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ABSTRACT

PURPOSE To compare breast magnetic resonance imaging (MRI) diagnostic performance
using a standard high–spatial resolution protocol versus a simultaneous
high–temporal/high–spatial resolution (HTHS) protocol in women with high
levels of background parenchymal enhancement (BPE).

MATERIALS
AND METHODS

We conducted a retrospective study of contrast-enhanced breast MRIs per-
formed at our institution before and after the introduction of theHTHSprotocol.
We compared diagnostic performance of the HTHS and standard protocol by
comparing cancer detection rate (CDR) and positive predictive value of biopsy
(PPV3) among women with high BPE (ie, marked or moderate).

RESULTS Among women with high BPE, the HTHS protocol demonstrated increased CDR
(23.6 per 1,000 patients v 7.9 per 1,000 patients; P 5 0. 013) and increased PPV3
(16.0% v 6.3%; P 5 .021) compared with the standard protocol. This corre-
sponded to a 9.8% (95% CI, 1.29 to 18.3) decrease in the proportion of un-
necessary biopsies among high-BPE patients and an additional cancer yield of
15.7 per 1,000 patients (95% CI, 1.3 to 18.3).

CONCLUSION Among women with high BPE, HTHS MRI improved diagnostic performance,
leading to an additional cancer yield of 15.7 cancers per 1,000 women and
concomitantly decreasing unnecessary biopsies by 9.8%. A multisite pro-
spective trial is warranted to confirm these findings and to pave the way for
more widespread clinical implementation.

INTRODUCTION

Contrast-enhanced breast magnetic resonance imaging
(MRI) is themost sensitive diagnostic tool for early detection
of breast cancer, outperforming mammography and ultra-
sound combined.1 Current clinical guidelines therefore rec-
ommend annual breast MRI for patients at a >20% lifetime
risk of cancer and consideration for screeningMRI inwomen
with personal histories of breast cancer and/or dense breast
tissue.2 In light of recent evidence,3-5 the European Society of
Breast Imaging recently issued a recommendation that
women age 50-70 years with extremely dense breasts should
be offered screening breast MRI every 2-4 years.6

Breast cancers enhance on MRI at a very early stage because of
tumor angiogenesis, which is present in lesions as small as

2-3mm.7However, the detection of enhancing cancers on breast
MRI can be complicated by the presence of background paren-
chymal enhancement (BPE), which refers to the physiologic/
hormonal enhancement of surrounding normal breast paren-
chyma. BPE may hide underlying cancers and/or mimic the
presenceofcancer,8andhigher levelsofBPEhavebeenassociated
with higher abnormal interpretation rates and subsequent un-
necessary breast biopsies or follow-up recommendations.9 This
has prompted many imaging centers to schedule breast MRI
examinations during the first 2 weeks of a woman’s menstrual
cycle when BPE levels are at a minimum, although more recent
studiesshowthatmenstrualcycle timingdoesnot improvebreast
MRI cancer detection rates (CDRs) or reduce false positives.10,11

Using dynamic contrast-enhanced (DCE) MRI, radiologists
distinguish suspicious lesions from BPE and other benign
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lesions by a combination of their suspiciousmorphology and
early enhancement pattern (ie, kinetics), according to the
American College of Radiology Breast Imaging and Reporting
Data System (BI-RADS).12 Historically, MRI technology
limitations forced a trade-off between high spatial reso-
lution (to visualize morphology) and high temporal reso-
lution (to characterize kinetics).13 An evidence-based
consensus emerged in the radiology community to prior-
itize spatial resolution, and today, almost all breast centers
use a high–spatial/low–temporal resolution protocol (ie,
1 mm2 in-plane spatial resolution and 60-90 seconds
temporal resolution).14 Recently developed fast MRI tech-
niques, however, circumvent this trade-off with parallel
imaging and strategic information-sharing between tem-
poral timepoints during the image acquisition and recon-
struction process.15-20 To date, one reader study has
demonstrated the noninferiority of fast MRI,20 but no
studies have yet evaluated whether diagnostic performance
might improve in certain clinical situations.

A simultaneous high–temporal/high–spatial resolution
(HTHS) MRI protocol enables radiologists to use both lesion
morphology and lesion kinetics in the detection and classi-
fication of breast lesions. Malignant lesions demonstrate
increased vascular permeability and enhance much earlier
(usually within the first minute) compared with nonmalig-
nant sources of breast enhancement, such as benign lesions
and BPE, which enhance at a later timepoint.16-21 The HTHS
protocol, therefore, may be used to search for enhancing
cancers at an earlier timepoint after contrast injection, before
BPE washes in and complicates the interpretation task.

We hypothesized that for patients with high levels of BPE,
the HTHS protocol would significantly improve CDRs while
concomitantly minimizing unnecessary biopsies. The aim of

our studywas to evaluate whether a simultaneous HTHSMRI
protocol improves diagnostic accuracy in women with high
BPE, compared with a standard breast MRI.

MATERIALS AND METHODS

Inclusion and Exclusion of Breast MRI Examinations

In this institutional review board–approvedHealth Insurance
Portability and Accountability Act–compliant retrospective
study for which informed consent was waived, all contrast-
enhanced breast MRI examinations performed at our insti-
tution from January 1, 2016, to December 31, 2016 (the final
year when a standard breast MRI protocol was exclusively
used), and from January 1, 2019, to December 31, 2019 (the
first year that the full HTHS protocol, described below, was
implemented), were reviewed. These date ranges were se-
lected to enable comparison between a standard breast MRI
protocol and a HTHS protocol. To focus on the screening
population, examinationswere excluded: (1) if the patient had
been recently diagnosed with breast cancer (including all
examinations with a BI-RADS 6 assessment) or (2) if the MRI
was performed to follow up a finding on a recently performed
contrast-enhanced mammogram. Examinations were also
excluded if the radiology report lacked a standardized BI-
RADS designation (ie, BI-RADS 1-5) or a standardized BPE
assessment or if negative examinations lacked at least a 1-
year negative follow-up.

Breast MRI Protocol

All breast DCE MRI examinations were performed on a 1.5T or
3.0Tsystem(Discovery 750,GEHealthcare, Chicago, IL)usinga
dedicated 8- or 16-channel breast coil and a gadolinium-based
contrast agent. In 2016, all breast MRIs at our institution were
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acquired using a standard high-resolution protocol, in-
cluding three postcontrast phases, each lasting 90 seconds,
and with a spatial resolution of ≤1.1 mm3. In 2019, all breast
MRIs were acquired using the HTHS protocol (ie, General
Electric differential subsampling with Cartesian ordering
[DISCO]), with a fast temporal footprint of 12-16 seconds and
a spatial resolution of ≤1.0 3 1.0 3 1.5 mm3. HTHS image
reconstruction generates 12-15 postcontrast phases,
allowing the interpreting radiologist to retrospectively select
the ideal postcontrast phase at the time of diagnostic in-
terpretation. Additional imaging protocol details are sum-
marized in Appendix Table A1 (online only). Breast MRIs
from 2016 and 2019 were interpreted by the same group of
radiologists from the breast imaging service at our insti-
tution, who were trained in HTHS breast MRI interpretation
before the start of the 2019 study period.

Data Collection

For each examination, BPE status was determined from the
text of the radiology report, using automated extraction
(ie, marked, moderate, mild, minimal). For each examination,
theBI-RADSassessment assignedby the radiologist at the time
of image interpretation was used to classify the examinations
aspositive (ie, BI-RADS4, 5) ornegative (ie, BI-RADS 1, 2, or 3).
For positive examinations, the reference standard was based
on a combination of histopathology results, extracted from
the pathology report text, and our hospital’s tumor registry
database.

For negative examinations, the reference standard was
determined by the presence of at least a 12-month negative
follow-up (ie, no positive imaging study or entry in our
hospital’s tumor registry within 1 year and a last date of
service that was at least 1 year after the breast MRI date).
Examinations with high-risk lesions were classified as
negative; however, if a high-risk lesion was upgraded to
in situ or invasive disease at surgical excision, the exam-
ination was reclassified as positive.

Statistical Analysis

Theprimaryobjective of this studywas to compare theCDRand
the positive predictive value of biopsy (PPV3) between the
HTHS and standard protocol in patients with high BPE. These
measureswere used toderive the additional cancer yield (ie, the
difference in cancer detection between the two protocols) and
the decrease in unnecessary biopsies with the HTHS protocol
(ie, 1–PPV3). Secondary performance metrics, such as sensi-
tivity, specificity, interval cancer rate, and negative predictive
value, were also calculated. All performance metrics were
calculated with 95% CIs with continuity correction.

The CDR and PPV3 for baseline MRI and nonbaseline MRI
subgroups were also calculated as part of a secondary
analysis. MRIs were designated as nonbaseline if a previous
contrast-enhanced breast MRI was available at the time of
interpretation (including outside previous MRIs). PPV3 was

defined as the proportion of breast biopsies performed that
yield malignant results.12 Interval cancers were defined as a
diagnosis of cancer that occurred <11months after a negative
breast MRI examination. The unnecessary biopsy rate was
calculated as the proportion of biopsies yielding nonma-
lignant pathology (ie, 1–PPV3).

The primary hypothesis that CDR and PPV3would increase in
high-BPE patients with the HTHS protocol versus the
standard protocol was tested using a one-tailed two-
proportion Z-test with continuity correction. A post hoc
Bonferroni adjustment accounted for the two primary ob-
jectives of the study, with 0.0125 considered statistically
significant.

Patient demographics, examination characteristics, and
cancer breakdown were compared using a two-tailed
two-proportion Z-test. The proportion of examinations
assigned to each BI-RADS category were also calculated
and compared.

All statistical analyses were performed using SAS software,
version 9.4 (SAS Institute, Cary, NC) and MATLAB 2017b
(MathWorks, Natick, MA).

RESULTS

Demographics and Patient Examination Information

A total of 9,966 contrast-enhanced breast DCE MRI ex-
aminations were performed at our institution in 2016 and in
2019. To focus on the screening population, we excluded
2,351 examinations from patients with recently diagnosed
breast cancer or who had a recent finding on contrast-
enhanced mammogram that prompted the MRI study.
Additional examinations were also excluded because of the
lack of follow-up or the lack of standardized reporting
(see Fig 1 for the study flowchart). This left 6,702 exami-
nations in 6,384 patients (mean age 52 years 6 12) for
inclusion in the study (3,210 from 2016 and 3,492 from
2019). According to the radiology reports, high BPE was
present in 22% (1,481-6,702) of these examinations. The
1,481 high-BPE examinations in 1,414 patients (mean age
46 years 6 11) were included in the main analysis (761 from
2016 and 720 from 2019).

Across high BPE examinations, 22% (328-1,481) were
baseline MRI examinations, including 22% (166-761) of
2016 examinations and 23% (162-720) of 2019 examina-
tions (P 5 .75). In 2016, 69% (522-761) of examinations
were performed using a 3.0T scanner, whereas in 2019,
70% (500-720) of examinations were performed using 3.0T
(P 5 .72). In 2016, 81% (613-761) of examinations were
performed at the main imaging site, which decreased to
71% (511-720) in 2019 (P < .001). See Table 1 for additional
demographics and patient examination information for
high-BPE cases (see Appendix Table A2 for the corre-
sponding table across all BPE categories).
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Cancer Yield With the HTHS Versus Standard Protocol

For patients with high BPE, CDR was increased for the
HTHS protocol compared with the standard protocol
(23.6-1,000 [17-720] v 7.9 [6-761]; P 5 .021). This trans-
lates into an additional cancer yield of 15.7 cancers per 1,000
women (95% CI, 3.0 to 28.5). Table 2 and Figure 2 provide
additional details. In Figure 3, two cancer case examples
demonstrate how the early postcontrast phases of the
HTHS protocol improved the visualization of suspicious
lesions in the context of marked BPE.

Across all patients, of the 56 cancers diagnosed with the
standard protocol, 18 (32%) were ductal carcinoma in situ
(DCIS), 30 (54%) were invasive ductal carcinoma (IDC), and
7 (13%) were invasive lobular carcinoma (ILC). Of the 79
cancers diagnosed with the HTHS protocol, 13 (16%) were
DCIS, 52 (66%) were IDC, and 10 (13%) were ILC. Axillary
nodal metastases were present in 13 (23%) of the standard
protocol cases and in 7 (9%) of the HTHS protocol cases. See
Table 3 for additional pathology details.

Unnecessary Biopsies With the HTHS Versus
Standard Protocol

For patients with high BPE, PPV3 was increased for the
HTHS protocol compared with the standard protocol
(16.0% [17-106] v 6.3% [6-96]; P 5 .014). As such, there
was a 9.8% decrease in unnecessary biopsies (ie, the

proportion of biopsies yielding nonmalignant results) with
the HTHS protocol compared with the new protocol (95%
CI, 1.3 to 18.3; Table 2).

Interval Cancers

Across high-BPE patients, the interval cancer rate was not
significantly different between the two protocols: 7 per 1,000
(5 per 720) for the HTHS protocol and 5 per 1,000 (4 per 761)
for the standard protocol. Most interval cancers presented as
calcifications on a screening mammogram performed
6 months after a negative breast MRI (Appendix Table A3).

Supplementary analysis was also performed for all pa-
tients across all BPE categories (ie, low BPE and high BPE
examinations) for sensitivity, specificity, PPV3, negative
predictive value, and CDR (Appendix Table A4). Subgroup
analysis was performed for the main imaging site alone
(Appendix Table A5), stratified by mammographic breast
density categories (Appendix Table A6), and for a paired
cohort that underwent breast MRI in 2016 and 2019
(Appendix Table A7).

BI-RADS Classification for HTHS Versus
Standard Protocols

Across all patients, the percentage of suspicious examinations
(ie, BI-RADS 4 and BI-RADS 5) was not significantly different
between the HTHS and standard protocol (10.2% [357-3,492]

Examinations excluded where HTHS protocol
was not performed (n = 295)

Examinations excluded because patients had
recently diagnosed cancer (n = 1,318)

Examinations excluded that lack follow-up (n = 230)

Examinations excluded because standard BPE or
BI-RADS assessment was not included in the 
report (n = 150)

Examinations excluded that were performed to
evaluate a contrast-enhanced mammogram finding
(n = 65)

Examinations excluded because patients had
recently diagnosed cancer (n = 930)

Examinations excluded that lack follow-up (n = 140)

Examinations excluded because standard BPE or
BI-RADS assessment was not included in the 

report (n = 82)

Examinations excluded that were performed to
evaluate a contrast-enhanced mammogram finding

 (n = 54)

Contrast-enhanced breast
MRI examinations performed 

during 2016 (n = 4,416)

Breast MRIs that comprised the
2016 study population (n = 3,210)

High-BPE examinations from 2016 
that were used for the primary 

analysis (n = 761)

Contrast-enhanced breast
MRI examinations performed 

during 2019 (n = 5,550)

Breast MRIs that comprised the
2019 study population (n = 3,492)

High-BPE examinations from 2019 
that were used for the primary 

analysis (n = 720)

FIG 1. Study flowchart. BI-RADS, Breast Imaging and Reporting Data System; BPE, background parenchymal enhancement; HTHS, high
temporal/high spatial resolution; MRI, magnetic resonance imaging.
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v 9.5% [306-3,210]; P 5 .34). The HTHS protocol, however,
had more BI-RADS 3 examinations (11% [370-3,492] v 7%
[238-3,210]; P < .0001) and fewer negative/benign exami-
nations (ie, BI-RADS 1 or BI-RADS 2) compared with the
standard protocol (79% [2,765-3,492] v 83% [2,666-3,210];
P < .001; Appendix Table A2).

DISCUSSION

Our results show that screening breast MRI using a HTHS
protocol increases the CDR, increases PPV, and reduces
unnecessary biopsies for patients with high levels of BPE.
Specifically, the HTHS protocol led to an increased cancer
yield of 15.7 per 1,000 patients (95% CI, 3.0 to 28.5) and a
decrease in unnecessary biopsies of 9.8% (95% CI, 1.3 to
18.3). While the proportion of examinations that assigned a
suspicious assessment (ie, BI-RADS 4 or BI-RADS 5) was
similar between the HTHS and standard breast MRI protocol
across all patients, HTHS examinations weremore likely to be
assigned a BI-RADS 3 assessment and less likely to be
negative/benign assessments (ie, BI-RADS 1, BI-RADS 2).

Breast DCEMRI is a highly sensitive tool for cancer detection
and yields impressive CDRs. However, our study demon-
strates that breast MRI using a standard protocol does not
perform uniformly well across all patients. Breast MRI is
particularly challenging in 20%-25% of patients who have
high BPE. BPE decreases cancer visibility by reducing the
contrast-to-noise ratio between enhancing cancers and
surrounding fibroglandular tissue, making high BPE a po-
tential pitfall of breast MRI interpretation.8,9,22-25 Previous
work has established that high BPE is associated with higher
abnormal MRI interpretation rates, higher biopsy rates, and
lower specificity,8,9,23,26 andwehave also found that highBPE
is associated with lower CDR and lower PPV3.37 These results
are particularly troubling given that BPE is a breast cancer
risk factor27-29; there aremore cancers to be found in patients
with high BPE, and so CDRs in high-BPE patients should be
higher, not lower, than those in low-BPE patients.

To improve diagnostic performance in high-BPE patients,
breast MRI acquisition may be tailored to exploit the
pathophysiologic differences between cancer and BPE. In-
vasive cancers demonstrate rapid initial enhancement
during the first 60 seconds postinjection, whereas BPE
demonstrates a slow initial phase, peaking only around 210
seconds.29 The standard low–temporal resolution breast
MRI protocol, therefore, fails to capture the imaging sweet
spot where cancers enhance before BPE. Recently developed

TABLE 2. Diagnostic Performance of the Standard Protocol Versus HTHS Protocol Across High-BPE Examinations

Diagnostic Performance Metric

Standard Protocol (2016) HTHS Protocol (2019)

PValue 95% CI Value 95% CI

PPV3 5.6 (6-107) 0.4 to 10.8 14.6 (19-130) 7.1 to 22.1 .021

Baseline screening examinations 4.1 (2-49) –3.3 to 11.5 11.7 (7-60) 1.8 to 21.5

Screening examinations with priors 6.9 (4-58) –1.2 to 15 17.1 (12-70) 7.5 to 26.8

Cancer detection rate (per 1,000 patients) 7.88 (6-761) 0.25 to 15.52 23.61 (17-720) 8.81 to 38.42 .013

Baseline screening examinations 12.05 (2-166) –10.65 to 34.74 43.21 (7-162) 7.97 to 78.45

Screening examinations with priors 6.72 (4-595) –1.58 to 15.03 17.92 (10-558) 5.36 to 30.48

Abbreviations: BPE, background parenchymal enhancement; HTHS, high temporal/high spatial resolution; PPV3, positive predictive value of
biopsy.

TABLE 1. Demographics and Patient Examination Characteristics for
High BPE Examinations

Parameter
Standard Protocol
(2016), No. (%)

HTHS Protocol
(2019), No. (%) P

No. of patients 724 (100) 690 (100)

No. of examinations 761 (100) 720 (100)

Baseline screening
examinations

166 (22) 162 (23) .75

Screening
examinations with
priors

595 (78) 558 (77)

Age distribution, years

Mean 46.1 45.6

SD 10.8 10.9

Range 16-82 20-79

Menopausal status

Premenopausal 515 (68) 502 (70) .39

Postmenopausal 246 (32) 218 (30)

Field strength

1.5T 239 (31) 220 (30.0) .72

3.0T 522 (69) 500 (70.0)

Imaging center

Main site 613 (81) 511 (71) <.001

Regional sites (seven
locations)

148 (19) 63 (9)

BPE

High BPE 761 (100) 720 (100)

Marked BPE 196 (26) 203 (28)

Minimal BPE 565 (74) 517 (72)

Abbreviations: BPE, background parenchymal enhancement; HTHS,
high temporal/high spatial resolution; SD, standard deviation.
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ultrafast MRI protocols can achieve temporal footprints of
4-10 seconds and have been shown to improve lesion de-
tectability compared with standard breast MRI,30,31 but they
come at the cost of a slightly decreased spatial resolution
(eg, 1.0 3 0.9 3 2.5 mm).18-20,32 Our HTHS protocol, by
contrast, generates a slightly longer temporal footprint
(12-15 seconds) than an ultrafast protocol, which permits
us to maintain the same high spatial resolution as a standard
breastMRIprotocol (eg, 1.03 1.03 1.5mm).TheHTHSprotocol
resolves the spatial resolution concern that has made the ra-
diology community hesitant to adopt an ultrafast approach. In
our protocol, 12-16 HTHS phases are generated, allowing the
interpreting radiologist to retrospectively select an ideal

postcontrast phase for diagnostic interpretation—where the
cancer enhances, but the BPE has not yet washed in. This sweet
spot will vary by patient and by lesion and can be empirically
determined at the time of image interpretation. Although the
HTHS protocol generatesmanymore images than the standard
protocol, the radiologists need not look at all of them. Instead,
they may toggle to the ideal postcontrast phase for each ex-
amination, enabling an efficient and personalized approach to
image interpretation.

The HTHS technique was introduced by Saranathan et al15 and
has demonstrated comparable image quality and accuracy with
standard breastMRI in preliminary studies.33-35 In patientswith
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FIG 2. Breast MRI diagnostic performance with the HTHS protocol versus the standard breast MRI protocol. For patients with high BPE, (A) the
CDR is higher with HTHS compared with the standard protocol. CDR subgroup analysis was performed for (B) baseline and (C) nonbaseline
examinations. For high-BPE patients, the PPV3 is also increased with HTHS compared with (D) the standard protocol. PPV3 subgroup analysis
was also performed for (E) baseline and (F) nonbaseline examinations. * indicates statistical significance. BPE, background parenchymal
enhancement; CDR, cancer detection rate; HTHS, high temporal/high spatial resolution; MRI, magnetic resonance imaging; PPV3, positive
predictive value of biopsy.
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highBPE, fastMRI techniqueshavebeen found to improve lesion
conspicuity.30,31,36 Now, to our knowledge, for the first time, our
study shows that high–spatial/high–temporal resolution
breast MRI not only improves lesion visualization but also
improves cancer detection and decreases unnecessary biop-
sies in patients with high BPE. The apparent trade-off is
that the HTHS protocol leads to increases in BI-RADS 3 ex-
aminations (ie, short-term follow-up recommendations) and
decreases in BI-RADS 1 and BI-RADS 2 (negative/benign
examinations), whereas the percentage of suspicious exam-
inations warranting biopsy (ie, BI-RADS 4 and BI-RADS 5)
was unchanged. The increased number of BI-RADS 3 exam-
inations with the HTHS protocol could be due to the lack of
HTHS priors for comparison. Another consideration is that
radiologists were less experienced at HTHS interpretation
and therefore more cautious in interpretation. It is likely
that this is a transient effect that will resolve with HTHS
priors available and a reader learning curve; however, more
work is needed to evaluate the diagnostic accuracy of the
HTHS protocol over time. We also plan to evaluate how
the HTHS protocol affects radiologist interpretation time.
The HTHS protocol can be implemented on any MRI
scanner; the major vendors all have this sequence available

(eg, General Electric has DISCO, and Siemens has time-
resolved angiography with interleaved stochastic trajec-
tories [TWIST]).

This retrospective study compared standard breastMRIs from
2016with HTHSMRIs in 2019. BreastMRI examinations from
2017 and 2018 were not included in this study as our MRI
protocol underwent flux during the 2017-2018 period and the
purpose of the study was to compare the standard DCE-MRI
protocol with the full HTHS protocol. Our studywas limited to
breast MRIs from a single institution although we diversified
the caseload by including screening breast MRI examinations
performed not only at our main hospital but also at several of
our regional imaging sites across three US states. The per-
centage of breast MRIs performed at the main imaging site
versus the regional imaging sites decreased from 2016 to 2019,
introducing apotential confounding factor. However, subgroup
analysis of the main imaging site data alone demonstrated
almost identical results as the multisite results (ie, additional
cancer yield of 17.6 per 1,000 patients and a 9.6% decrease in
unnecessary biopsies—Appendix Table A3). Finally, the
strikingly high HTHS protocol detection rate among high-BPE
patients (23.6 v 7.9 cancers per 1,000 patients) may be due in

A

B

FIG 3. The HTHS protocol facilitates cancer detection in patients with marked BPE. (A) Forty-three-
year-old woman with a left breast focal nonmass enhancement in the central left breast. The
nonmass enhancement is well appreciated on a T1-weighted fat-saturated subtraction image the
third postcontrast phase of the HTHS protocol (red arrow), acquired 36 seconds after contrast
injection. The lesion becomes obscured by marked BPE on the seventh postcontrast phase of the
HTHS protocol (yellow arrow), acquired 84 seconds after contrast injection. Pathology yielded HR1/
HER2– high-grade invasive lobular carcinoma. (B) Forty-nine-year-old women with focal nonmass
enhancement in the outer left breast, which is well appreciated on a T1-weighted fat saturated
subtraction image during the third postcontrast phase of the HTHS protocol (red arrow), acquired 36
seconds after contrast injection. The lesion is obscured bymarked BPE on the seventh postcontrast
phase of the HTHS protocol (yellow arrow), acquired 84 seconds after contrast injection. Pathology
yielded HR1 high-grade ductal carcinoma in situ. BPE, background parenchymal enhancement;
HER2, human epidermal growth factor receptor 2; HR, hormone receptor; HTHS, high temporal/high
spatial resolution.
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part to it being a prevalence screen (ie, the first time these
patients underwent HTHS protocol). In future work, we will
investigate whether the high CDR persists during subsequent
rounds of screening. Further evaluationwith larger numbers of
patients and from multiple institutions is prudent to confirm
the experience of our single large tertiary care cancer center.

Today, HTHS breast MRI protocols have been implemented
at a few major academic medical centers, but they are not
routinely used in academic or private practices. To both
maximize cancer detection and minimize unwarranted

biopsies, our work suggests that HTHS holds promise to be
the new breast MRI protocol of choice.

In conclusion, in patients with high BPE, the HTHS protocol
demonstrates improved diagnostic performance compared
with a standard breast DCE MRI protocol, detecting an
additional 15.7 cancers per 1,000 patients, while concomitantly
decreasing unnecessary biopsies by 9.8%. Our study suggests
that an HTHS breast MRI protocol may improve cancer
screening for womenwith high BPE. A prospectivemulticenter
validation trial is nowwarranted to confirm these results and to
pave the way for more widespread clinical implementation.

AFFILIATIONS
1Department of Radiology, Memorial Sloan Kettering Cancer Center,
New York, NY
2Weill Cornell Medical College, New York, NY
3Department of Epidemiology and Biostatistics, Memorial Sloan
Kettering Cancer Center, New York, NY

CORRESPONDING AUTHOR

Sarah Eskreis-Winkler, MD, PhD, Department of Radiology, Memorial
Sloan Kettering Cancer Center, 300 East 66th St, New York, NY 10065;
e-mail: eskreiss@mskcc.org.

PRIOR PRESENTATION

Presented as an oral presentation at the Annual Scientific Meeting of
the International Society of Magnetic Resonance in Medicine (ISMRM),
London, United Kingdom, May 9, 2022.

TABLE 3. Cancers Detected With the HTHS Protocol Versus the Standard Protocol

Breast Cancer 2016 Cancers, No. (%) 2019 Cancers, No. (%) P

All cancers 56 79 .03

DCIS 18 (32.1) 13 (6.5)

Low grade 1 0

Intermediate/high grade 17 13

Invasive cancer 37 (66.1) 64 (81) .05

Histopathology

Invasive ductal 30 52

Invasive lobular 7 10

Mucinous 0 1

Adenoid cystic 0 1

Invasive cancer grade

Low grade 1 2

Intermediate/high grade 35 58

Unknown 1 4

Receptor subtype

HR1/HER1 2 5

HR1/HER– 23 45

HR–/HER21 1 3

HR–/HER2– 10 12

Unknown 20 14

Others (eg, sarcoma, lymphoma) 1 (1.8) 2 (2.5) .77

Axillary nodal status

No axillary disease 39 57

Ipsilateral nodal metastases 13 (23.32) 7 (8.9) .02

Unknown 4 15

Abbreviations: DCIS, ductal carcinoma in situ; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; HTHS, high temporal/high
spatial resolution.
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APPENDIX

TABLE A1. DCE-MRI Acquisition Parameters

MRI Parameter

2016 Standard Breast MRI Protocol 2019 HTHS Breast MRI Protocol

Steady-State DCE-MRI T1-Weighted
Fat-Saturated DISCO

Field strength 1.5T 3T 1.5T 3T

Orientation Axial Axial Axial Axial

Coil 8 channel 8 channel, 16 channel 16 channel 8 channel, 16 channel

In-plane resolution, mm 1.0 3 1.0 1.1 3 1.1 1.0 3 1.0 1.0 3 1.0

Slice thickness, mm 2.0 1.1 1.5 1.5

Flip angle 10 10 12 12

TR/TE, ms 5.8/2.7 4.7-6.0/2.1-2.2 6.4/TE1 minimum 4.2/TE1 minimum

Bandwidth, kHz 41.67 83.33 100.00 166.67

Temporal resolution, seconds ~90 ~90 12-16 12-16

Abbreviations: DCE, dynamic contrast-enhanced; DISCO, differential subsampling with Cartesian ordering; HTHS, high temporal/high spatial
resolution; MRI, magnetic resonance imaging; TR/TE, repetition time/echo time.

TABLE A2. Demographics and Patient Examination Characteristics Across All BPE Categories

Parameter Standard Protocol (2016), No. (%) HTHS Protocol (2019), No. (%) P

No. of patients 3,066 (100) 3,318 (100)

No. of examinations 3,210 (100) 3,492 (100)

Baseline screening examinations 573 (18) 674 (19) .129

Screening examinations with priors 2,637 (82) 2,818 (81)

Age distribution, years

Mean 52.2 52.2

SD 11.8 12.6

Range 16-86 20-85

Menopausal status

Premenopausal 1,363 (43) 1,550 (44) .111

Postmenopausal 1,846 (57) 1,941 (56)

Field strength

1.5T 1,277 (40) 1,127 (32) <.001

3.0T 1,933 (60) 2,365 (68)

Imaging center

Main site 2,379 (74) 2,269 (65) <.001

Regional sites (seven locations) 831 (26) 1,050 (30)

BPE

High BPE 761 (24) 720 (21) .002a

Marked BPE 196 (6) 203 (6)

Minimal BPE 565 (18) 517 (15)

Low BPE 2,449 (76) 2,772 (79)

Mild BPE 1,190 (37) 1,152 (33)

Minimal BPE 1,259 (39) 1,620 (46)

BI-RADS

BI-RADS 1 and BI-RADS 2 2,666 (83) 2,765 (79) <.001

BI-RADS 3 238 (7) 370 (11) <.001

BI-RADS 4 and BI-RADS 5 306 (10) 357 (10) .34

Abbreviations: BI-RADS, Breast Imaging and Reporting Data System; BPE, background parenchymal enhancement; HTHS, high temporal/high
spatial resolution; SD, standard deviation.
aCompares high BPE between the standard and HTHS protocol.
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TABLE A3. Interval Cancers, by Method of Diagnosis

Interval Cancers: Method of Diagnosis Standard MRI Protocol (2016) HTHS Protocol (2019)

Palpable finding 2 0

Mammogram or ultrasound screening examination
performed approximately 6 months later

5 7

Same-day mammogram 0 1

Discordant biopsy, leading to ultrasound biopsy yielding
cancer

0 1

Early screening MRI (8 months later) 0 1

Patient opted for biopsy of BI-RADS 3 lesion 1 0

Six-month follow-up MRI of BI-RADS 3 lesion 5 0

Total 13 10

Abbreviations: BI-RADS, Breast Imaging and Reporting Data System; HTHS, high temporal/high spatial resolution; MRI, magnetic resonance
imaging.

TABLE A4. Diagnostic Performance of the Standard Protocol Versus HTHS Protocol Across All BPE Categories

Diagnostic Performance Metric

Standard Protocol (2016) HTHS Protocol (2019)

Value 95% CI Value 95% CI

All examinations

Sensitivity, % 81.2 (56-69) 70.7 to 91.7 88.9 (80-90) 81.8 to 96.0

Specificity, % 92.0 (2,891-3,141) 91.1 to 93.0 91.9 (3,125-3,402) 90.9 to 90.9

PPV3, % 18.5 (56-303) 13.8 to 23.1 23.4 (89-380) 18.6 to 28.2

Baseline screening examinations 16.4 (20-122) 9.1 to 23.7 22.9 (39-170) 16.1 to 29.8

Screening examinations with priors 19.9 (36-181) 13.6 to 26.2 23.8 (50-210) 17.8 to 29.8

NPV, % 99.6 (2,891-2,904) 99.3 to 99.8 99.7 (3,125-3,135) 99.3 to 100.1

Interval cancer rate, % 0.4 (13-3,210) 0.16 to 0.65 0.3 (10-3,492) 0.1 to 0.5

Cancer detection rate (per 1,000
patients)

17.5 (56-3,210) 12.62 to 22.27 22.91 (80-3,492) 16.93 to 28.89

Baseline screening examinations 34.9 (20-573) 18.26 to 51.55 53.41 (36-674) 35.51 to 71.32

Screening examinations with priors 13.65 (36-2,637) 8.86 to 18.45 15.61 (44-2,818) 10.70 to 20.52

Nonmalignant biopsy rate, % 81.5 (247-303) 76.9 to 86.2 76.6 (291-380) 72.2 to 81.0

High BPE examinations

Sensitivity, % 60.0 (6-10) 22.4 to 97.6 77.3 (17-22) 57.4 to 97.1

Specificity, % 86.4 (649-751) 83.8 to 89.0 86.0 (600-698) 83.2 to 88.7

PPV3, % 5.6 (6-107) 0.4 to 10.8 14.6 (19-130) 7.1 to 22.1

Baseline screening examinations 4.1 (2-49) –3.3 to 11.5 11.7 (7-60) 1.8 to 21.5

Screening examinations with priors 6.9 (4-58) –1.2 to 15 17.1 (12-70) 7.5 to 26.8

NPV, % 99.4 (649-653) 98.6 to 100.1 99.2 (600-605) 97.9 to 100.4

Interval cancer rate, % 0.5 (4-761) –0.1 to 1.2 0.7 (5-720) 0.0 to 1.4

Cancer detection rate (per 1,000
patients)

7.88 (6-761) 0.25 to 15.52 23.61 (17-720) 8.81 to 38.41

Baseline screening examinations 12.05 (2-166) –10.65 to 34.74 43.21 (7-162) 7.97 to 78.45

Screening examinations with priors 6.72 (4-595) –1.58 to 15.03 17.92 (10-558) 5.36 to 30.48

Nonmalignant biopsy rate, % 94.4 (101-107) 89.2 to 99.6 85.4 (111-130) 78.9 to 91.8

Abbreviations: BPE, background parenchymal enhancement; HTHS, high temporal/high spatial resolution; NPV, negative predictive value; PPV3,
positive predictive value of biopsy.
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TABLE A5. Diagnostic Performance of the Standard Protocol Versus HTHS Protocol at the Main Imaging Site

Diagnostic Performance Metric

Standard Protocol (2016) HTHS Protocol (2019)

PValue 95% CI Value 95% CI

All examinations

Sensitivity, % 82.4 (42-51) 71.9 to 92.8 87.9 (58-66) 80.0 to 95.8 .2002

Specificity, % 92.5 (2,153-2,328) 91.4 to 93.6 91.8 (2,022-2,203) 90.6 to 90.6 .1911

PPV3, % 21.4 (42-196) 15.7 to 27.2 27.2 (58-213) 21.3 to 33.2 .0863

Baseline screening
examinations

19.5 (16-82) 10.9 to 28.1 30.7 (27-88) 21.0 to 40.3 .0471

Screening examinations with
priors

22.8 (26-114) 15.1 to 30.5 24.8 (31-125) 17.2 to 32.4 .3590

NPV, % 99.6 (2,153-2,162) 99.3 to 99.9 99.6 (2,022-2,030) 99.3 to 99.9 .4550

Interval cancer rate, % 0.4 (9-2,379) 0.13 to 0.63 0.4 (8-2,269) 0.1 to 0.6 .4423

Cancer detection rate (per 1,000
patients)

17.65 (42-2,379) 12.36 to 22.95 25.56 (58-2,269) 19.07 to 32.06 .0316

Baseline screening
examinations

37.91 (16-422) 19.69 to 56.14 66.34 (27-407) 42.16 to 90.52 .0325

Screening examinations with
priors

13.29 (26-1,957) 8.21 to 18.36 16.65 (31-1,862) 10.84 to 22.46 .1958

Nonmalignant biopsy rate, % 78.6 (154-196) 72.8 to 84.3 72.8 (155-213) 66.8 to 78.7 .1726

High BPE examinations

Sensitivity, % 66.7 (6-9) 35.9 to 97.5 73.7 (14-19) 53.9 to 93.5 .351

Specificity, % 88.4 (534-604) 85.9 to 91 85.8 (422-492) 82.7 to 88.9 .097

PPV3, % 8.8 (6-68) 2.1 to 15.6 18.4 (14-76) 9.7 to 27.1 .048

Baseline screening
examinations

6.3 (2-32) –2.1 to 14.6 20.0 (7-35) 6.7 to 33.3 .050

Screening examinations with
priors

11.1 (4-36) 0.8 to 21.4 17.1 (7-41) 5.6 to 28.6 .228

NPV, % 99.4 (534-537) 98.8 to 100.1 98.8 (422-427) 97.8 to 99.8 .149

Interval cancer rate, % 0.5 (3-613) –0.1 to 1.0 1.0 (5-511) 0.1 to 1.8 .166

Cancer detection rate (per 1,000
patients)

9.79 (6-613) 1.99 to 17.58 27.40 (14-511) 13.24 to 41.55 .013

Baseline screening
examinations

15.50 (2-129) –5.82 to 36.82 61.40 (7-114) 17.33 to 105.47 .029

Screening examinations with
priors

8.26 (4-484) 0.20 to 16.33 17.63 (7-397) 4.69 to 30.58 .106

Nonmalignant biopsies, % 91.2 (62-68) 84.4 to 97.9 81.6 (62-76) 72.9 to 90.3 .096

Abbreviations: BPE, background parenchymal enhancement; HTHS, high temporal/high spatial resolution; NPV, negative predictive value; PPV3,
positive predictive value of biopsy.
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TABLE A6. Diagnostic Performance of the Standard Versus HTHS Protocol, Breast Density Subgroup Analysis

Diagnostic Performance Metric

Standard Protocol (2016) HTHS Protocol (2019)

PValue 95% CI Value 95% CI

All examinations

Sensitivity, % 79.0 (49-62) 68.9 to 89.2 86.8 (66-76) 79.2 to 94.4 .1104

Specificity, % 91.8 (2,891-3,148) 90.9 to 92.8 91.5 (3,125-3,416) 90.5 to 90.5 .3018

PPV3, % 20 (50-250) 15.0 to 25.0 28.5 (69-242) 22.8 to 34.2 .0137

Baseline screening
examinations

19.1 (17-89) 10.9 to 27.3 26.6 (25-94) 17.7 to 35.5 .1141

Screening examinations with
priors

20.5 (33-161) 14.3 to 26.7 29.7 (44-148) 22.4 to 37.1 .0304

NPV, % 99.6 (2,891-2,904) 99.6 to 99.3 99.7 (3,125-3,135) 99.5 to 99.9 .2086

Interval cancer rate, % 0.4 (13-2,945) 0.20 to 0.68 0.2 (5-2,773) 0.0 to 0.3 .0391

Cancer detection rate (per 1,000
patients)

16.98 (50-2,945) 12.31 to 21.64 24.88 (69-2,773) 19.09 to 30.68 .0182

Baseline screening
examinations

41.87 (17-406) 22.39 to 61.36 53.76 (25-465) 33.26 to 74.26 .2069

Screening examinations with
priors

13.00 (33-2,539) 8.59 to 17.40 19.06 (44-2,308) 13.49 to 24.64 .0458

Nonmalignant biopsy rate, % 80.0 (200-250) 75.0 to 85.0 71.5 (173-242) 65.8 to 77.2 .0275

High density examinations

Sensitivity, % 75.6 (34-45) 63.0 to 88.1 96.2 (51-53) 91.1 to 101.4 .001

Specificity, % 91.5 (1,941-2,121) 90.3 to 92.7 91.9 (1,768-1,923) 90.7 to 93.2 .312

PPV3, % 17.6 (35-199) 12.3 to 22.9 29.0 (54-186) 22.5 to 35.6 .004

Baseline screening
examinations

18.6 (13-70) 9.5 to 27.7 28.4 (21-74) 18.1 to 38.7 .083

Screening examinations with
priors

17.1 (22-129) 10.6 to 23.5 29.5 (33-112) 21.0 to 37.9 .011

NPV, % 99.4 (1,941-1,952) 99.1 to 99.8 99.9 (1,768-1,770) 99.7 to 100.0 .010

Interval cancer rate, % 0.5 (11-2,193) 0.2 to 0.8 0.1 (2-2,027) 0.0 to 0.2 .009

Cancer detection rate (per 1,000
patients)

15.96 (35-2,193) 10.71 to 21.20 26.64 (54-2,027) 19.63 to 33.65 .008

Baseline screening
examinations

43.48 (13-299) 20.36 to 66.59 62.69 (21-335) 36.73 to 88.64 .142

Screening examinations with
priors

11.62 (22-1,894) 6.79 to 16.44 19.50 (33-1,692) 12.91 to 26.09 .028

Nonmalignant biopsies, % 82.4 (163-199) 77.1 to 87.7 71.0 (132-186) 64.4 to 77.5 .008

Abbreviations: BPE, background parenchymal enhancement; HTHS, high temporal/high spatial resolution; NPV, negative predictive value; PPV3,
positive predictive value of biopsy.
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TABLE A7. Diagnostic Performance of the Standard Versus HTHS Protocol in a Paired Cohort That Underwent Breast MRI in 2016 and 2019

Diagnostic Performance Metric

Standard Protocol (2016) HTHS Protocol (2019)

PValue 95% CI Value 95% CI

All examinations

Sensitivity, % 58.3 (7-12) 30.4 to 86.2 77.3 (17-22) 59.8 to 94.8 .1234

Specificity, % 94.3 (1,285-1,363) 93.0 to 95.5 96.5 (1,305-1,353) 95.5 to 95.5 .0035

PPV3, % 7.8 (7-90) 2.2 to 13.3 33.3 (19-57) 21.1 to 45.6 .0002

NPV, % 99.6 (1,285-1,290) 99.3 to 100 99.6 (1,305-1,310) 99.3 to 100 .4903

Interval cancer rate, % 0.4 (5-1,375) 0.05 to 0.68 0.4 (5-1,375) 0.0 to 0.7 .5000

Cancer detection rate (per 1,000
patients)

5.09 (7-1,375) 1.33 to 8.85 12.36 (17-1,375) 6.52 to 18.20 .0202

Nonmalignant biopsy rate, % 92.2 (83-90) 86.7 to 97.8 66.7 (38-57) 54.4 to 78.9 .0004

High BPE examinations

Sensitivity, % 100 (1-1) 100 to 100 75.0 (6-8) 45.0 to 105.0 .285

Specificity, % 90.4 (282-312) 87.1 to 93.7 94.4 (201-213) 91.3 to 97.5 .049

PPV3, % 3 (1-33) –2.8 to 8.9 46.7 (7-15) 21.4 to 71.9 .001

NPV, % 100 (282-282) 100 to 100 99.0 (201-203) 97.7 to 100.4 .047

Interval cancer rate, % 0 (0-313) 0 to 0 0.9 (2-221) –0.3 to 2.2 .046

Cancer detection rate (per 1,000
patients)

3.19 (1-313) –3.06 to 9.45 27.15 (6-221) 5.72 to 48.58 .008

Nonmalignant biopsies, % 97 (32-33) 91.1 to 102.8 53.3 (8-15) 28.1 to 78.6 .001

Abbreviations: BPE, background parenchymal enhancement; HTHS, high temporal/high spatial resolution; NPV, negative predictive value; PPV3,
positive predictive value of biopsy.
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