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Abstract

Molecular breast imaging (MBI) is a new nuclear medicine technique that utilizes small
semiconductor-based y-cameras in a mammographic configuration to provide high-resolution
functional images of the breast. Current studies with MBI have used Tc-99m sestamibi, which is an
approved agent for breast imaging. The procedure is relatively simple to perform. Imaging can be
performed within 5 min postinjection, with the breast lightly compressed between the two detectors.
Images of each breast are acquired in the craniocaudal and mediolateral oblique projections
facilitating comparison with mammography. Key studies have confirmed that MBI has a high
sensitivity for the detection of small breast lesions. In patients with suspected breast cancer, MBI
has an overall sensitivity of 90%, with a sensitivity of 82% for lesions less than 10 mm in size.
Sensitivity was lowest for tumors less than 5 mm in size. Tumor detection does not appear to be
dependent on tumor type, but rather on tumor size. Studies using MBI and breast-specific y-imaging
have shown that these methods have comparable sensitivity to breast MRI. A large clinical trial
compared MBI with screening mammography in over 1000 women with mammographically dense
breast tissue and increased risk of breast cancer and showed that MBI detected two-to three-times
more cancers than mammography. In addition, MBI appears to have slightly better specificity than
mammography in this trial. MBI provides high-resolution functional images of the breast and its
potential applications range from evaluation of the extent of disease to a role as an adjunct screening
technique in certain high-risk populations. MBI is highly complementary to existing anatomical
techniques, such as mammography, tomosynthesis and ultrasound.
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Breast cancer is one of the most common cancers in women, with over 180,000 new cases
estimated in 2009. Many studies have shown that early detection of breast cancer and improved
diagnosis of the extent of disease enable more appropriate treatment and treatment at an earlier
stage, and help minimize the morbidity and mortality of this disease. Mammography is
currently the gold standard for early breast cancer detection and several analyses have shown
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that regular breast screening with mammography can significantly reduce the mortality rate
due to breast cancer [1]. While the reported overall sensitivity of screening mammography is
high (ranging from 71 to 96% [2,3]), the sensitivity is significantly reduced in certain subsets
of women, particularly in women with radiographically dense breasts and those at increased
risk of breast cancer [4,5]. Sensitivities of 33-59% have been reported for annual screening
mammograms in women at increased risk [4]. Estimates of film mammographic sensitivity in
women with extremely dense breasts range from 48 to 63% [6,7]. The introduction of digital
mammaography has led to only modest improvements in sensitivity in the subset of women who
are under 50 years of age, pre- or peri-menopausal and have dense breasts [8]. Other modalities
for breast imaging, such as ultrasound and MRI, have been extensively evaluated to determine
their role in these subsets of women at increased risk. A study by the American College of
Radiology Imaging Network (ACRIN) found that the combination of whole-breast screening,
ultrasound and mammography in women with dense breasts and an elevated risk of breast
cancer yielded a sensitivity of 77.5 versus 50% for mammaography or ultrasound alone [9].
However, the addition of ultrasound substantially increased the number of false-positive
findings. Further concerns include cost and generalizability, given that the ultrasound
examinations were performed by radiologists who underwent specialized training, at an
average time of 19 min per scan. To date, the most promising alternative has been contrast-
enhanced breast MRI [5] and the American Cancer Society (ACS) has recently recommended
its use for annual screening in women at high risk of breast cancer [10]. However, in doing so,
the ACS also recognized the variable specificity of this modality, which can range from 50 to
90%. In addition, in the current economic climate, the high cost of breast MRI is likely to be
a limiting factor in the widespread adoption of this imaging technique.

Recognizing the limitations of mammography, considerable effort has been expended over the
last 5 years in either enhancing current imaging techniques (e.qg., digital tomosynthesis [11]
and 3D whole-breast ultrasound [12]) or in the development of new imaging modalities, such
as breast CT [13], vibro-acoustography [14] or positron emission mammography (PEM) [15].
The purpose of this review is to present an update on new developments in breast imaging in
the field of nuclear medicine with a focus on a new technique called molecular breast imaging
(MBI).

Technical aspects of breast imaging in nuclear medicine

Scintimammography

The breast imaging techniques described below using small y-cameras have as their origin an
older technique called scintimammography. This technique used conventional y-cameras to
image the uptake of a tumor-seeking radiopharmaceutical, Tc-99m sestamibi, in breast tumors,
and was extensively evaluated in the mid to late 1990s. While results showed good overall
sensitivity and specificity, the technique was found to have poor sensitivity for the detection
of small breast tumors [16,17]. In particular, its sensitivity was only approximately 50% for
tumors less than 15 mm in diameter. At that time, the reason for the poor performance of
scintimammography was thought to be partly due to the poor uptake of sestamibi in some
tumors, and partly due to the limited resolving power of conventional y-cameras in imaging
the breast.

One of the primary factors that limited the resolution of images acquired with conventional y-
cameras was the large dead space at the edge of the camera requiring the patient to be imaged
prone with the camera positioned laterally. This imaging position increased the distance
between the breast and the camera, and resulted in considerable loss of resolution. Over the
last 5-7 years significant progress has been made in the development of small compact y-
camera systems based on either multicrystal arrays of cesium iodide or sodium iodide, or
alternatively utilizing semiconductor materials, such as cadmium zinc telluride (CZT) [18,
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19]. The total active area of these detectors is typically 20 x 20 cm or 20 x 15 cm. These small
detectors overcome one of the primary limitations of conventional systems for breast imaging
by reducing the dead space at the edge of the detector field of view from 8-10 cm down to 5-
8 mm. The compact size and lack of dead space now allows these detectors to be used in a
similar geometry to conventional mammography.

Breast-specific y-imaging

Currently the only commercially available small compact y-camera for breast imaging is the
Dilon 6800 system, (Dilon Technologies, Newport News, VA, USA). This detector contains
a 20 x 15 cm array of 3 x 3 mm sodium iodide crystals. The technique called breast-specific
y-imaging (BSGI) involves light compression of the breast between the detector head and a
compression paddle. Results to date have demonstrated significantly better sensitivity for the
detection of small breast lesions than those previously obtained with scintimammography
[20,21].

Positron-emission mammography

As with conventional scintimammography, which has insufficient resolution for the detection
of small breast tumors with Tc-99m sestamibi, PET using 2-deoxy-2-[18F] fluoro-o-glucose
(FDG) also appears to have insufficient resolution for the detection of small tumors (under 10
mm), with a sensitivity of approximately 57% [22]. As a consequence, a new technology known
as PEM has been developed that uses detectors comprising multicrystal arrays of either bismuth
germanate or lutetium orthosilicate [23,24]. With PEM, two high-resolution detector heads are
placed on opposite sides of a compressed breast, in a similar orientation to mammaography.
Tomographic slices through the breast can be obtained. The close proximity of the detectors
to the breast results in an in-plane resolution of 1.5 mm compared with 4—6 mm for a
conventional PET scanner. Preliminary results have shown comparable sensitivity to MRI for
the detection of breast cancer with excellent specificity of higher than 90% [25].

CZT-based molecular breast imaging system

Small multicrystal y-cameras that are used to image Tc¢-99m typically achieve energy
resolutions of 12—-20%, whereas CZT detectors can achieve energy resolution of 3-4%. This
improvement in energy resolution translates into less scatter in the images and improved image
contrast. In addition, current CZT detectors can be constructed with pixel sizes as small as 1.6
x 1.6 mm, with the possibility of even smaller pixel sizes in the future. Because the breast can
be positioned in direct contact with the surface of the detector, image resolution is now highly
dependent on the intrinsic resolving power of the detector. Multicrystal systems are typically
limited to a minimum pixel size of approximately 3 mm. While these differences in intrinsic
resolution are of little consequence in conventional nuclear medicine, they are fundamental to
improvements in the resolving power of small detectors optimized for imaging the breast. A
comparison of these various detector technologies has shown that CZT offers improved
detection of sub-10 mm lesions over multicrystal detectors owing to these improvements in
intrinsic spatial resolution and energy resolution [26]. The disadvantage of this material is that
it is still relatively new and more expensive than the established detector materials.

For these reasons, several years ago we choose to utilize CZT-based detectors for the
construction of a prototype breast imaging system. We labeled the technique MBI as the term
scintimammography was not applicable to a nonscintillating technology. We opted for a design
that employed two opposing CZT detectors with the breast lightly compressed between them.
This configuration ensures that a breast lesion can never be more than half the breast thickness
from a detector and improves the sensitivity of the technique for the detection of small breast
tumors. Figure 1 shows one of the current dual-detector MBI systems in use at Mayo Clinic
mounted on a modified mammographic gantry. This system utilizes two LumaGem 3200
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detectors (Gamma Medica — Ideas, Northridge, CA, USA). The second unit utilizes two

Alcyone detectors (GE Healthcare, Haifa, Israel) also mounted on a modified mammographic
gantry. This configuration allows standard mammographic views (craniocaudal [CC]and

mediolateral oblique [MLO]) to be obtained and facilitates easy comparison between images
acquired with MBI and mammaography. In addition to improving tumor detection, the use of
a dual-detector configuration permits quantitative analysis of tumor uptake [27] and has been
critical for implementation of some of the dose-reduction techniques that are discussed later.

MBI scan procedure

Current research studies on MBI have utilized a single injection of 20 mCi Tc-99m sestamibi
with imaging of the breast commencing approximately 5 min postinjection. The breast is lightly
compressed between the two detectors, using a compression force approximately a third that
of mammography (~15 Ib force). Typically, two 10-min images are obtained of each breast in
the CC and MLO projections, giving a total imaging time of 40 min. Although the procedure
time is longer than a mammogram, patients have indicated that the absence of pain associated
with high compression outweighed the disadvantage of the longer imaging time. Other than
the use of a lighter compression force, the procedural aspects of MBI are very comparable with
conventional mammography and images are easily compared with conventional
mammograms. Imaging is performed by nuclear medicine technologists trained in
mammaographic positioning techniques. Figure 2 shows examples of MBI studies in a normal
subject and in a patient with confirmed invasive ductal carcinoma.

Clinical MBI trials to date

Detection of small breast tumors

One of the first objectives that needed to be accomplished with MBI was a clear demonstration
that MBI could reliably detect small breast lesions, that is, lesions smaller than 15 mm in
diameter. The study was designed to select patients with small positive lesions on
mammography and then determine whether or not MBI could likewise detect these lesions.
Table 1 shows data from a study of 150 patients with Breast Imaging-Reporting and Data
System (BI-RADS) 4-5 lesions identified on mammography that were estimated to be less
than 20 mm in size [28]. MBI was performed prior to biopsy of the lesions and images were
read by a panel of radiologists blinded to any other imaging data or clinical history. This study
found that MBI had an overall sensitivity of 90%, with a sensitivity of 82% for all lesions less
than 10 mm in size. Sensitivity was lowest for tumors less than 5 mm in size. One unanticipated
benefit of MBI in this study was the detection of multifocal or multicentric disease in
approximately 10% of patients initially considered to have a single lesion on the mammogram.
This study found that tumor detection did not appear to be dependent on tumor type, but rather
on tumor size. One very positive finding from this study was that Tc-99m sestamibi appeared
to be an excellent tumor imaging agent and the failure to recognize its potential value in
previous scintimammaographic studies was primarily due to the inadequacy of conventional y-
camera technology for breast imaging.

Detection of DCIS & atypical breast lesions

While no study at the Mayo Clinic has yet directly evaluated the ability of MBI to detect ductal
carcinoma in situ (DCIS), the combined results from various published studies to date showed
no difference in the sensitivity of MBI for the detection of solid tumors (sensitivity: 91%),
versus ductal carcinoma in situ (sensitivity: 94%) [28-30]. In addition, recent studies using a
small multicrystal y-camera showed a high sensitivity (>90%) for the detection of DCIS [20,
21].
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Uptake of sestamibi has been observed in a number of high-risk breast lesions, such as lobular
carcinoma in situ, atypical ductal hyperplasia and atypical lobular hyperplasia. The role of
MBI, PEM and BSGI in the evaluation of patients with high-risk lesions is not known at this
time, but is under active investigation.

Comparison of MBI & breast MRI

Data comparing MBI with breast MRI are limited. Preliminary results in a small study of 54
cancers indicated comparable sensitivity (98% for breast MRI and 94% for MBI) [31]. Given
the superior resolving power of breast MRI, MRI may demonstrate better sensitivity than MBI
for the detection of very small breast lesions (i.e., those in the 2-4-mm range). However, the
high resolution of MRI also contributes to the relatively low specificity in breast imaging. An
ongoing prospective study comparing MBI and MRI directly will determine the relative
sensitivity and specificity of these two imaging modalities. Preliminary studies with PEM and
BSGI have also shown comparable sensitivity between these technologies and MRI [21,24].

Comparison of MBI & screening mammography

One of the most interesting studies to date with MBI has compared this technique with
screening mammography in asymptomatic women with mammographically dense breast tissue
and additional risk factors for breast cancer [32]. A total of 1007 women were recruited into
this study over a 2.5-year period. All women had a screening mammogram and an MBI study
performed within 21 days of each other. Breast status was assessed 12 months after enroliment:
any cancer detected in the interim or on the subsequent annual mammogram that was not
detected on the initial mammogram and MBI was considered as a false negative. In 904 patients
with verified cancer status at 12-month follow-up, MBI detected ten out of 12 cancers, while
mammaography only detected three out of 12 cancers. Cancers missed by MBI included one
case of DCIS 2-3 mm in size detected on the 12-month follow-up mammogram, and one case
of DCIS approximately 5 mm in size detected at the initial screening mammogram. While the
number of cancers is small, these results are very promising and would indicate that MBI has
two- to three-times the sensitivity of mammography. One concern with MBI had been the
possibility of a large number of false-positive cases. However, the recall rates were very
comparable between the two modalities and were slightly lower for MBI (7.6%; 69/904)
compared with mammography (9.2%; 83/904). Of the 904 patients, 893 patients had negative
findings (no cancer or atypia), 810 patients had true negative findings on mammography and
830 patients had true negative findings on MBI, giving specificities of 90.71 and 93.0% for
mammography and MBI, respectively. Figure 3 shows an example of a tumor detected by MBI
but missed on screening mammaography. The results with MBI in this high-risk population are
similar to those reported for breast MRI in a comparable high-risk population [4].

MBI causes of false-positive results

There are a number of factors that can result in misleading results or can impact image
interpretation. Tc-99m sestamibi is known to be taken up in cells with increased mitochondrial
activity. Some benign processes, such as fibroadenomas, fat necrosis, benign papillomas and
phyllodes tumors, can occasionally demonstrate increased uptake of the Tc-99m sestamibi.
Correlation with the mammogram and clinical history is important for determining the
significance of these positive scans. As mentioned earlier, high-risk breast lesions, such as
atypical ductal hyperplasia, atypical lobular hyperplasia and atypical papillomas, will often
demonstrate increased uptake of sestamibi, and further follow-up is required in these cases.

It should also be remembered that MBI represents a functional image of the breast tissue. We
have found that in premenopausal women we occasionally observe nonlocalized patchy uptake
of sestamibi in the breast, especially if the MBI study is performed within a few days following
the peak of the luteal phase of the menstrual cycle. This phenomenon has only been observed
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in a small percentage of cases and more work is needed to elucidate the physiological basis for
this uptake. This patchy uptake can potentially mask the presence of uptake in a tumor,
particularly in diffuse lesions, such as DCIS.

False-positive findings on PEM with FDG have not been extensively reported; however, Berg
et al. have noted uptake in a variety of benign process, such as fibroadenomas, fibrocystic
changes and fat necrosis [25]. These false-positive findings are very similar to what we have
observed for Tc-99m sestamibi with MBI.

Strengths & weaknesses of MBI

Molecular breast imaging has been studied in over 1500 patients at the Mayo Clinic during the
last 6 years. In our experience, we have found the dedicated semiconductor-based MBI
technology to offer optimal breast positioning analogous to mammography and superior spatial
and energy resolution compared with conventional y-cameras. From the body of work
performed at Mayo and now underway at other laboratories, we believe that MBI has a
potentially important role as an adjunct to mammaography in both screening and diagnostic
settings.

Because the uptake of Tc-99m sestamibi is independent of breast density, MBI may serve as
a valuable imaging technique for women with mammographically dense breasts. Whether as
a screening tool or in the evaluation of patients with known breast cancer, we have found that
MBI consistently detects additional cancers in the breast that are occult on mammography,
while maintaining a reasonable false-positive rate that is equal to or less than that of
mammography. However, at present the ability of MBI to detect microcalcifications is unclear
and, hence, MBI must be utilized in a similar manner to contrast-enhanced breast MRI (i.e.,
as an adjunct technique to mammography rather than an alternative).

In MBI, images obtained of the breast are analogous to those in mammography (CC and MCO),
facilitating interpretation and comparison with mammography. One advantage of MBI over
mammography is that heavy compression of breast tissues is not required. During MBI, light
pain-free compression, approximately a third of the pressure of mammography, is applied,
primarily to limit patient movement. The MBI procedure is generally well tolerated; an
assessment of patient comfort resulted in lower pain scores with MBI than mammography
[29]. An advantage of MBI over breast MRI is that it can be utilized in patients with
contraindications to MRI, such as allergy to gadolinium, claustrophobia, cardiac pacemakers
and implanted defibrillator, cochlear implants, metal such as aneurysm clips, and renal
insufficiency. Interpretation of MBI images is also much less complex and time intensive than
interpretation of MR, as bilateral dual-head MBI generates eight images in comparison with
upwards of 1500 images generated by bilateral breast MRI. The most striking difference
between the two modalities is cost. In the USA, MRI is approximately ten to 15 times the cost
of mammography. The cost of a MBI study in the USA has not been fully established but is
estimated to be approximately twice that of mammography.

Currently, the main disadvantages of MBI are the long imaging time (4 x 10-min images) and
the radiation dose associated with the injection of the Tc-99m sestamibi. Studies using
multicrystal detectors have typically employed 25-30 mCi of Tc-99m sestamibi. With the dual-
head CZT technology, we have utilized a dose of 20 mCi Tc-99m sestamibi. While this dose
is low compared with doses used in many nuclear medicine procedures, it is high relative to
that delivered by a mammogram. The effective dose from 20 mCi Tc-99m sestamibi is
approximately 6.5 mSv [33]. By comparison, a screening mammogram has an effective dose
of 0.7-1.0 mSv. Over the last year, considerable work has been performed at the Mayo Clinic
to reduce the administered dose of Tc-99m sestamibi. Through optimization of the detector
collimators, improved utilization of the energy spectra and innovative noise-reduction
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algorithms, it is anticipated that the administered dose can be reduced to less than 4 mCi,
yielding effective doses of less than 1.3 mSv. This would make MBI comparable with screening
mammaography in terms of radiation exposure. This is a key step in the development and
acceptance of MBI as a screening adjunct to mammography. A new study is currently underway
at the Mayo Clinic to screen 1000 women with dense breast tissue on mammography who are
at increased risk of breast cancer, using a low-dose MBI technique.

As molecular imaging of the breast becomes better established it is likely that a variety of
specialized devices combining function (PET and SPECT) with anatomy (CT and breast
tomosynthesis) will move from the physics laboratory into clinical trials. While these units
may not be applicable to the screening of breast cancer, they will offer improved spatial
resolution over what can be achieved with current MBI technology and, in combination with
anatomical information, will probably result in their use as secondary diagnostic devices in
clinical practice.

Alternative radiopharmaceuticals

To date, all studies with MBI have utilized Tc-99m sestamibi. However, there are a large
number of other radiopharmaceuticals that hold tremendous promise for breast imaging.
Studies are in progress to evaluate a new Tc-99m-Ilabeled angiogenesis agent [34] as a tool for
assessing the efficacy of neoadjuvant therapy. New Tc-99m-labeled analogs of glucose are
also under evaluation for lung cancer [35], and should have comparable value in breast cancer.
In addition, there are several existing older radiopharmaceuticals that need to be re-evaluated
with the newer technology. Tc-99m sestamibi has proven to be significantly better for breast
imaging than originally thought. It is likely that other compounds, such as Tc-99m DMSA (V)
[36] and Tc-99m tetrofosmin [37], may also prove more useful than indicated from earlier
clinical studies with scintimammography.

Expert commentary

Molecular breast imaging is a new way of providing high-resolution functional images of the
breast. The potential applications of this technology range from evaluation of the extent of
disease to a role as an adjunct screening technique in certain populations. We believe that it is
highly complementary to existing anatomical techniques, such as mammography,
tomosynthesis and ultrasound, and will have an important role to play in the diagnosis of breast
cancer.

Five-year view

Over the next 1-2 years, we expect to see the development of low-dose high-resolution MBI
units that provide a low-cost imaging alternative to MRI for screening in populations not well
served by mammaography and for problem solving in difficult clinical cases. In the current
economic climate, the cost differential between MBI and breast MBI may accelerate this
development. Interesting possibilities for the future include the merging of MBI with digital
tomosynthesis and the development of dedicated SPECT/CT and PEM/CT devices for breast
imaging. These types of system would provide coregistered functional and anatomical
information on the breast, in the same way that PET/CT does today in oncology. This should
also facilitate the biopsy of lesions positive on MBI but occult on mammography. Newer
radiopharmaceuticals should enable MBI to accurately predict response to chemotherapy or
neoadjuvant therapy and allow the physician to individualize patient treatment.
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Key issues

Molecular breast imaging (MBI) is a new nuclear medicine technique that employs
small semiconductor y-cameras for high-resolution imaging of the breast.

Imaging technique is similar to mammography but only uses a third the
compression force.

Current studies employ Tc-99m sestamibi and provide functional images of the
breast that are complementary to mammaography.

Early results indicate that MBI has comparable sensitivity to breast MRI, but at a
fraction of the cost per procedure.

In a screening study of women with dense breast tissue at increased risk of breast
cancer, MBI detected three times as many tumors as mammography while
maintaining a lower false positive rate.

Recent work has been aimed at reducing the radiation dose from MBI. The goal
is to reduce the effective dose to the level of screening mammaography.

MBI is complementary to anatomical techniques such as mammaography,
tomosynthesis and ultrasound and will have an important role to play in the
diagnosis of breast cancer.
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Figure 1. Dual-head molecular breast imaging (MBI) system comprising two cadmium zinc
telluride detectors mounted on a modified mammographic gantry
To perform MBI, the breast is lightly compressed between the two detectors.
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Right MLO'S Left MLO

Molecular breast imaging

Right MLO

Figure 2. (A) Right and left MLO views obtained by digital mammography and molecular breast
imaging (MBI) in a normal subject. (B) Right MLO views obtained by digital mammography and
molecular breast imaging

Mammogram showed a 1.1 cm indeterminate nodule in the medial right breast approximately
10 cm from the nipple. The MBI scan indicated a larger more extensive lesion, with multiple
smaller adjacent lesions. Pathology confirmed the presence of extensive multifocal disease
(invasive ductal carcinoma and ductal carcinoma in situ).

MLO: Mediolateral oblique.
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Figure 3. Right MLO views obtained by digital mammography, molecular breast imaging and
contrast-enhanced MRI

Screening mammogram was interpreted as negative for disease. Molecular breast imaging
indicated a small lesion in the lower quadrant of the right breast. Lesion was also seen on
contrast enhanced breast MRI and was confirmed at surgery as a 9 mm ductal carcinoma in
situ.

MLO: Mediolateral oblique.
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Average sensitivity of molecular breast imaging as a function of tumor size during blinded review by three readers

Tumor diameter (mm) Tumors (n) Average sensitivity (three readers)
0-5 16 0.67
6-10 45 0.87
11-15 30 0.97
16-20 19 0.95
>20 18 1.00
<10 61 0.82
All tumors 128 0.87

Adapted from [28].
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