006). The mean time required for the frozen section is 27.8 min (range: 20–50 min) (St John et al., 2017), while micro-CT-based IMA currently takes only 4–10 min on average. It is also reported that the cost of micro-CT scanning is $130 per specimen scanned, which is cheaper than the cost of a frozen section ($327 per patient in the Netherlands) (Qiu et al., 2018).
Some surgeons perform cavity shave margins (CSM) to decrease the re-excision rate. CSM after a lumpectomy has been associated with a lower rate of positive margin (19%) and reoperation (10%), both lower than when no CSM is taken (34% and 21%, respectively) (Streeter et al., 2021). However, routine CSM may increase the volume of tissue excised, affecting cosmetic outcomes. Therefore, CSM can be avoided if there is a reliable way to assess the margins intra-operatively, allowing for targeted excision of margins where necessary.
This study revealed that micro-CT could accurately detect a positive margin in 77% of the scanned cases and potentially decrease re-operations in 77% of BCS requiring re-excision due to a positive margin on the final pathology report. Recent evidence suggests that rates of re-operation range from 5% to more than 30% in breast cancer patients undergoing BCS (Moran et al., 2014a; Morrow et al., 2017). Reoperations are estimated to increase hospital costs by $11,621 for each BCS and $26,276 for each mastectomy, with an average of $16,072 for each additional surgery (Metcalfe et al., 2017). Another study demonstrated that if the reoperation rate could be reduced to 10% in British Columbia, the average saving would be $1,055 per patient undergoing attempted BCS, translating into annual savings of $1.9 million in British Columbia (Pataky and Baliski, 2016). Of course, micro-CT scanning cannot compensate for suboptimal surgical planning. Still, the preliminary data gathered in our review support that micro-CT could complement the existing framework for BCS outcome assessment.
For successful integration of micro-CT into surgical workflows, real-time coordination between radiology, pathology, and surgical teams is essential. Scanning times reported in current studies range from 4to 10 min, which makes intraoperative use feasible if interpretation can be synchronized with the natural surgical pause after excision and before closure. This compares favorably with current practice, where intraoperative margin assessment typically relies on snap -frozen section analysis. While widely used, frozen sectioning is resource-intensive, requiring skilled personnel, specialized equipment, and up to an hour of surgical downtime, thus significantly impacting operating theatre efficiency and healthcare costs (Omidifar et al., 2022). Moreover, frozen sections provide only 2D slices, sampling a small proportion of the tissue, and are prone to artifacts, especially in fatty breast tissue.
X-ray micro-CT offers an attractive alternative, capable of rapid, non-destructive, 3D imaging of the entire excised specimen and can be incorporated into clinical workflows with minimal disruption. However, conventional X-ray attenuation -based imaging lacks sufficient soft tissue contrast in fresh, hydrated specimens, due to water’s attenuation properties. This challenge may be addressed using advanced techniques such as X-ray phase-contrast μCT (XPCμCT), which has shown promising results in enhancing soft tissue visualization without staining or dehydration (Massimi et al., 2021).
One pragmatic model for intraoperative deployment (Figure 4) involves locating the scanner in an adjacent suite and notifying the imaging team immediately following specimen excision. Using predefined templates and interpretation protocols (e.g., Janssen et al., 2019) radiologists or trained surgeons can rapidly assess margins and alert the surgical team if wider excision is required, thereby avoiding repeat procedures (Janssen et al., 2019). This approach could significantly reduce revision rates, healthcare costs, and patient morbidity but further clinical studies are needed to optimize and validate these workflow models.
[image: Flowchart illustrating intra-operative micro-CT scanning of excised tissue. Steps include excising tissue, performing micro-CT imaging within twenty minutes, and reviewing a 3D scan. Positive margins lead to revision, indicated by red; negative margins complete surgery, shown in green.]FIGURE 4 | Potential workflow for the integration of micro-CT in clinical practice routine.Other potential uses for micro-CT in breast cancer management
The number and characteristics of microcalcifications are only sometimes apparent on mammograms (Imamura et al., 2008) and specimen radiographs (Liberman et al., 1994); yet, micro-CT could visualize microcalcification structures in high resolution with a high discriminating power to distinguish benign from malignant appearance (Gufler et al., 2011). The benign microcalcifications are on average bigger and rounder than the malignant ones, which are smaller and more elongated. The surface area to volume ratio of benign microcalcifications also appears to be lower than that of malignant ones in micro-CT-derived images (Willekens et al., 2014).
Another potential micro-CT use might be tumor size measurement. Micro-CT measurements have the highest correlation coefficient, followed by MRI, compared to the largest pathologic tumor dimension (DiCorpo et al., 2020; Sarraj et al., 2015), and there is a statistically significant agreement between micro-CT and standard pathology for T-stage classification, mainly in invasive ductal carcinomas (IDCs) (Göker et al., 2020). Moreover, micro-CT can also identify and discriminate different tumor growth patterns; i) IDCs are viewed as expanding spheres where the width of the gross margin is based on the lengths of speculation extensions, ii) ILCs grow as multiple individual tongues of tumor extending irregularly (Merrill et al., 2017), and iii) DCIS has a radial growth pattern around the branch duct system as visualized in 3D images provided by micro-CT (Merrill et al., 2017).
Finally, micro-CT also creates 3D images of the excised axillary lymph node internal structure and vasculature. Benign lymph nodes have a regular oval contour, and the interior appearance is usually homogenous. In contrast, malignant lymph nodes have irregular shapes and a more heterogeneous internal structure, sometimes having calcifications. Although more studies are required, preliminary data have shown that micro-CT can also be an effective intraoperative method for evaluating sentinel lymph nodes in the upfront and post-neoadjuvant setting to determine whether lymph nodes contain tumor cells (Tang et al., 2013b).
Existing challenges for micro-CT utilization in breast cancer management
Conventional micro-CT imaging involves capturing X-ray attenuation differences between various tissue components by taking radiographs at numerous projection angles (100s–1000s). This is achieved either by rotating the specimen around a fixed axis or by rotating the X-ray source and detector around a stationary specimen, depending on the system configuration. The resulting information is then fed into specialized algorithms to reconstruct the sample’s internal structure. These algorithms use mathematical tools to map microscopic density variations in the sample and reconstruct them into a 3D rectangular grid, expressed in grayscale (with brighter voxels indicating higher attenuation). However, this approach can sometimes misidentify fibrous tissues as tumors and lead to tumor size overestimation (particularly in patients receiving neoadjuvant treatment) or potentially increased risk of missing positive margins (Janssen et al., 2019). This issue stems from the similarity in X-ray attenuation between fibroglandular tissue and tumor, which makes reliable distinction difficult. While micro-CT offers excellent contrast between adipose tissue and denser regions, advanced methods such as phase-contrast microtomography, photon-counting CT, dual-energy imaging, or the use of contrast agents, can help address this limitation. Use of the technology in tandem with more specific imaging modalities such as conventional histology or immunohistochemistry enhances tissue discrimination, although this reduces its utility in intraoperative settings. The over/underestimation of invasive tumor size by micro-CT could also be related to tissue processing and tissue fixation in formalin that may expand or shrink the tissue and affect the pathologic tumor size and stage (DiCorpo et al., 2020; Sarraj et al., 2015). Micro-CT could also overestimate the tumor size due to lumpectomy procedure-related factors such as bleeding, edema, inflammatory reactions, or fibrosis following a recent tissue core biopsy (Sarraj et al., 2015).
Another significant limitation of this technique is the need for more relative training to read specimen micro-CT imaging. A radiological atlas and training dataset, such as the consensus guideline by Janssen et al., could improve reader performance by surgeons, pathologists, and/or radiologists (Janssen et al., 2019; McClatchy et al., 2018). Their three-phase study illustrated increased positive predictive value and sensitivity when introducing relevant implementation guidelines. It indicates that more training leads to better micro-CT reporting (Janssen et al., 2019). The most effective utilization of micro-CT technology would involve collaboration between radiologists and pathologists trained in interpreting micro-CT data, also known as 3D X-ray Histology datasets. This approach leverages the expertise of radiology specialists, who have extensive experience in working with X-ray volumetric data interpretation and analysis, along with pathology experts, who can interpret high-resolution images generated by micro-CT. Currently, most radiology experts need to become more familiar with the histology-level resolution images produced by micro-CT. In contrast, pathologists with experience in interpreting these high-resolution images have limited exposure to volumetric data. Therefore, collaboration between these two specialties is crucial for maximizing the potential benefits of micro-CT in breast cancer management and surgical oncology in general. To date, radiologists and pathologists can both reimburse micro-CT scanning in the United States despite being classified as a radiological procedure. Adding experimental CPT codes could further contribute to the financial sustainability of micro-CT as a routine clinical partner for pathologists and radiologists that can prevent the re-excision of the margin (Papazoglou et al., 2022).
Another limitation of the micro-CT is that imaging artifacts may be generated because of metal markers or wires (both standard localizing techniques for non-palpable tumors). Highly attenuative metallic components can interfere with imaging, resulting in “starvation,” “hardening,” and “scattering” artifacts, which are all well documented in clinical CT imaging literature. Tang et al. mitigated this issue by performing two separate acquisitions (Tang et al., 2016). The first specimen scan was performed with the marker or wire inside the specimen, and the full micro-CT images were obtained when the marker or wire was removed. Other techniques, such as using appropriate beam filtration, imaging with a narrower X-ray spectrum, or deploying dual-energy acquisition protocols, should also be considered in the future. Implementing post-processing algorithms, such as the metal artifact reduction algorithm, could be the most direct solution to this limitation.
Advancements and future directions
Future trials will shed light on the applicability of novel X-ray-based techniques in IMA, such as novel dedicated spiral breast CT equipped with a photon-counting detector, X-ray phase contrast micro-CT imaging, and photoacoustic breast imaging techniques. In the future, micro-PET-CT may emerge as the first-line intraoperative imaging modality, as it has yielded substantially higher sensitivity (90%) compared to the pooled sensitivity of micro-CT-based IMA (63%). Although micro-PET/CT is a promising modality for IMA, the 18F-FDG presence interferes with gamma probe sentinel lymph node detection. To overcome this limitation, the surgeons can use additional patent blue. The patient will be injected with 99mTc on the morning of the surgery to enhance the 99mTc signal and increase the 99mTc signal-to-background ratio (Göker et al., 2020). Further clinical studies, based on micro-PET-CT scanning of larger specimen samples, are warranted to shed additional light on the cost-feasibility balance. Moreover, coupling micro-CT with optical scatter imaging or spatial frequency-domain imaging may be helpful in differentiating highly scattering, collagen-rich fibrous tissues at the margins of BCS specimens (Streeter et al., 2021; Tank et al., 2022). Additionally, future trials investigating the use of contrast agents or the utility of combined radioactive seed localization might help increase the tumor-to-background contrast and localize tumor regions within the resected specimen (Goudreau et al., 2015).
Strengths and limitations of the study
This study provides a comprehensive evaluation of the existing evidence regarding micro-CT applications in breast cancer and can serve as a primer for the execution of further clinically oriented breast cancer trials assessing the utility of micro-CT as a routine clinical partner. However, it has some limitations that should be taken into consideration. The restricted number of included studies, the rather heterogeneous definition of negative margins, differences in imaging protocols and scanner types, and the relatively small number of scanned specimens may limit the generalizability of the findings. Additionally, the high degree of observed heterogeneity and the low certainty of evidence as characterized by the GRADE approach highlight the need for larger, more standardized studies. Nonetheless, the sensitivity analyses performed aim to compensate for the observed degree of heterogeneity. According to them, the pooled diagnostic accuracy decreased only in two scenarios: (a) after the elimination of the study having the largest sample size, and (b) after the elimination of the study examining the shave cavity margin. In both cases, however, the derived 95% CIs of the pooled accuracy overlapped with the initial ones, which makes less possible the overestimation of the micro-CT diagnostic accuracy initially. Future prospective studies with standardized definitions and uniform diagnostic criteria are needed to improve the reliability of pooled meta-analytic estimates. Finally, although we identified no clear asymmetry in the funnel plot, the limited number of included studies and small sample sizes limit the power of formal statistical tests for publication bias. In addition, some studies were sponsored by micro-CT system manufacturers, potentially introducing selective reporting or favorable results. Our sensitivity analysis (excluding industry-sponsored studies) did not significantly alter pooled outcomes, suggesting minimal effect, but the risk cannot be fully excluded. Finally, another limitation could be the possibility of selection bias among the individual studies which could be resolved only through a randomized diagnostic trial setting.
CONCLUSION
This study demonstrates that micro-CT imaging is a promising complementary IMA technique for BCS by providing high-resolution 3-D images. These images can be acquired within a few minutes, allowing surgeons to assess margin status intra-operatively, and identify more than 70% of positive margins where reoperation rates are likely to decrease. Although these findings seem to hold promise for IMA improvement in BCS, their clinical translation and applicability remains to be evaluated in clinical trials adequately empowered to investigate the re-excision and local recurrence rates after micro-CT IMA assessment.
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