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Abstract

Purpose To review the published evidence on cone-beam breast computed tomography (CBBCT) and summarize its diagnostic

accuracy for breast lesion assessment.

Materials and Methods A systematic literature search was conducted using the EMBASE, MEDLINE and CENTRAL

libraries. Studies were included if reporting sensitivity and specificity for discrimination of benign and malignant breast

lesions via breast CT. Sensitivity and specificity were jointly modeled using a bivariate approach calculating summary

areas under the receiver-operating characteristics curve (AUC). All analyses were separately performed for non-contrast

and contrast-enhanced CBBCT (NC-CBBCT, CE-CBBCT).

Results A total of 362 studies were screened, of which 6 with 559 patients were included. All studies were conducted between

2015 and 2018 and evaluated female participants. Four of six studies included dense and very dense breasts with a high

proportion of microcalcifications. For NC-CBBCT, pooled sensitivity was 0.789 (95% CI: 0.66-0.89) and pooled specificity

was 0.697 (95% CI: 0.471-0.851), both showing considerable significant between-study heterogeneity (% = 89.4%, 1> = 94.7%,

both p < 0.001). Partial AUC for NC-CBBCT was 0.817. For CE-CBBCT, pooled sensitivity was 0.899 (95% CI: 0.785-0.956)

and pooled specificity was 0.788 (95% CI: 0.709-0.85), both exhibiting non-significant moderate between-study heterogeneity

(I =57.3%, p = 0.0527; I = 53.1%, p = 0.0738). Partial AUC for CE-CBBCT was 0.869.

Conclusion The evidence available for CBBCT tends to show superior diagnostic performance for CE-CBBCT over NC-

CBBCT regarding sensitivity, specificity and partial AUC. Diagnostic accuracy of CE-CBBCT was numerically comparable

to that of breast MRI with meta-analyses reporting sensitivity of 0.9 and specificity of 0.72.

Key Points

» CE-CBBCT rather than NC-CBBCT should be used for assessment of breast lesions for its higher diagnostic accuracy.

» CE-CBBCT diagnostic performance was comparable to published results on breast MRI, thus qualifying CE-CBBCT as a
potential imaging alternative for patients with MRI contraindications.
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Abbreviations

ACR American College of Radiology

AUC Area under the curve

CBBCT Cone-beam breast CT

CE-CBBCT Contrast-enhanced cone-beam breast CT
MG Mammography

MRI Magnetic resonance imaging
NC-CBBCT Non-contrast cone-beam breast CT

US Ultrasound

Introduction

Cone-beam breast computed tomography (CBBCT) is a novel
3D imaging modality for assessment of breast lesions [1, 2].
CBBCT provides a spatial resolution of up to 2.6 linepairs/
mm and high contrast resolution, able to detect contrast dif-
ferences of approximately 1% [3-5].

CBBCT can be performed after intravenous administration
of iodinated contrast media as contrast-enhanced CBBCT
(CE-CBBCT) or in non-contrast technique (NC-CBBCT) [1,
6]. Administration of intravenous contrast media facilitates
visualization of breast lesion vascularization and might aid
in discrimination of benign and malignant lesions as well as
differentiation of histopathological and immunohistochemical
breast cancer subtypes [7, 8].

CE-CBBCT is faster than contrast-enhanced breast mag-
netic resonance imaging (MRI) and offers improved patient
comfort compared with mammography (MG) with breast
compression [9, 10]. CBBCT further allows for vacuum-
assisted biopsies of breast lesions and has been shown to be
faster than standard stereotactic vacuum-assisted biopsy [11].
However, CBBCT yields a comparably high average glandu-
lar dose reported to range between 6-25 mGy [4, 5, 10, 12].

Currently, CE-CBBCT may be used in women with dense
breast tissue (ACR types c/d) as a supplemental imaging mo-
dality for assessment of breast lesions in patients with MRI
contraindications. A broader implementation of CE-CBBCT
hinges on its diagnostic potential compared with MRI as the
most sensitive breast imaging modality [13].

Several studies have evaluated the diagnostic accuracy of
CBBCT and established comparisons to breast ultrasound
(US), MG and breast MRI [4, 5, 10, 12, 14]. The majority of
studies reported superior diagnostic accuracy and sensitivity
for 3D CBBCT over US and MG [4, 5, 10, 12]. MRI and CE-
CBBCT were comparable depending on the reader’s experi-
ence [10].

However, certain variations in the reported diagnostic ac-
curacy of CBBCT were evident across studies [4, 5, 12]. To
date, there is no comprehensive review on the clinical utiliza-
tion of CBBCT and its diagnostic performance.

The aim of our study was to review the published evidence
on utilization of CBBCT and summarize diagnostic accuracy

in terms of sensitivity and specificity for discrimination of
benign and malignant breast lesions.

Materials and Methods
Search Strategy

This study was prospectively registered at PROSPERO (ID:
CRD42018086879). In April 2018, a comprehensive electron-
ic literature search was conducted using the MEDLINE,
EMBASE and CENTRAL libraries with the broad search
term clusters “breast cancer,” “computed tomography” and
“sensitivity or specificity.” The complete search algorithm is
provided in the Supplementary Material. The literature search
was unrestricted concerning date, language and region.
Further, reference lists of reviews and conference proceedings
were manually searched to identify gray literature.
International CBBCT experts were contacted to identify un-
published data, which did not result in inclusion of additional
trials.

Study Inclusion and Exclusion

Studies were included if they fulfilled the following criteria:
utilization of a dedicated cone beam computed tomography
(CBBCT) for malignancy assessment of breast lesions as well
as sufficient information to allow for computation of sensitiv-
ity and specificity. Exclusion criteria were simulation and
phantom studies, evaluation of radiotherapy, utilization of
body CT scanners and review studies. If multiple publications
reported on the same patient cohort, the most comprehensive
study was included. Studies identified by literature search
were assessed by two independent blinded reviewers for po-
tential inclusion, and inclusion was based on consensus.

Data Extraction

Using a standardized data extraction sheet, two independent
blinded reviewers extracted the following information, resolv-
ing conflicts by consensus: study author, publication year,
number of patients, patient age upon enrollment, menopausal
status, breast density, CBBCT scanner, administration of con-
trast media, occurrence of contrast media related adverse
events, average glandular dose for MG and CBBCT, number
of breast lesions as well as sensitivity and specificity separate-
ly measured. Multi-reader studies providing diagnostic mea-
surements for each reader were considered separately.

Study Quality assessment

Study quality was independently assessed by two blinded re-
viewers utilizing the Quality Assessment of Diagnostic
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Accuracy Studies 2 (QUADAS?2) tool, which is recommended
by the Cochrane collaboration for quality assessment of diag-
nostic test accuracy studies [15—-17]. Study quality was rated
across four domains for risk of bias assessment and across
three domains for concerns regarding applicability to our re-
view question [16].

Statistical Analyses

NC-CBBCT and CE-CBBCT were considered index tests
and histopathological assessment of breast lesions the ref-
erence standard. A 2 x 2 table with true-positive (TP),
false-positive (FP), true-negative (TN) and false-negative
(FN) findings was separately calculated for each study
using standard contingency table methods. If applicable,
study sensitivity and specificity were extracted from pro-
vided receiver-operating-characteristics (ROC) curves.
Sensitivity and specificity were not modeled in separate
meta-analyses, as each pair is correlated within one study
[18]. Instead, a bivariate random-effects meta-analysis ap-
proach was used for joint modeling of both sensitivity and
specificity that allows for across-study correlation [19].
Pooled estimates are based on restricted maximum likeli-
hood methods. To obtain a summary ROC curve, only
regions with reported study specificities were considered
and standardized to the whole space, resulting in a con-
servative, partial area-under-the-curve (partial AUC) mea-
sure. Between-study heterogeneity was reported as I? sta-
tistics and rated as limited (I%: 0-40%), moderate (I>: 40—
60%), substantial (I*: 60—80%) or considerable (I*: 80—
100%) heterogeneity. Further, between-study heterogene-
ity was visually assessed via sensitivity-specificity plots.
Separate meta-analyses were computed for NC-CBBCT
and CE-CBBCT.

All statistical analyses were conducted using R version
3.3.2 and RStudio version 1.1.383 implementing R-
packages “mada” and “meta” [20-23]. An alpha level of
0.05 was considered statistically significant. All provided p
values are two-sided.

Results
Study characteristics

0Of 362 screened studies, a total of 6 with 559 patients fulfilled
the inclusion criteria: 3 studies evaluated NC-CBBCT, 1 study
focused on CE-CBBCT and another 2 studies evaluated both
NC-CBBCT and CE-CBBCT. Inclusion and exclusion are
depicted in Fig. 1, adapted from the PRISMA statement
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses). Table 1 summarizes characteristics of includ-
ed studies.
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Fig. 1 Study inclusion and exclusion flow chart, adapted from the
PRSIMA statement (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses)

All studies were conducted between 2015 and 2018 on
female populations with suspicious lesions identified on
MG or ultrasound. The majority of studies (83.3%, 5/6)
utilized the CBBCT scanners manufactured by Koning
(CBCT 1000, Koning Corp.) [4, 5, 10, 12, 14], while
Aminololama-Shakeri et al used the proprictary CBBCT
at the University of California at San Diego (UCSD) [24].
Average glandular dose ranged between 5.9-24.9 mGy for
NC-CBBCT and 11.7-16 mGy for CE-CBBCT. ACR
breast density was predominantly type c/d in three studies
[5, 10, 12].

Aminololama-Shakeri et al reported on the diagnostic ac-
curacy of CE-CBBCT for discrimination of benign and ma-
lignant microcalcifications using the proprietary UCSD
CBBCT [24]. A total of 39 patients with mean age of 55 years,
the majority of which had ACR type a/b breasts (72%), were
included. Two independent readers evaluated CE-CBBCT im-
ages, but measures of inter-reader agreement were not present-
ed. Diagnostic accuracy was extracted from the provided
ROC curve on conspicuity scores.

The study by Cole et al examined 235 patients, aiming to
compare the diagnostic accuracy of MG, CBBCT alone and
CBBCT in adjunct to mammography [14]. Image assessment
was performed by 18 independent radiologists and results av-
eraged. A total of 40% of breast lesions presented as
microcalcifications.

He et al reported on the diagnostic accuracy of NC-CBBCT
and CE-CBBCT among 120 patients [5]. Mean patient age
was 48 years. The majority of patients were premenopausal
(68%) and had dense or very dense breast tissue (76% ACR
type c/d). Fourteen percent of breast lesions presented as
microcalcifications on imaging. Two independent readers
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Only one study by Wienbeck et al reported on adverse
events: two patients presented with nausea related to admin-
istration of iodinated contrast media [10]. No severe or late
adverse events were reported in any of the included studies.

Study Quality

As shown in Fig. 2, the overall study quality rated by the
QUADAS?2 tool was high. Only the study by Cole et al received
a lower study quality rating, mainly due to the presentation as a
conference abstract without full information on study design
and conduct [14].

NC-CBBCT meta-analysis

A total of five studies with eight distinct observations on sen-
sitivity and specificity contributed to the meta-analysis on
NC-CBBCT [4, 5, 10, 12, 14].

Sensitivity and specificity point estimates with 95% confi-
dence intervals across individual studies and readers are pro-
vided in Fig. 3. Point estimates for sensitivity ranged from
0.47-0.91 and demonstrated considerable statistically signifi-
cant between-study heterogeneity (I = 89.4%, 95% CI: 80.6—
94.2%, p < 0.001). Specificity point estimates ranged between
0.31 and 0.88 with considerable statistically significant
between-study heterogeneity (> = 94.7%, 95% CI: 91.3—
96.7%, p < 0.001). Considerable between-study heterogeneity
was visually confirmed by a large dispersion of sensitivity-
specificity pairs as shown in Fig. 4.

Due to the small number of available studies, further sub-
group analyses to evaluate potential sources of heterogeneity
were not performed.

Using a bivariate random-effects meta-analysis with simul-
taneous modeling of sensitivity and specificity, a pooled NC-
CBBCT sensitivity of 0.789 (95% CI: 0.66-0.89) and a
pooled NC-CBBCT specificity of 0.697 (95% CI: 0.471-
0.851) were obtained. The partial AUC for NC-CBBCT was

0.817. Figure 4 depicts the summary ROC curve with the point
estimate and associated 95% confidence region for pooled
sensitivity/specificity pairs.

CE-CBBCT meta-analysis

A total of three studies with five distinct observation pairs of
sensitivity/specificity contributed to the meta-analysis on CE-
CBBCT [5, 10, 24].

Figure 5 summarizes sensitivity/specificity point estimates
with associated 95% confidence intervals across individual
studies and readers. Sensitivity point estimates ranged from
0.78-0.99 and demonstrated moderate non-significant be-
tween-study heterogeneity (I = 57.3%, 95% CI: 0-84.1%,
p=0.0527). Specificity point estimates ranged between 0.71
and 0.86 showing moderate non-significant between-study
heterogeneity (I* = 53.1%, 95% CI: 0-82.8%, p = 0.0738).
The moderate between-study heterogeneity was visually
confirmed by limited dispersion of sensitivity-specificity
pairs as shown in Fig. 6.

Due to the small number of available studies, further sub-
group analyses for evaluation of potential sources of hetero-
geneity were not performed.

Using a bivariate random-effects meta-analysis, a pooled
CE-CBBCT sensitivity of 0.899 (95% CI: 0.785-0.956) and a
pooled CE-CBBCT specificity of 0.788 (95% CI: 0.709-0.85)
were obtained. The partial AUC for CE-CBBCT was 0.869.
Figure 6 shows the summary ROC curve with point estimate
and associated 95% confidence region for pooled sensitivity/
specificity pairs.

Discussion

CBBCT is a novel breast imaging modality that has shown
promising initial results in a variety of clinical settings [1].

Fig. 2 Depiction of the study
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Fig. 3 Point estimates (dot) with associated 95% confidence intervals (bars) for sensitivity and specificity measures for NC-CBBCT obtained from

each study and reader

Our review summarizes the published evidence on CBBCT
diagnostic accuracy for discrimination of benign and malig-
nant breast lesions. We demonstrated that sensitivity and spec-
ificity were higher for CE-CBBCT compared with NC-
CBBCT using a bivariate meta-analysis approach to joint
modeling. The pooled CE-CBBCT sensitivity was 0.899

o
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=} X Wienbeck’ reader 1
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False Positive Rate
Fig. 4 Summary ROC curve for diagnostic performance of NC-CBBCT
with individually labeled studies/readers. The point estimate for
sensitivity and specificity is indicated by a closed circle on the ROC
curve with associated 95% confidence region for sensitivity/specificity
pairs

(95% CI: 0.785-0.956) and pooled CE-CBBCT specificity
0.788 (95% CI: 0.709-0.85) compared with a pooled NC-
CBBCT sensitivity of 0.789 (95% CI: 0.66-0.89) and pooled
NC-CBBCT specificity of 0.697 (95% CI: 0.471-0.851).
These results were supported by a numerically larger partial
AUC for CE-CBBCT (0.869) versus NC-CBBCT (0.817).

Direct statistical comparisons of CE-CBBCT and NC-
CBBCT accuracy were not calculated as several studies eval-
uated both techniques simultaneously, resulting in correlated
and thus dependent observations. To the best of our knowl-
edge, meta-analysis approaches to account for these correla-
tions have not been established. Still, from overlapping confi-
dence intervals of NC- and CE-CBBCT, sensitivity and spec-
ificity differences would probably not have reached statistical
significance. However, Wienbeck et al showed that CE-
CBBCT AUC and sensitivity were significantly higher than
NC-CBBCT in a double-reader setting evaluating ACR den-
sity type c/d breasts and accounting for correlated measures
[10]. These results support the numerically superior CE-
CBBCT AUC, sensitivity and specificity evident in our re-
view, highlighting the diagnostic benefit of intravenous con-
trast media.

Considerable and statistically significant between-study
heterogeneity was evident for NC-CBBCT sensitivity and
specificity, although the studies only utilized the CBBCT
scanner manufactured by Koning. This variability might be
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attributable to diverging patient populations with a wide range
of patient ages and breast densities. In contrast, studies evalu-
ating CE-CBBCT sensitivity and specificity yielded homoge-
neous results, supported by a confidence region for sensitivity/
specificity pairs that was more confined than for NC-CBBCT.
These homogeneous CE-CBBCT results further underline the
diagnostic benefit of intravenous contrast media, as compara-
ble results were observed across several studies. First studies
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Fig. 6 Summary ROC curve for diagnostic performance of CE-CBBCT
with individually labeled studies/readers. The point estimate for sensitivity
and specificity is indicated by a closed circle on the ROC curve with
associated 95% confidence region for sensitivity/specificity pairs
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have been published to optimize CBBCT contrast media ap-
plication, and implementation of standardized CBBCT acqui-
sition protocols or guidelines might reduce the observed
between-study heterogeneity [7].

The patient cohorts included in our review demonstrated
a high variability of baseline characteristics: mean patient
age varied between 48—68 years, and accordingly the pro-
portion of premenopausal women ranged from 32-48%.
Further, most studies evaluated all breast density types;
only Wienbeck et al focused on ACR type c/d breasts
[10]. The lowest proportion of microcalcifications was
14%, while Aminololama-Shakeri et al only included
breast lesions with microcalcifications [5, 24]. These di-
verse cohorts underline the generalizability of our findings
to patient populations in routine clinical practice. Notably,
CBBCT performs well even in cases with microcalcifications,
where MRI might face limitations, as well as for very dense
breast tissue, where the diagnostic accuracy of MG has been
shown to be impaired [25-27].

All studies implemented a multi-reader CBBCT assess-
ment with at least two readers. A consensus double-reader
approach was chosen by He et al and Zhao et al [4, 5],
while 18 different radiologist assessed CBBCT scans in
the study by Cole et al without providing further proce-
dural details [14]. Only the studies by Wienbeck et al provided
effect measures of inter-reader variability, showing a high
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agreement of breast lesion assessment on both NC-CBBCT and
CE-CBBCT [10, 12].

The diagnostic accuracy of CBBCT has to be interpreted in
light of the associated radiation dose. Consistently, studies
showed a high absolute CE-CBBCT radiation dose of up to
16 mGy, which was primarily attributable to acquisition of an
additional native scan. No study reported on radiation doses
for the CE-CBBCT scan alone. CBBCT advancements envi-
sion the implementation of dual-energy techniques for simul-
taneous acquisition of NC- and CE-CBBCT to reduce the
radiation dose [10].

Further, the accuracy of CBBCT has to be compared
with MRI as the breast imaging modality with the current-
ly highest sensitivity [13]. Only one study by Wienbeck et
al directly compared CBBCT and MRI in the same patient
population and concluded that CE-CBBCT’s diagnostic
accuracy was comparable to breast MRI depending on
the reader experience [10]. These results are supported
by a meta-analysis on breast MRI by Peters et al [13].
The authors reported pooled MRI sensitivity of 0.9 and
specificity of 0.72, which is comparable to the pooled
estimates obtained for CE-CBBCT in our meta-analysis.
Furthermore, the high proportion of patients with
microcalcifications in our meta-analysis has to be
highlighted: in breast lesions with microcalcifications,
MRI specificities as low as 0.33 have been described
[28]. Considering these findings, further prospective stud-
ies directly comparing CBBCT and breast MRI are
warranted.

The mean average glandular dose ranged between 5.9-24.9
mGy for NC-CBBCT and between 11.7-16 mGy for CE-
CBBCT. The large dosage range for NC-CBBCT is probably
due to discrepant patient populations compared with other
studies and varied with breast size and density according to
the authors [4]. The radiation dose of CE-CBBCT was two-
fold higher than NC-CBBCT because of dual acquisition im-
aging in all studies reporting on both techniques. These find-
ings call for further technical advancements to reduce CBBCT
radiation exposure, including implementation of the dual-
energy technique and iterative reconstruction algorithms [29].

Our review is not devoid of limitations. Above all, the
small number of studies reporting on utilization of CBBCT
limits subgroup analyses and the overall power to detect dif-
ferences in diagnostic performance. Further, one of the includ-
ed studies was available only as a conference abstract, provid-
ing insufficient information on conduct and assessment of
CBBCT scans, resulting in a low study quality. Especially
sensitivity measures for NC-CBBCT showed large variability
across included studies, and the overall small number of pa-
tients per study resulted in wide confidence intervals. Three
studies only reported on multiple readers without consensus
decisions, a situation where currently no statistical analysis
method is without shortcomings [30]. We decided to treat

multiple readers on the same data set separately to highlight
inter-reader variabilities, as described in the Materials and
Methods section. Still, this approach might over-represent
multi-reader studies in our analyses and could thereby intro-
duce bias [30]. Finally, CBBCT as a novel imaging modality
does not have standardized acquisition protocols, resulting in
discrepancies in administration of intravenous contrast media
and timing of CE-CBBCT acquisition.

Still, our study is the first to summarize the published ev-
idence on clinical application of CBBCT and its diagnostic
accuracy. Included studies evaluated a diverse patient popula-
tion, thus ensuring the generalizability of our results. Further,
study quality was high for most studies, thereby limiting the
risk of bias.

Conclusions

Our study demonstrates that CE-CBBCT tended to show su-
perior diagnostic performance over NC-CBBCT regarding
sensitivity, specificity and partial AUC. CE-CBBCT diagnos-
tic accuracy was numerically comparable to published meta-
analysis results on breast MRI. This may support utilization of
CE-CBBCT as an alternative imaging modality in patients
with MRI contraindications. Further prospective studies are
warranted directly comparing contrast-enhanced MRI and
CE-CBBCT.
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