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ORIGINAL RESEARCH • BREAST IMAGING

Mean Apparent Diffusion Coefficient Is a Sufficient 
Conventional Diffusion-weighted MRI Metric to Improve 
Breast MRI Diagnostic Performance: Results from the ECOG-
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Background:  The Eastern Cooperative Oncology Group and American College of Radiology Imaging Network Cancer Research 
Group A6702 multicenter trial helped confirm the potential of diffusion-weighted MRI for improving differential diagnosis of  
suspicious breast abnormalities and reducing unnecessary biopsies. A prespecified secondary objective was to explore the relative 
value of different approaches for quantitative assessment of lesions at diffusion-weighted MRI.

Purpose:  To determine whether alternate calculations of apparent diffusion coefficient (ADC) can help further improve diagnostic 
performance versus mean ADC values alone for analysis of suspicious breast lesions at MRI.

Materials and Methods:  This prospective trial (ClinicalTrials.gov identifier: NCT02022579) enrolled consecutive women (from March 
2014 to April 2015) with a Breast Imaging Reporting and Data System category of 3, 4, or 5 at breast MRI. All study participants 
underwent standardized diffusion-weighted MRI (b = 0, 100, 600, and 800 sec/mm2). Centralized ADC measures were performed, 
including manually drawn whole-lesion and hotspot regions of interest, histogram metrics, normalized ADC, and variable b-value 
combinations. Diagnostic performance was estimated by using the area under the receiver operating characteristic curve (AUC). 
Reduction in biopsy rate (maintaining 100% sensitivity) was estimated according to thresholds for each ADC metric.

Results:  Among 107 enrolled women, 81 lesions with outcomes (28 malignant and 53 benign) in 67 women (median age, 49 years; 
interquartile range, 41–60 years) were analyzed. Among ADC metrics tested, none improved diagnostic performance versus standard 
mean ADC (AUC, 0.59–0.79 vs AUC, 0.75; P = .02–.84), and maximum ADC had worse performance (AUC, 0.52; P , .001). 
The 25th-percentile ADC metric provided the best performance (AUC, 0.79; 95% CI: 0.70, 0.88), and a threshold using median 
ADC provided the greatest reduction in biopsy rate of 23.9% (95% CI: 14.8, 32.9; 16 of 67 BI-RADS category 4 and 5 lesions). 
Nonzero minimum b value (100, 600, and 800 sec/mm2) did not improve the AUC (0.74; P = .28), and several combinations of 
two b values (0 and 600, 100 and 600, 0 and 800, and 100 and 800 sec/mm2; AUC, 0.73–0.76) provided results similar to those seen 
with calculations of four b values (AUC, 0.75; P = .17–.87).

Conclusion:  Mean apparent diffusion coefficient calculated with a two–b-value acquisition is a simple and sufficient diffusion-weighted 
MRI metric to augment diagnostic performance of breast MRI compared with more complex approaches to apparent diffusion 
coefficient measurement.

© RSNA, 2020

Online supplemental material is available for this article.

This copy is for personal use only. To order printed copies, contact reprints@rsna.org
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normalization of ADC to intrasubject fibroglandular tissue to 
account for variations in water content and hormonal influ-
ences (15); and using a nonzero minimum b value to reduce 
confounding perfusion effects in ADC calculation (10).

The Eastern Cooperative Oncology Group and American 
College of Radiology Imaging Network (ECOG-ACRIN) Can-
cer Research Group A6702 multicenter diffusion trial was de-
signed to validate the performance of diffusion-weighted MRI 
for safely reducing false-positive findings at breast MRI by using 
a generalizable standardized approach. Results from the primary 
analysis of the trial identified a mean ADC threshold for a breast 
lesion (1.53 3 1023 mm2/sec) to reduce biopsies by 21% with-
out affecting sensitivity (16). As a prespecified secondary analysis 
of the trial, the purpose of our study was to test in the same co-
hort the hypothesis that alternative ADC metrics and/or b-value 
combinations can improve performance for diagnosing malig-
nancy detected at dynamic contrast-enhanced MRI.

Materials and Methods

Study Participants
The ECOG-ACRIN A6702 trial was a single-arm, prospective, 
multi-institution imaging trial (ClinicalTrials.gov identifier: 

Abbreviations
ADC = apparent diffusion coefficient, AUC = area under the receiver 
operating characteristic curve, BI-RADS = Breast Imaging Reporting 
and Data System, ECOG-ACRIN = Eastern Cooperative Oncology 
Group and American College of Radiology Imaging Network, ROI = 
region of interest

Summary
An approach for measuring mean apparent diffusion coefficient that 
used two b values is sufficient for improving diagnostic performance 
of breast MRI and reducing the biopsy rate by up to 22.4% without 
lowering sensitivity.

Key Results
	n No alternate metrics for apparent diffusion coefficient (ADC) 

improved diagnostic performance versus the commonly reported 
mean ADC (area under the receiver operating characteristic curve 
[AUC], 0.59–0.79 vs AUC, 0.75; P = .02–.84), and maximum 
ADC had worse performance (AUC, 0.52; P , .001).

	n The 25th-percentile ADC metric helped best distinguish malig-
nant from benign abnormalities (AUC, 0.79), and median ADC 
provided the greatest biopsy rate reduction (23.9% [16 of 67 
Breast Imaging Reporting and Data System category 4 and 5 le-
sions]).

	n Using fewer b values (with maximum b = 600–800 sec/mm2) to 
calculate ADC did not affect diagnostic performance (AUC, 0.73–
0.76; P = .17–.87), which could simplify breast diffusion-weighted 
MRI acquisition and reduce imaging times.

Although it is clear that intravenous contrast material– 
enhanced breast MRI provides the highest sensitivity for 

detection of otherwise occult breast cancer, its main limita-
tion as a supplemental screening tool is false-positive results 
that lead to unnecessary biopsies (1). Quantification of altera-
tions in water diffusion through diffusion-weighted MRI holds 
strong potential to improve specificity of breast MRI by reflect-
ing differences in lesion microstructure and cellularity (2,3). 
In vivo diffusion is most commonly reported as the apparent 
diffusion coefficient (ADC) metric, which numerous studies 
of breast diffusion-weighted MRI have shown to be useful in 
discriminating malignant from benign findings (4–10), as re-
cently summarized in meta-analyses of 65 studies with more 
than 6400 pooled lesions (11).

Approaches for breast diffusion-weighted MRI in clinical 
research vary widely in acquisition and interpretation, and con-
sensus recommendations from the European Society of Breast 
Radiology were recently published to facilitate standardization 
(12). However, diffusion-weighted MRI is not yet incorporated 
into the Breast Imaging Reporting and Data System (BI-RADS), 
and more data are needed to refine optimal methods for clini-
cal implementation, particularly regarding quantitation of lesion 
ADC. Although ADC is commonly reported as the mean value 
across the lesion, measured using a manually defined region of 
interest (ROI) (2), studies suggest alternative metrics for ADC 
could further improve diagnostic performance. These alternative 
approaches include histogram-derived metrics (eg, minimum, 
maximum, and percentiles) to better account for cellular and 
microstructural heterogeneity within abnormalities (13); mea-
suring the “hotspot” (subregion of greatest diffusion restriction 
and lowest ADC), potentially reflecting highest cellularity (14); 

Figure 1:   Eastern Cooperative Oncology Group and American College of 
Radiology Imaging Network Cancer Research Group A6702 trial participant 
flowchart. BI-RADS = Breast Imaging Reporting and Data System, DWI = diffusion-
weighted imaging.
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dardized protocol with a resolution of 1.5–2 mm in-plane and 
4-mm section thickness. Before dynamic intravenous contrast-
enhanced MRI, diffusion-weighted MRI was performed in the 
axial orientation with diffusion gradients in three orthogonal 
directions using multiple b values (0, 100, 600, and 800 sec/mm2), 
with a single-shot, diffusion-weighted, spin-echo echo-planar 
imaging sequence with parallel imaging (reduction factor 2) 
and fat suppression. Scan parameters were repetition time, 
4000 msec or greater; minimum echo time, 50–100 msec; flip 
angle, 90°; field of view, 30–36 cm; matrix, 180 3 180 to 
240 3 240; and slice thickness, 4 mm without gap. Diffusion-
weighted MRI acquisition time was approximately 5 minutes.

All sites were required to pass quality control testing consist-
ing of diffusion-weighted MRI phantom imaging and submis-
sion of two in vivo diffusion-weighted MRI cases acquired by 
using the multi–b-value protocol (16). In vivo images were re-
viewed for absence of substantial artifacts, homogenous fat sup-
pression, and adequate signal-to-noise ratio.

Interpretation of Clinical Breast MRI
MRI examinations for the 1002 women, who provided in-
formed consent, were prospectively interpreted as part of rou-
tine clinical care by site radiologists (including H.R., S.M.H., 
L.M., W.B.D., B.E.D., W.T.Y., L.C.W., B.N.J., K.Y.O., 
C.H.N., and E.S.M.; reader experience summarized in Table 
E1 [online]) who used available clinical information but were 
initially blinded to diffusion-weighted MRI results, following 
study protocol. For each lesion identified, a final BI-RADS as-
sessment was required based on only standard non–diffusion-

NCT02022579 [17,18]) performed at 10 academic institu-
tions (Appendix E1 [online]) between March 2014 and April 
2015. Each site received institutional review board approval 
and complied with the Health Insurance Portability and Ac-
countability Act. In total, 1002 consecutive women aged 18 
years or older undergoing breast MRI for any indication pro-
vided written informed consent to undergo a study-specific 
diffusion-weighted MRI sequence during their MRI examina-
tion. At clinical interpretation of non–diffusion-weighted MRI 
sequences (described below), 107 of 1002 women (11%) with 
at least one BI-RADS category 3, 4, or 5 lesion identified were 
enrolled (Fig 1) (16). Management of individual findings was 
based on the institutional standard of care, with the expecta-
tion that participants would undergo a biopsy after the study 
MRI (for BI-RADS category 4 or 5 lesions) or imaging follow-
up at 6-month intervals for BI-RADS category 3 lesions.

Power analysis estimated that 85 evaluable lesions would pro-
vide 80% power for the primary analysis; thus, target enrollment 
was set for 100 participants to account for dropout (Appendix 
E1 [online]). The study sample was previously described in the 
primary analysis evaluating the diagnostic utility of mean ADC 
(16); this secondary analysis assessed the relative performance 
of various alternative ADC metrics. Data generated or analyzed 
during the study are available through ECOG-ACRIN.

MRI Protocol
The imaging protocol and quality assurance process for diffu-
sion-weighted MRI have been previously reported (16). Dif-
fusion-weighted MRI was performed at each site using a stan-

Figure 2:  Malignant breast lesion in 41-year-old woman who underwent axial contrast material–enhanced MRI for evaluation of disease extent for new cancer di-
agnosis. Dynamic contrast-enhanced MRI demonstrated additional 19-mm irregular mass at 12 o’clock position in right breast, assessed as Breast Imaging Reporting and 
Data System category 5. At diffusion-weighted MRI, lesion mean apparent diffusion coefficient (ADC) was 1.10 3 1023 mm2/sec, and ipsilateral normal tissue mean ADC 
was 1.43 3 1023 mm2/sec. Representative T1-weighted postcontrast image (DCE), diffusion-weighted image (DWI) (b = 800 sec/mm2), ADC map created using all b 
values (0, 100, 600, and 800 sec/mm2), and ADC histogram for lesion region of interest (shown in red on diffusion-weighted MRI scan and ADC images) are shown (top 
row, left to right). ADC maps were further generated for a variety of b-value combinations, as shown for lesion region (bottom row), including for nonzero minimum b values. 
Core-needle biopsy revealed invasive ductal carcinoma.
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Diffusion-weighted MR images were processed by using 
custom software originally developed in Matlab, version 2015a 
(MathWorks, Natick, Mass). ADC maps were calculated by using 
the standard monoexponential decay model (11) and linear least-
squares fitting of the signal decay with increasing b value using all 
b values (0, 100, 600, and 800 sec/mm2), as in the primary analy-
sis (16), and additionally for a variety of alternate two and three 
b-value combinations, including nonzero minimum b values.

For quantitation, each lesion was identified at diffusion-
weighted MRI by cross-referencing with conventional intrave-
nous contrast-enhanced and T2-weighted images to facilitate 
localization and to assist in avoiding adjacent fibroglandular or 
adipose tissue and regions of high T2 signal, such as a cyst or 
necrosis. A whole-lesion ROI was drawn on the b = 800 sec/
mm2 diffusion-weighted images, over multiple sections if neces-
sary, with assistance of a semiautomated thresholding tool (20) 
to further exclude nonlesion voxels. ROIs were the same as those 
used in the primary analysis (not redrawn for this study). ROIs 
were then propagated to ADC maps (Fig 2).

weighted MRI sequences (19), and the following features were 
recorded: morphologic features (focus, mass, or non–mass en-
hancement), maximal size, kinetic enhancement worst curve 
type (initial phase: fast  medium  slow; delayed phase: 
washout  plateau  persistent), and signal intensity on T2-
weighted images (low or high).

Centralized ADC Measurements
ADC values of eligible BI-RADS category 3, 4, and 5 breast 
lesions were measured by trained research scientists (includ-
ing A.E.K., with 2 years of experience with breast diffusion-
weighted MRI) at the University of Washington in consensus 
with the study cochairs (S.C.P. and H.R., with .15 and 7 
years of experience with breast diffusion-weighted MRI, re-
spectively), blinded to clinical outcomes, as described (16). 
Evaluability of diffusion-weighted MRI was first determined 
according to acceptable signal-to-noise ratio and fat suppres-
sion and absence of detrimental artifacts, distortions, and par-
tial volume averaging.

Table 1: Participant and Examination Features

Feature Completed Study (n = 103) Final Analysis Set (n = 67)
Median age at enrollment (y)* 47 (41–59) [24–75] 49 (41–60) [24–75]
Race
  Asian 7 (7) 4 (6)
  Black or African American 6 (6) 5 (7)
  Unknown 11 (11) 5 (7)
  White 79 (77) 53 (79)
Ethnicity
  Hispanic or Latino 1 (1) 1 (1)
  Not Hispanic or Latino 99 (96) 64 (96)
  Unknown 3 (3) 2 (3)
Clinical indication for MRI
  Evaluation of extent of disease for known breast cancer 45 (44) 32 (48)
  Further evaluation of lesion detected at other imaging 4 (4) 2 (3)
  Short-interval follow-up MRI 6 (6) 4 (6)
  Screening due to personal history of breast cancer 6 (6) 5 (7)
  Screening due to genetic risk or family history of breast cancer 23 (22) 12 (18)
  Other clinical indication 9 (9) 7 (10)
  Multiple clinical indications 10 (10) 5 (7)
No. of BI-RADS category 3, 4, or 5 lesions
  1 75 (73) 57 (85)
  2 19 (18) 6 (9)
  3 7 (7) 4 (6)
  4 2 (2) 0 (0)
Median maximum dimension of largest lesion at MRI (mm)* 11 (7–18) [4–110] 11 (8–20) [4–110]
MRI vendor
  GE (Waukesha, Wis) 19 (18) 14 (21)
  Philips (Best, the Netherlands) 63 (61) 40 (60)
  Siemens (Erlangen, Germany) 21 (20) 13 (19)
MRI field strength
  1.5 T 42 (41) 27 (40)
  3.0 T 61 (59) 40 (60)

Note.—Except where indicated, data are numbers of patients, with percentages in parentheses. BI-RADS = Breast Imaging Reporting and 
Data System.
* Numbers in parentheses are interquartile ranges, and numbers in brackets are ranges.
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Figure 3:  Benign breast lesion in 44-year-old woman who underwent axial contrast material–enhanced MRI for evaluation of disease extent for new cancer diagnosis. 
Dynamic contrast-enhanced MRI demonstrated additional 12-mm oval mass at 6 o’clock position in right breast, assessed as Breast Imaging Reporting and Data System 
category 4. At diffusion-weighted MRI, lesion mean apparent diffusion coefficient (ADC) was 1.49 3 1023 mm2/sec, and ipsilateral normal tissue mean ADC was 1.44 3 
1023 mm2/sec. Representative T1-weighted postcontrast image (DCE), diffusion-weighted image (DWI) (b = 800 sec/mm2), ADC map created using all b values (0, 100, 
600, and 800 sec/mm2), and ADC histogram for lesion region of interest (shown in red on DWI scan and ADC images) are shown (top row, left to right). ADC maps were 
generated for a variety of b-value combinations, as shown for the lesion region (bottom row), including for nonzero minimum b values. Core-needle biopsy and excisional 
biopsy revealed benign atypical ductal hyperplasia.

For the all b-value fits (0, 100, 600, and 800 sec/mm2), ADC 
was characterized through seven whole-lesion ROI histogram-
based metrics (minimum, maximum, mean, median, 25th and 
75th percentiles, and standard deviation). Hotspot ADC was 
also measured by averaging voxels for a small ROI (target size, 
3 3 3 voxels) placed on the darkest part of the lesion on the 
ADC map (12). Normalized ADC was calculated as the ratio of 
the mean ADC in a lesion to that of normal tissue. A normal tis-
sue ROI was drawn within the largest area of normal-appearing 
fibroglandular tissue (ipsilateral breast if possible) while mini-
mizing inclusion of fat and areas with high T2 signal, such as 
cysts and fibroadenomas. Different b-value combinations were 
compared by using the whole-lesion mean ADC metric.

Reference Standard for Lesion Outcomes
The reference standard for each breast abnormality was deter-
mined with image-guided biopsy, surgery, or follow-up MRI at 
12 months (as appropriate) (21,22) by institutional patholo-
gists and radiologists blinded to centralized diffusion-weighted 
MRI measures (16). Briefly, the reference standard was con-
sidered indeterminate for BI-RADS category 4 or 5 lesions if 
no sampling was performed and if no follow-up MRI led to 
downgrading of the initial finding and also for lesions excised 
during surgery for another area (eg, an ipsilateral cancer) with-
out previous sampling.

Statistical Analysis
In total, 14 alternative ADC metrics were analyzed for com-
parison with the standard mean ADC (using all b values) 

reported for the primary analysis. Pearson correlation coef-
ficients (r) were calculated between ADC metrics. Use of 
ADC metrics in discriminating malignant and benign ab-
normalities was evaluated by using receiver operating char-
acteristic curve analysis. Each receiver operating character-
istic curve was constructed empirically at the lesion level; 
the area under the receiver operating characteristic curve 
(AUC) was computed by using the trapezoidal rule, and its 
95% CI was calculated by using 10 000 bootstrap replica-
tions and with normality assumed (23). For each metric, an 
optimal threshold to reduce biopsies was identified by maxi-
mizing specificity while maintaining 100% sensitivity. The 
reduction in biopsy rate was estimated as the number of BI-
RADS category 4 and 5 lesions exceeding the ADC thresh-
old, divided by the total number of BI-RADS category 4 
and 5 lesions. Changes in biopsy rates were calculated as 
binomial proportions, and their 95% CIs were calculated 
using bootstrap percentiles.

As an additional analysis, two logistic regression mod-
els were fitted with generalized estimating equations and 
an exchangeable working correlation structure to estimate 
the performance of combining potentially complementary 
ADC metrics. The first model contained the mean ADCs 
calculated with b-value combinations of 0 and 100 sec/mm2 
and of 100, 600, and 800 sec/mm2, characterizing the faster 
(perfusion-weighted) and slower diffusion components, re-
spectively. The second model combined the seven histogram-
based metrics to account for intralesion heterogeneity. Each 
metric was centered and scaled to have zero mean and unit 
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of the mean ADC calculated from all b values. The Bonferroni 
correction was used to account for the 14 comparisons made; P , 
.0036 (.05/14) was needed to reach a statistically significant differ-
ence. Analyses were performed with SAS/STAT software (version 
9.4; SAS Institute, Cary, NC) and R software (version 4.0.2; the R 
Foundation for Statistical Computing, Vienna, Austria).

variance, and principal component analysis was performed 
on the transformed variables to remove multicollinearity. 
For each model, stratified fivefold cross-validation was used 
to estimate the AUC, and its 95% CI was calculated (24).

Two-sided P values were computed to test the hypothesis that 
the AUC of each alternative metric was different from the AUC 

Figure 4:  Scatterplots for apparent diffusion coefficient (ADC) metrics in malignant and benign lesions with associated thresholds. Standard mean ADC calculated from 
all b values, reported in Eastern Cooperative Oncology Group and American College of Radiology Imaging Network Cancer Research Group A6702 primary analysis, is 
shown in upper-left panel. All metrics were calculated in 81 evaluable lesions except normalized ADC, which was calculated for 73 lesions with measurable normal tissue. 
Measures for Breast Imaging Reporting and Data System (BI-RADS) category 4 and 5 lesions are shown in black, and measures for BI-RADS category 3 lesions are shown 
in red. Optimal threshold values (maintaining 100% sensitivity) for each metric are illustrated by blue dashed line. For all metrics except standard deviation, maximum malig-
nant value was chosen as threshold value, where lesions above threshold could potentially avoid biopsy. For standard deviation with reverse association with malignancy, 
minimum malignant value was selected as threshold, and lesions with lower standard deviation could potentially avoid biopsy.
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and most correlated with median ADC (r = 0.99 (Table E2 
[online]). Higher standard deviation ADC was predictive of 
malignancy, suggesting increased intralesion heterogeneity, 
whereas for other histogram metrics, lower values were predic-
tive of malignancy (Table 2; Fig 4). Compared with the di-
agnostic performance of mean ADC (AUC, 0.75; 95% CI: 
0.65, 0.84), maximum ADC had a lower AUC (0.52; 95% CI: 
0.38, 0.65; P , .001). The 25th-percentile ADC achieved the 
highest AUC among histogram metrics (0.79; 95% CI: 0.70, 
0.88) but was not significantly different from mean ADC (P = 
.06) (Fig 5a; Table 2). AUCs of other histogram metrics were 
also not different (0.70–0.77; P = .02–.84). For most metrics, 
a threshold corresponding to the maximum malignant value 
was selected to maintain sensitivity and to maximize specificity, 
where biopsy could potentially be avoided for lesions above the 
threshold. For standard deviation ADC, the minimum malig-
nant value was selected as the threshold, and biopsy could be 
avoided for lesions below this value (Fig 4). Resulting reduc-
tions in the biopsy rate ranged widely across ADC histogram 
metrics, from 3.0% (two of 67 lesions) to 23.9% (16 of 67 
lesions), with biopsy potentially avoided for 20.9% (14 of 67 
lesions) of BI-RADS category 4 and 5 lesions on the basis of 
standard mean ADC (Fig 4; Table 3). Of note, the 25th-per-
centile metric, which achieved the highest AUC, yielded only a 
16.4% (11 of 67 lesions) reduction in biopsies.

Results

Participant Characteristics
A total of 1002 women from 10 academic institutions provided 
informed consent before undergoing clinical MRI. Among 
these, 107 participants from nine institutions had at least one 
qualifying lesion and were enrolled (Fig 1). Forty women were 
excluded from the final analysis (one for concurrent chemo-
therapy, three for not completing the study, 13 for a missing 
reference standard, and 23 for a nonevaluable lesion at diffusion-
weighted MRI); further details were previously reported (16). 
The final analysis comprised 67 women (median age, 49 years; 
interquartile range, 41–60 years; range, 24–75 years) with 81 
lesions with a verified outcome reference standard (17 invasive 
carcinomas, 11 ductal carcinomas in situ, 53 benign lesions; me-
dian MRI size, 11 mm [interquartile range, 7–18 mm; range, 
4–110 mm]) who underwent diffusion-weighted MRI at 1.5 T 
or 3.0 T for a variety of clinical indications (Table 1). Examples 
of ADC quantitation are shown for a malignant lesion (Fig 2) 
and a benign lesion (Fig 3). ADC measurements for malignant 
and benign abnormalities are shown for all metrics in Figure 4.

Alternate ROI Histogram Metrics
Of whole-tumor ADC histogram metrics, mean ADC was 
least correlated with standard deviation ADC (r = 20.04) 

Table 2: Performance of Various ADC Metrics for Distinguishing Malignant and Benign Breast Lesions and Comparison with Previously 
Reported Mean ADC

Lesion ADC Metric Benign Lesions (n = 53) Malignant Lesions (n = 28) AUC
P Value for Comparison 
to AUC of Mean ADC

Mean ADC (all b values: 0, 100, 
600, 800 sec/mm2)

1.47 6 0.29 1.21 6 0.21 0.75 (0.65, 0.84) Reference

Alternative histogram metrics*
  Standard deviation 0.21 6 0.09 0.27 6 0.09 0.70 (0.59, 0.81) .46
  Minimum 1.05 6 0.34 0.74 6 0.30 0.76 (0.66, 0.87) .84
  25th percentile 1.32 6 0.29 1.00 6 0.26 0.79 (0.70, 0.88) .06
  Median 1.47 6 0.30 1.19 6 0.22 0.77 (0.67, 0.86) .52
  75th percentile 1.62 6 0.31 1.41 6 0.23 0.70 (0.59, 0.81) .02
  Maximum 1.83 6 0.34 1.78 6 0.28 0.52 (0.38, 0.65) ,.001
Hotspot ADC 1.26 6 0.29 0.98 6 0.22 0.78 (0.68, 0.88) .50
Normalized ADC† 0.92 6 0.26 0.83 6 0.20 0.60 (0.43, 0.76) .06
Alternative b values‡

  0, 100 sec/mm2 1.90 6 0.47 1.80 6 0.46 0.59 (0.47, 0.72) .02
  0, 600 sec/mm2 1.56 6 0.28 1.30 6 0.18 0.76 (0.67, 0.86) .60
  0, 800 sec/mm2 1.46 6 0.29 1.21 6 0.20 0.75 (0.65, 0.85) .69
  100, 600 sec/mm2 1.51 6 0.29 1.23 6 0.24 0.75 (0.65, 0.85) .87
  100, 800 sec/mm2 1.41 6 0.29 1.16 6 0.22 0.73 (0.63, 0.83) .17
  100, 600, 800 sec/mm2 1.43 6 0.29 1.17 6 0.23 0.74 (0.64, 0.84) .28

Note.—Apparent diffusion coefficient (ADC) metrics are reported as 31023 mm2/sec (means 6 standard deviations). Numbers in parentheses 
are 95% CIs. P values are for testing the difference between the area under the receiver operating characteristic curve (AUC) of each alternative 
metric to the AUC of the mean ADC using all b values.
* Alternative histogram metrics were calculated by using all b values (0, 100, 600, and 800 sec/mm2).
† Normalized ADC was measurable for only 73 lesions (49 benign, 24 malignant) and were calculated by using all b values (0, 100, 600, 
and 800 sec/mm2).
‡ The mean ADC metric was compared across alternative b-value combinations.
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0.76) for differentiating malignant from benign lesions, which 
did not improve performance over standard ADC (AUC, 0.75; 
95% CI: 0.65, 0.85; P = .06) (Fig 5c; Table 2). The biopsy 
reduction rate of 10.2% (six of 59 BI-RADS category 4 and 5 
lesions) according to normalized ADC threshold was also not 
an improvement versus standard ADC (Table 3).

Alternate b-Value Combinations
Mean ADC measures calculated with different b-value com-
binations were highly correlated (r  0.94), with the excep-
tion of the low b-value combination of 0 and 100 sec/mm2 
(r = 0.20–0.45) (Table E3 [online]). Compared with the 
reference using all b values (0, 100, 600, and 800 sec/mm2) 
with an AUC of 0.75 (95% CI: 0.65, 0.84), there was no 
difference in AUC for any tested combination of b values 
(AUC, 0.59–0.76; P = .02–.87), including ADC calculated 
with a nonzero b-value minimum (b values of 100, 600, and 
800 sec/mm2; AUC, 0.74; 95% CI: 0.64, 0.84). Of note, 
several combinations of two b values (ie, 0 and 600, 100 

Hotspot ADC
Hotspot ADC was strongly correlated with whole-tumor mean 
ADC (r = 0.88) (Table E2 [online]). Hotspot ADC achieved 
an AUC of 0.78 (95% CI: 0.68, 0.88), which was not different 
from whole-tumor mean ADC (P = .50) (Fig 5b; Table 2) but 
demonstrated a slightly lower biopsy reduction rate of 17.9% 
(12 of 67 lesions) (Table 3).

Normalized ADC
Normalized ADC could not be calculated for eight lesions in 
eight women (seven without sufficient normal-appearing fi-
broglandular tissue, one with image artifact affecting normal 
tissue regions); the subset for normalized ADC comparisons 
was 73 lesions in 59 women. Normal tissue was sampled in the 
ipsilateral breast for 70 lesions and in the contralateral breast 
for three lesions with no normal-appearing ipsilateral breast 
tissue. Standard mean ADC and normalized ADC measures 
were only moderately correlated (r = 0.63) (Table E2 [online]). 
Normalized ADC yielded an AUC of 0.60 (95% CI: 0.43, 

Figure 5:  Receiver operating characteristic curves for all apparent diffusion coefficient (ADC) metrics. (a) Graph shows histogram-based ADC metrics from whole-lesion 
regions of interest (ROI) (n = 81 lesions). (b) Graph shows hotspot ADC (n = 81 lesions). (c) Graph shows normalized ADC (n = 73 lesions, normal tissue was not measur-
able in eight women). (d) Graph shows mean ADCs calculated with varying b-value combinations (n = 81 lesions). Reference mean ADC calculated using all b values (0, 
100, 600, and 800 sec/mm2) is shown on each plot for comparison (red line). AUC = area under the receiver operating characteristic curve, SD = standard deviation. 
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suspicious enhancement at dynamic contrast material– 
enhanced MRI, resulting in a cancer diagnosis for only one 
in five screening MRI–prompted biopsies (21) and limiting the 
cost-effectiveness of this highly sensitive tool (27). Evidence 
from multiple studies demonstrates the potential of diffusion-
weighted MRI to improve the diagnostic performance of 
dynamic contrast-enhanced MRI, but standardization and op-
timization of the approach are needed for widespread clinical 
implementation (28).

Using data from the ECOG-ACRIN A6702 multicenter 
trial, we evaluated a variety of lesion ADC metrics accounting 
for intralesion heterogeneity and interparticipant variability and 
probing different underlying biologic properties. These metrics 
demonstrated AUCs ranging from 0.52 to 0.79 for diagnosing 
malignancy, and even the highest-performing metrics (AUC 
.0.75) did not significantly improve on the benchmark estab-
lished from the primary analysis of the trial using mean ADC 
(AUC, 0.75; P = .06–.84). The 25th-percentile and hotspot 
ADC metrics, both potentially sampling the most viable cellular 
regions, achieved the highest AUCs (0.79 and 0.78, respectively), 
but neither improved on mean ADC performance for reducing 
unnecessary biopsies. Use of fewer than four b values, with a 
maximum b value of 600 or 800 m/sec2, did not affect perfor-
mance (AUCs, 0.73–0.76; P = .17–.87). Our results therefore 
suggest that mean ADC alone, potentially with use of only two 
b values, is sufficient to improve specificity of conventional con-
trast-enhanced breast MRI and to reduce unnecessary biopsies.

Many studies have explored ADC for differentiation of 
suspicious breast findings (28–30). The primary analysis from 
our multicenter prospective trial extends this work to provide a 
generalizable ADC threshold to reduce unnecessary biopsies in 

and 600, 0 and 800, and 100 and 800 sec/mm2) provided 
performance similar to that of the reference combination of 
four b values, and the choice of maximum b value (600  vs 
800 sec/mm2) did not affect diagnostic performance (Fig 
5d; Table 2). Aside from a b-value combination of 0 and 
100 sec/mm2, with a 0% biopsy rate reduction, biopsy rate 
reductions according to ADC thresholds ranged closely 
from 17.9% (12 of 67 lesions) to 22.4% (15 of 67 lesions) 
across various b-value combinations (Table 3).

Exploratory Multivariable Performance
Two exploratory models were evaluated: model 1 combining 
mean ADCs using complementary b-value combinations 
(0 and 100 sec/mm2 and 100, 600, and 800 sec/mm2; r 
= 0.23) (Table E3 [online]), and model 2 combining 
whole-tumor histogram-based metrics. For model 2, principal 
component analysis was applied to the transformed his-
togram metrics; the first two principal components ex-
plained 95% of the total variance and were entered into 
the model. Compared with the mean ADC (AUC, 0.75; 
95% CI: 0.64, 0.85), model 2 suggested improved perfor-
mance for predicting malignancy (AUC, 0.80; 95% CI: 
0.71, 0.88), whereas model 1 did not (AUC, 0.67; 95% 
CI: 0.57, 0.78).

Discussion
As breast MRI use grows to include screening women of inter-
mediate risk (25,26), strong interest exists in finding ways to 
mitigate the primary risk of this tool: increased false-positive 
results and unnecessary biopsies. Many benign pathologic 
abnormalities and even normal parenchymal tissues exhibit 

Table 3: Estimated Reduction in Biopsy Rate of BI-RADS Category 4 and 5 Lesions While Maintaining Sensitivity for Various Ap-
parent Diffusion Coefficient Metrics

Lesion ADC Metric
ADC Threshold with 100%  
Sensitivity (31023 mm2/sec)

Reduction in Biopsy Rate Using  
ADC Threshold*

Mean ADC (0, 100, 600, 800 sec/mm2) 1.53 14/67 (20.9) [11.2, 31.2]
Alternative histogram metrics
  Standard deviation 0.13 6/67 (9.0) [2.9, 15.9]
  Minimum 1.28 8/67 (11.9) [4.7, 19.7]
  25th percentile 1.42 11/67 (16.4) [8.3, 25.0]
  Median 1.53 16/67 (23.9) [14.8, 32.9]
  75th percentile 1.75 12/67 (17.9) [9.7, 26.6]
  Maximum 2.42 2/67 (3.0) [0.0, 7.7]
Hotspot ADC 1.35 12/67 (17.9) [9.7, 26.7]
Normalized ADC† 1.23 6/59 (10.2) [3.4, 18.0]
Alternative b values
  0, 100 sec/mm2 3.44 0/67 (0.0) 
  0, 600 sec/mm2 1.63 12/67 (17.9) [9.5, 26.9]
  0, 800 sec/mm2 1.56 13/67 (19.4) [10.8, 28.4]
  100, 600 sec/mm2 1.54 13/67 (19.4) [11.1, 28.1]
  100, 800 sec/mm2 1.46 15/67 (22.4) [13.6, 31.3]
  100, 600, 800 sec/mm2 1.48 15/67 (22.4) [13.6, 31.3]

* Reductions in biopsy rate are expressed as fractions, with percentages in parentheses and 95% CIs in brackets. Threshold was applied in all 
Breast Imaging Reporting and Data System (BI-RADS) category 4 and 5 lesions (n = 67 total, 28 malignant, 39 benign).
† Normalized ADC was not measurable for eight BI-RADS category 4 and 5 lesions in eight women.
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current clinical practice, less prone to potential biases of single-
institution retrospective studies. This secondary analysis demon-
strates the robustness of ADC as a diagnostic marker in breast 
abnormalities because (with few exceptions) variable measure-
ment approaches did not notably affect diagnostic performance. 
Whole-tumor or hotspot ROI approaches yielded similar diag-
nostic performance, although differences in their ADC thresh-
old values (1.53 and 1.35 3 1023 mm2/sec, respectively) must 
be considered during interpretations. Similarly, optimal ADC 
thresholds varied with b-value combinations and were higher 
with use of minimum b values of 0 versus 100 sec/mm2 and/
or maximum b values of 600 versus 800 sec/mm2. Our findings 
build on previous studies investigating optimal b-value combi-
nations (10,11,31,32) and support using the two–b-value com-
bination of 0 and 800 sec/mm2 as proposed in recent consensus 
recommendations (12), allowing for minimization of diffusion-
weighted MRI examination time and improved suitability for 
abbreviated breast MRI protocols.

Our study had several limitations. The trial was not powered 
for secondary analyses, and larger sample sizes may be needed 
to identify subtle differences in diagnostic performance. In ad-
dition, the Bonferroni correction was selected as a conservative 
approach (because not all comparisons were prespecified), which 
may limit sensitivity to detect differences. Moreover, we explored 
only monoexponential ADC modeling over a limited b-value 
range, whereas more advanced diffusion-weighted MRI model-
ing may better characterize tissue microstructure and improve 
performance (33–35).

In conclusion, our multicenter trial provided evidence sup-
porting the use of standard mean ADC using acquisition with 
two b values (eg, 0 and 800 sec/mm2) as a simple and sufficient 
diffusion-weighted MRI metric to augment dynamic contrast-
enhanced MRI diagnostic performance, rather than more com-
plex alternative metrics, which may be more time-consuming 
to obtain. Still, exploratory multivariable analysis suggested 
opportunities to further improve performance of diffusion-
weighted MRI (eg, through combined histogram metrics), war-
ranting investigation in larger studies. An important next step 
toward clinical standardization is to validate the performance 
of diffusion-weighted MRI using the data and optimal cutoffs 
learned from this trial in larger retrospective data sets and/or pro-
spective trials.
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