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Synopsis
Gradient nonlinearity (GNL) correction shows potential to improve the accuracy of ADC values collected across di�erent MRI platforms. Here, we
retrospectively applied GNL correction to breast DWI datasets collected in the ECOG-ACRIN A6702 trial by pixel-wise scaling of the ADC map with
correction factor map. Our �ndings con�rm that GNL signi�cantly impacts multicenter breast lesion ADC values, and that GNL-based ADC errors vary
signi�cantly across MRI vendors and gradient systems. Therefore, GNL correction is important for implementation of generalizable ADC thresholds for
separating benign and malignant lesions.

Introduction
Di�usion-weighted MRI (DWI) has shown clear potential for multiple breast applications including improving accuracy of breast MRI examinations,
monitoring response to therapy, as well as a standalone non-contrast MRI technique for breast cancer detection [1]. The ECOG-ACRIN Cancer Research
Group A6702 prospective multisite breast imaging trial recently reported promising primary �ndings on the performance of apparent di�usion
coe�cient (ADC) values to reduce unnecessary biopsies [2,3]. A strength of this study was it was performed across multiple practice sites and MRI
platforms using a standardized breast DWI protocol. Previous studies have shown improvement in the accuracy of ADC measures by applying correction
for system speci�c gradient nonlinearity (GNL), including for breast DWI [4, 5]. In this study, we evaluated the impact of GNL correction on breast lesion
ADC measures and optimal ADC cuto�s for di�erentiation of benign and malignant breast lesions in this multi-vendor, multi-platform, multi-site clinical
trial dataset.

Materials and Methods
Data Acquisition and Analysis: The A6702 IRB approved imaging trial was performed at ten institutions on multiple 1.5T and 3T MRI platforms (Philips, GE,
Siemens); all the scanners underwent initial DWI quali�cation and ongoing QC for the trial [2]. Over 1000 women consented and underwent the protocol-
speci�ed DWI scan during their clinical MRI exams from March 2014 to April 2015. A standardized single-shot DW EPI sequence with parallel imaging, fat
suppression and b = 0, 100, 600, 800 s/mm  was acquired for all the consented patients. As previously described, 107 participants had at least one BI-
RADS 3, 4, or 5 lesion detected on conventional MRI, of which 67 were included in the primary analysis (13 patients were excluded for lack of reference
standard, 23 for insu�cient DWI quality, and 4 were ineligible or withdrew) [2]. During centralized analysis, ADC was measured for a small hotspot
region-of-interest (target size 3x3 voxels) drawn on the darkest tumor region on the ADC map calculated using all the b-values and a mono-exponential
di�usion model [3].  
System GNL correction: Gradient channel design spherical harmonics (SPH) coe�cients and normalization conventions were provided by the vendors.
Direction-averaged corrector maps, C (r)=Tr[Lu  (Lu ) ], were then constructed as has been previously described [5]. ADC map correction was then
performed by pixel-wise scaling, ADC  =ADC/C . An example is shown in Fig 1. 
Statistical Analysis: The mean ADC values before and after GNL correction were compared using a two-tailed z-test after �tting a linear regression model
with generalized estimation equations and an exchangeable working correlation structure; a vendor-adjusted comparison was also performed. Benign
vs. malignant lesion outcomes were determined by reference standard of tissue sampling or imaging follow-up, as appropriate [2]. Diagnostic
performance was evaluated by calculating the lesion-level area under the receiver operating characteristic curve (AUC) along with bootstrapped 95%
con�dence intervals (CIs). An ADC cuto� was chosen to maximize sensitivity while maintaining 100% sensitivity (i.e., the highest malignant ADC value) in
all the lesions; unnecessary biopsy reduction and overall biopsy reduction were calculated by applying the cuto� to benign BI-RADS 4 and 5 lesions and
all BI-RADS 4 and 5 lesions, respectively.

Results
The study evaluated 81 breast lesions (53 benign, 28 malignant) in 67 women (median age: 49 years; range 24 – 75 years). The lesion BI-RADS
assessments were 3 (n=14), 4 (n=63), 5 (n=4). The scans were performed on 9 di�erent MRI scanners representing 7 distinct gradient systems (3 vendors,
2 �eld strengths). GNL-corrected lesion ADCs were signi�cantly di�erent from the uncorrected ADCs (mean ADC  = 1.12 ± 0.29 vs. uncorrected ADC =
1.17 ± 0.30 x10  mm /s, p<0.001). GNL error in breast lesion ADCs varied across gradient systems (Fig 2), with mean ∆ADCs (uncorrected-corrected) of
0.14 ±0.08, 0.03 ±0.02, 0.004 ±0.01 for vendor A (2 gradient systems), B (2 gradient systems) and C (3 gradient systems), respectively, p<0.001. GNL
correction a�ected both benign and malignant lesion ADC values (mean ∆ADC = 0.04 x10  mm /s for both lesion types) and did not change diagnostic
performance, with AUC = 0.78 (95% CI 0.68-0.88) for uncorrected vs. 0.79 (95% CI 0.69-0.89) for corrected, p=0.22 (Fig 3). GNL correction would result in a
slightly lower hotspot ADC cuto� (1.33 vs. 1.35 x10  mm /sec), and both cuto�s could reduce unnecessary biopsies by 30.8% (12/39 benign lesions) and
the overall biopsy rate by 17.9% (12/67 lesions).

Conclusion and Discussion
This study showed GNL substantially a�ects lesion ADC measures, with signi�cant variability across vendor MRI platforms. While signi�cant e�ects on
diagnostic performance were not identi�ed, results suggest that clinical implementation of absolute ADC cuto�s to improve MRI accuracy and reduce
unnecessary biopsies will have variable performance levels based on MRI gradient platform if not correcting for GNL. GNL correction should be
implemented across all scanner platforms to ensure uniformity and consistency of diagnostic breast lesion ADC measures, particularly if considering
incorporation of ADC as a quantitative marker in standardized breast MRI interpretation strategies (e.g. BI-RADS) or for multi-vendor multi-platform
clinical studies.
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Figures

Figure 1. Example of the direction averaged correction map Cave and impact on tumor ADC values. A 50 year old woman with a 7 mm suspicious BIRADS
4 lesion, which was found to be malignant on biopsy. (a,b,c) show the uncorrected ADC map, GNL correction map and the resulting ADC map after
applying GNL correction. Insets on images (a) and (c) show lesion area. The lesion ADC values were lower after GNL correction. (Hotspot ADCs
Uncorrected = 1.19 x10  mm /s Corrected = 0.99 x10  mm /s)

Figure 2. Bland-Altman plot for uncorrected and corrected hotspot ADCs by MRI gradient system

Figure 3. ROC curves for uncorrected and corrected hotspot ADCs
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