Current Breast Cancer Reports (2024) 16:134-141
https://doi.org/10.1007/512609-024-00535-4

REVIEW q

Check for
updates

Emerging Clinical Applications for Cone Beam Breast CT:
Changing the Breast Imaging Paradigm

Kristina Siddall" - Xiaohua Zhang? - Avice O’Connell®

Accepted: 7 February 2024 / Published online: 18 March 2024
© The Author(s) 2024

Abstract

Purpose of Review Since its approval by the Unites States Food and Drug Administration (FDA) in 2015, cone-beam breast
computed tomography (CBBCT) has gained acceptance among radiologists for breast cancer imaging. This review aims to
highlight the advancements and benefits of CBBCT in the diagnostic workup of breast disease. It showcases how CBBCT,
including both non-contrast (NC-CBBCT) and contrast-enhanced (CE-CBBCT) protocols, complements and often surpasses
the performance of more traditional breast imaging modalities such as mammography and magnetic resonance imaging
(MRI).

Recent Findings Studies in clinical settings have shown CBBCT’s efficacy in detecting and characterizing breast lesions
of differing morphologies, including non-mass enhancement and calcifications—tasks that previously required the use of
multiple modalities. In addition, CBBCT significantly enhances patient comfort and efficiency, offering quick acquisition
times without the discomfort of breast compression. The technology can be utilized for guiding biopsies, planning surgical
interventions, and assessing breast density and tumor characteristics, evidence supporting its integration into clinical practice.
Summary CBBCT holds the potential to shift the imaging paradigm in breast cancer care, indicating a promising future for
the modality in terms of enhancing diagnostic accuracy, improving patient experience, and influencing treatment outcomes.
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Introduction [1]. Despite the increase in breast cancer cases and inci-

dence, breast cancer mortality has decreased by 43%, a

Breast cancer is the most commonly diagnosed cancer and
the second leading cause of cancer-related mortality among
women in the United States. In 2024, an estimated 313,510
new cases of breast cancer and 42,780 deaths due to the
disease are expected [1]. Breast cancer incidence has also
increased annually over the past decade, more so in women
50 years in older compared to women younger than 50 years
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decline largely attributed to in early detection and diagnosis
by mammography, breast ultrasound, and breast MRI [2].
However, this decline has slowed to 1% over the past decade,
stabilizing due to the prevalence of screening mammography
and the diagnosis of localized stage and hormone-positive
receptor disease. This data suggests that while current imag-
ing technologies have brought us far, there may be a ceiling
to the benefits they can provide under existing usage rates
and methodology. It underscores the necessity for continu-
ous innovation in cancer detection and treatment planning
to overcome this plateau and further reduce mortality rates.

Cone-Beam Breast CT

The dedicated cone-beam breast CT (CBBCT) system
was initially approved by the FDA in 2015. The system is
equipped with a patient table that has a central opening for
the breast to be positioned into the machine. The CBBCT
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operates by rotating a cone-shaped X-ray beam and a flat-
panel detector around the pendant breast, acquiring multiple
images in a full 360-degrees scan. The acquired images are
then digitally reconstructed into a perfectly isotropic three-
dimensional image model of the breast. As of 2024, the
CBBCT machine has evolved into its third generation; the
most notable changes are a smaller scanner size and footprint
and upgrades in the detector, x-ray tube, and x-ray generator
that have improved image quality.

We outline the range of technical advantages of CBBCT
and explain scenarios where CBBCT is more appropriate
for breast imaging workups when compared with existing
modalities.

Three-Dimensional Images

Using dedicated viewing software, the 3D reconstructed
images of CBBCT can be displayed in orthogonal axial,
sagittal, and coronal planes and a 3D maximum intensity
projection (MIP). This 3D model effectively eliminates tis-
sue overlap in breast imaging, potentially increasing the
detectability of small lesions that may be obscured by glan-
dular tissue in traditional mammography [3, 4]. The benefit
of decreased tissue overlap is similar to that touted by non-
isotropic digital breast tomosynthesis images, but in the case
of CBBCT, the images are truly 3D. The time to interpret
each series of CBBCT is similar to a digital breast tomos-
ynthesis stack, and overall time to interpret CBBCT is much
less than breast MRI.

High Resolution

The latest CBBCT scanner generates images with a spatial
resolution of up to 0.1 mm per pixel in all three dimensions,
which nears the resolution of 2D digital mammography
(range of 0.05 mm and 0.1 mm per pixel) [5, 6]. Synthetic
mammography derived from source projection images of
digital breast tomosynthesis has approximately half the
resolution of 2D mammography and, in some cases, lower
resolution than CBBCT. The 3D high-resolution capability
of CBBCT exceeds that of MRI, which attains a maximum
resolution of 0.5 to 0.8 mm per pixel at its best performance
[7]. Therefore, CBBCT is offered as the potential preemi-
nent modality for breast imaging, offering the highest spatial
resolution in 3D.

Absence of Compression

The comfort level of CBBCT system is considered superior
to digital mammography, because the imaged breast is not
compressed. In a study involving 409 patients, the patients
rated their level of discomfort during non-contrast or con-
trast CBBCT exams and digital mammography exams from

0 to 10 with O representing “no pain” and 10 representing
“the worst pain.” CBBCT was more comfortable than mam-
mography in patients under than 44 years old and between
the ages 45 and 59 (P <0.05) and in the groups of patients
with a BMI above 18.5 (P <0.05). CBBCT was also more
comfortable than mammography in both the fatty-breast and
dense-breast groups (P <0.05) [9].

Rapid Acquisition

The single-scan CBBCT is acquired in 7 s per breast with-
out breast compression, affording new levels of efficiency
[8]. The duration of the image acquisition time for CBBCT
is comparable to that of a traditional 2D screening mam-
mogram, shorter than that of digital breast tomosynthesis,
and significantly shorter than breast MRI, which can be
45 to 60 min for a full-protocol exam and at least 10 min
for an abbreviated-protocol exam [10, 11]. In addition to
minimizing patient discomfort, this efficiency also notably
enhances patient throughput, particularly as a full 3D imag-
ing modality.

Contrast-Enhanced Imaging

Contrast-enhanced CBBCT is an intuitive and straightfor-
ward extension of CBBCT imaging. The use of CE-CBBCT
has been reported by various researchers in breast cancer
diagnosis, pre-operative evaluation, subtype analysis and
preliminary Al-based research [12—15, 16ee]. The standard
CE-CBBCT protocol includes a pre-contrast scan, followed
by injection of a weight-based dose of iodinated contrast
media (~ 100 ml) at a rate of approximately 2 ml per second.
The post-contrast scan images are acquired between 60 and
120 s after the injection to achieve the optimal enhancement
[17,18].

Radiation Dose

The radiation dose of a non-contrast CBBCT scan ranges
from 5.1 to 7.5 mGy, based on recent studies of routine
use of CBBCT at researchers’ facilities [16ee, 19, 20]. The
dose varies depending on breast size and density, but is
generally equivalent to the radiation dose from a diagnos-
tic mammography exam, which ranges from 4.3 to 10 mGy
[21]. For a CE-CBBCT study, the radiation dose doubles
with both pre-contrast and post-contrast scans. Uhlig et al.
proposed a clinical strategy that involves acquiring only
post-contrast CBBCT images to reduce the radiation dose,
while still maintaining diagnostic accuracy comparable to
that achieved with both pre- and post-contrast acquisitions
[22]. We have used this strategy at multiple centers with
success and have not seen a compromise in diagnostic per-
formance. Other technical strategies proposed to reduce
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the radiation dose including system design modifications
and few-view reconstruction [23, 24].

A technical factor comparison is summarized in Table 1.
Based on the demonstrated advantages, CBBCT has initi-
ated a potential paradigm shift in the diagnostic workup of
breast diseases. We now discuss the various clinical appli-
cations and review studies conducted worldwide on the use
of CBBCT in diagnostic procedures, image-guided biopsy,
treatment planning, and innovative research.

Diagnosis

Studies have found that non-contrast CBBCT generally
outperforms digital mammography, and contrast-enhanced
CBBCT is exceptionally effective in breast cancer detec-
tion in Type C and Type D density breasts, described by
the American College of Radiology’s Breasting Imaging
& Data Reporting System (BI-RADS). In a study involv-
ing 442 histopathologically confirmed breast lesions in
212 patients, NC-CBBCT achieved an overall sensitivity
and specificity of 88.2% and 84% across all breast density
types, which was higher than digital mammography in the
same cohort (84.5% and 81.3%, respectively, P <0.0001).
Specifically, in the BI-RADS density type C and D cohort,
NC-CBBCT achieved 89.2% sensitivity and 80.1% speci-
ficity, and CE-CBBCT reached 98.7% sensitivity and 85%
specificity, compared to digital mammography’s 78.4%
sensitivity and 70.1% specificity. Both NC-CBBCT and

CE-CBBCT significantly outperformed digital mammog-
raphy in non-dense and dense breast types (P <0.0001)
[25].

Breast MRI, another 3D breast imaging modality,
exhibits over 95% sensitivity for breast cancer detec-
tion, but has variable specificity, ranging from 30 to 90%.
Studies comparing the sensitivity and specificity of CE-
CBBCT and breast MRI have been conducted. Wienbeck
et al. suggested that, while CE-CBBCT’s sensitivity was
slightly lower than MRI, its specificity was numerically
higher. In dense breast tissue, CE-CBBCT can be a valu-
able diagnostic tool, especially for patients with contrain-
dications for MRI [13]. In Uhlig et al.’s meta-analysis,
the pooled sensitivity and specificity of CE-CBBCT were
89.9% and 78.8%, comparable to MRI’s 90% sensitivity
and 72% specificity from other meta-analyses [26].

Diagnostic parameter measurements are summarized in
Table 2 comparing CBBCT, mammography, and breast MRI.

Non-mass enhancement (NME) is an important imag-
ing characteristic of breast lesions, primarily used in the
context of breast MRI, which was previously the only
contrast-enhanced breast imaging modality [27]. NME
refers to areas in the breast that show enhancement on
MRI after the administration of contrast material, but do
not meet the criteria for or conform to the shape of a mass.
CE-CBBCT allows visualization of abnormal contrast
uptake and has the potential to characterize NME simi-
lar to breast MRI. Kang et al. conducted an initial study
on the characteristics of NME on CBBCT, incorporating

Table 1 CBBCT technical factor comparison with breast MRI and digital mammography

CBBCT

Breast MRI

Digital mammography

2D/3D
Spatial resolution (mm)

3D isotropic

Standard: 0.2x0.2x0.2
High Res: 0.1x0.1x0.1

3D non-isotropic

1.5 T:0.85%x0.85x1.6 ~0.1
3.0T:0.50x0.50%x1.3

2D projection

Acquisition time Ts Full protocol: up to 60 min At least two 5-s projections per breast; added
Abbreviated: 10 min time for extra views

Breast compression None None 100 to 200 N

Patient position Prone (open) Prone (enclosed) Standing

Radiation dose (mGy) 51t07.5 No ionizing radiation 4.3t0 10

Contrast imaging Without or with Required Contrast-enhanced mammography for added cost

Biopsy capability Yes, in 3D Yes, in 3D Yes, 2D stereotactic

Biopsy time ~15 min ~1h ~30 min

Table 2 Diagnostic . CBBCT Breast MRI Digital mammography

measurements comparison

among CBBCT, breast MRI, Sensitivity (non-contrast) 88.2-89.2% N/A 78.4-84.5%

and digital mammography Specificity (non-contrast) 80.1-84% N/A 70.1-81.3%
Sensitivity (contrast) 89.9-98.7% 90% N/A
Specificity (contrast) 78.8-85.0% 72% N/A
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enhancement distribution, internal enhancement patterns,
Hounsfield unit measurements, and the distribution and
morphology of associated calcifications. Their combined
diagnostic model utilizing the above indicators achieved
the diagnostic sensitivity and specificity of 95.65% and
60.00%, respectively [28].

Background parenchymal enhancement (BPE) signifi-
cantly impacts the interpretation of breast MRIs, as it can
affect lesion visibility and characterization. BPE in CE-
CBBCT was compared with MRI in a retrospective study by
Ma et al. involving 221 patients. The study found substantial
agreement between CE-CBBCT and MRI in the reporting
of BPE. The study suggested that the BI-RADS MRI lexi-
con could be applied to describe BPE levels in CE-CBBCT.
However, BPE levels in CE-CBBCT were found to be lower
than in MRI (P <0.001), suggesting that BPE poses less
diagnostic interference in CE-CBBCT compared to breast
MRI [20].

The capability of CBBCT to detect microcalcifications has
been debated since its introduction. Research suggests that
CBBCT can detect microcalcifications, though its efficacy
varies compared to modalities like digital mammography

Fig. 1 A 60 year-old woman
with invasive ductal carcinoma
(IDC) and ductal carcinoma

in situ (DCIS). a Digital mam-
mography shows a cluster of
calcifications (hollow arrow)

in the lower inner quadrant of
the left breast. b Breast MRI
shows a single enhancing mass
(solid arrow) and an adjacent
area of non-mass enhance-
ment (NME) (triangle) in a
regional distribution. The mass
corresponds to the biopsy-
proven IDC, and the NME
corresponds to DCIS. ¢ 3D
MIP of non-contrast CBBCT
shows the mammographically
identified calcifications (hollow
arrow) and an irregular shaped
suspicious mass (solid arrow),
not seen on mammography. d
3D MIP of contrast-enhanced
CBBCT shows the calcifications
(hollow arrow), enhancement of
the mass (solid arrow), and the
area of non-mass enhancement
(triangle) seen on MRI

(DM). Liu et al. compared calcification detection between
CBBCT and DM in 115 paired examinations, finding sub-
stantial agreement with CBBCT’s sensitivity and speci-
ficity of 98.43% and 98.85%, respectively [29]. Neubauer
et al. used 21 post-surgery breast specimens to examine the
accuracy of microcalcification detection and resection mar-
gins among DM, DBT, and CBBCT. CBBCT demonstrated
a microcalcification detection accuracy of 94%, compara-
ble to DM’s 98% and significantly better than DBT’s 83%.
Although its specificity (60%) was lower than DM’s (99%)
and DBT’s (73%), CBBCT showed the best performance in
measuring the distance of microcalcifications to the resec-
tion margin with the least number of errors [30]. These
studies also indicate that CBBCT’s performance in micro-
calcification detection is expected to improve with technical
advancements.

A clinical case is illustrated in the Fig. 1, comparing
mammography and breast MRI with NC-CBBCT and
CE-CBBCT. CBBCT is capable of characterizing masses,
calcifications, and non-mass enhancement (NME) in a sin-
gle modality, a task that previously required two separate
modalities.
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The Diagnostic Workup

Breast density is a critical factor in assessing the risk of
breast cancer and influences decisions about breast cancer
detection [31, 32]. As of 2024, 38 states in the United
States have legislation requiring that women be notified
about their breast density if their mammogram indicates
they have dense breasts. Breast density is primarily evalu-
ated visually by mammography, using the ACR BI-RADS
breast density categories. As a 3D modality, CBBCT pro-
vides both visual and quantitative depictions of breast
density. Ma et al. compared CBBCT with digital mam-
mography, with five radiologists visually assessing the
breast density of 130 patients according to ACR BI-RADS
categories. The study found that CBBCT is in substantial
agreement with mammography in density assessment [33].
Liu et al. further investigated the quantitative volumet-
ric density measurement of CBBCT in 216 breasts. Their
study found that volumetric density on CBBCT images is
positively correlated with visually based BI-RADS den-
sity assessments [34]. These initial studies underscore the
modality’s potential for breast density reporting in the
diagnostic workup.

Imaging plays a critical role in the evaluation of breast
cancer. It assists in determining the extent of disease,
aids in surgical planning, and helps assess the response
to neoadjuvant therapy. Preoperative breast MRI is well-
known for its ability to detect additional cancers that may
not be visible on mammography and ultrasound. Breast
MRI can significantly influence surgical management,
recurrence rates, survival, re-excision rates, and early
detection of bilateral cancer. MRI provides detailed
information about tumor size, multifocality, and chest
wall invasion, especially in dense breasts or when other
modalities yield unclear results. CE-CBBCT possesses
the same feature set as breast MRI, enabling radiolo-
gists to fully evaluate the extent of the disease, and is a
high-resolution, full 3D modality capable of faster image
acquisition.

Siddall et al. compared pre-biopsy CE-CBBCT images
with pre-operative MRI to demonstrate that CE-CBBCT
has comparable performance in detecting breast cancer
multifocality to breast MRI. In selected cases, CE-CBBCT
identified lesions, particularly microcalcifications, not seen
on MRI [35].

Wienbeck et al. studied 94 lesions from 40 mastectomy
specimens to evaluate agreement of lesion size measur-
ing on imaging and the histopathological gold standard.
Although the mastectomy specimens were not placed
in the designated imaging positions for each modality,
the study found that CBBCT yielded smaller absolute
size deviations from the gold standard, demonstrating
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its advantage in determining lesion location in 3D [36].
Later, Wang et al. compared preoperative CE-CBBCT
with breast MRI in assessing residual tumor following
chemotherapy. Using pathology tumor sizes from 91
patients as the gold standard, the study discovered that
CE-CBBCT showed overall smaller discrepancy in tumor
size measurement than MRI (median (IQR): 0.24 cm vs.
0.67 cm) when compared to pathology. In cases with
residual ductal carcinoma in situ (DCIS) or calcifica-
tions and in luminal A and B-type breast cancers, CE-
CBBCT demonstrated even less deviation with pathology
compared to MRI. In addition, CE-CBBCT demonstrated
comparable performance in predicting pathologic com-
plete response, with an AUC of 0.749, compared to an
AUC of 0.733 for MRI [16ee].

CBBCT-Guided Biopsy

The CBBCT-guided biopsy procedure closely resembles
that of MRI-guided biopsy, requiring only minimal addi-
tional training for the technologist and the radiologist
to familiarize themselves with the biopsy protocol and
tools. The CBBCT scanner is equipped with a bracket
attachment for image-guided biopsy that is installed and
attached through the opening in the table where the breast
is positioned during the scan. The bracket stabilizes the
breast by compressing it between a third-party grid and
backplate set similar to MRI-guided breast biopsy. MRI-
compatible vacuum-assisted biopsy probes and localiza-
tion kits produced by major vendors can be directly used
for the CBBCT procedure.

The CBBCT-guided biopsy was first studied by Seifert
et al. to compare it with stereotactic biopsy. According
to their head-to-head phantom comparison study, both
CBBCT and stereotactic biopsy achieved a 100% mass
and calcium lesion retrieval rate. The biopsy time ranged
from 10 to 20 min for both modalities. The radiation dose
for CBBCT biopsy was approximately 50% of that for ste-
reotactic biopsy [37]. Later, Wienbeck et al. reported a
comparison study between CBBCT biopsy and stereotactic
biopsy on 68 lesions in 65 patients. The average biopsy
time was 22.7 + 8.4 min in the CBBCT biopsy group (31
lesions), significantly faster than the 28.8 +9.4 min in the
stereotactic biopsy group (37 lesions) [38]. CE-CBBCT-
guided biopsy has also been reported by Hoxhaj et al.
with both phantom and patient studies in comparison with
MRI-guided biopsy. The median total intervention time for
CE-CBBCT-guided biopsy was 22 min in phantoms and
29 min in patients, substantially shorter than the 72 min
reported for MRI-guided biopsy in the literature [39].
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Surgical Planning

CBBCT has recently started to draw attention from breast
surgeons due to its rapid imaging, ease of accessibility,
ability to detect both calcifications and masses, and accu-
rate 3D measurements. Li et al. reported a retrospective
study comparing the tumor-to-gland volume ratio and
tumor-to-breast volume ratio between 100 breast-conserv-
ing surgery patients and 100 mastectomy patients. The
study found that both the tumor-to-gland volume ratio and
the tumor-to-breast volume ratio were significantly lower
in the breast-conserving surgery group (4.32% and 0.74%,
respectively) than in the mastectomy group (10.74% and
1.36%, respectively). They concluded that the tumor-
to-gland volume ratio and tumor-to-breast volume ratio
measured in CBBCT images, after tumor segmentation
and tissue segmentation with 3D measurement tools, can
be predictors of the suitability for breast-conserving sur-
gery [40].

Sun et al. reported a pilot study on breast-conserving sur-
gery in patients with extensive calcifications. In their study,
patients with enhancing lesions and segmentally distributed
calcifications in CE-CBBCT were selected for the proce-
dure. The measurements were first performed on the 3D
images to localize the lesion’s volume, followed by the use
of radiopaque marking to transfer the imaging measurements
onto the patient’s skin. A second CBBCT scan was taken to
confirm the surface marking covered the entire lesion before
the surgeon proceeded with the lumpectomy. The CBBCT-
guided surface localization and oncoplastic breast-conserv-
ing surgery were successful in all 11 patients in the study,
with negative margins achieved in each case [41e].

Innovative Studies on CBBCT Characteristics

With the rich information provided by NC-CBBCT and
CE-CBBCT, innovative studies have utilized the quanti-
tative information extracted from CE-CBBCT enhance-
ment patterns. An early study conducted by Uhlig et al.
found that the Hounsfield units in CE-CBBCT images are
correlated with breast cancer immunohistochemical sub-
types [12]. Zhu et al.’s study discovered that both quanti-
tative and morphological features in CE-CBBCT images
can serve as biomarkers to prognosticate HER2 receptor
status [42]. Subsequently, Ma et al. identified 11 CE-
CBBCT features associated with breast cancer molecular
subtypes. They generated two prediction models based
on subsets of these features to classify breast cancers
between luminal and non-luminal types, and between
HER2-enriched and triple-negative types [15].

Recent studies have also highlighted the potential of
CE-CBBCT features in radiomics, marking a new fron-
tier in breast imaging and oncology. Zhu et al. analyzed
clinical features and 426 radiomic features mined from CE-
CBBCT. Radiomic models, along with a clinical model
and a combined clinical-radiomic model, were developed
to predict axillary lymph node metastasis status. The radi-
omics model alone achieved an AUC of 0.75 in predicting
axillary lymph node status and an AUC of 0.65 in pre-
dicting metastatic burden, outperforming both the clinical
model (AUC 0.68 and 0.55, respectively) and the combined
model (AUC 0.74 and 0.64). A nomogram was developed
to predict the risk of axillary lymph node metastasis, com-
bining radiomics features with location and focality as
independent predictors [43, 44]. The coverage of lymph
nodes varies in the early generations of CBBCT; however,
the radiomics approach, coupled with new detector and
system designs in the latest generations of CBBCT, has the
potential to overcome this limitation [45e].

Conclusions

The advent and evolution of cone-beam breast CT (CBBCT)
over recent years signify a groundbreaking advancement
in the diagnostic workup of breast diseases. Since its ini-
tial FDA approval in 2015, CBBCT, both non-contrast and
contrast-enhanced imaging, has demonstrated substantial
benefits over traditional imaging modalities, including
mammography and MRI. CBBCT possesses the ability to
produce high-resolution, three-dimensional images rapidly
and without compression and offers unparalleled patient
comfort and efficiency, enhancing patient throughput and
experience.

Moreover, the clinical applications of CBBCT, rang-
ing from diagnostic procedures and image-guided biopsy
to treatment planning and innovative research, highlight its
versatility and potential to shift paradigms in breast can-
cer diagnosis and management. The modality’s capacity for
detailed imaging supports a more nuanced understanding of
breast diseases, offering insights into breast density, lesion
characterization, and even potential surgical outcomes.

As we continue to explore and refine the capabilities of
CBBCT, it is imperative to balance technological innovation
with patient safety, ensuring that advancements in breast
imaging are accessible, effective, and aligned with the ulti-
mate goal of reducing breast cancer mortality. The journey
of CBBCT, from its conception to its current state, reflects a
promising trajectory towards more precise, patient-centered
breast cancer care, marking a significant step forward in the
fight against this pervasive disease.
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