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Abstract

OBJECTIVE.—The objective of our study was to determine the accuracy of preoperative 

measurements for detecting pathologic complete response (CR) and assessing residual disease 

after neoadjuvant chemotherapy (NACT) in patients with locally advanced breast cancer.

SUBJECTS AND METHODS.—The American College of Radiology Imaging Network 6657 

Trial prospectively enrolled women with ≥ 3 cm invasive breast cancer receiving NACT. 

Preoperative measurements of residual disease included longest diameter by mammography, MRI, 

and clinical examination and functional volume on MRI. The accuracy of preoperative 

measurements for detecting pathologic CR and the association with final pathology size were 

assessed for all lesions, separately for single masses and nonmass enhancements (NMEs), multiple 

masses, and lesions without ductal carcinoma in situ (DCIS).
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RESULTS.—In the 138 women with all four preoperative measures, longest diameter by MRI 

showed the highest accuracy for detecting pathologic CR for all lesions and NME (AUC = 0.76 

and 0.84, respectively). There was little difference across preoperative measurements in the 

accuracy of detecting pathologic CR for single masses (AUC = 0.69–0.72). Longest diameter by 

MRI and longest diameter by clinical examination showed moderate ability for detecting 

pathologic CR for multiple masses (AUC = 0.78 and 0.74), and longest diameter by MRI and 

longest diameter by mammography showed moderate ability for detecting pathologic CR for 

tumors without DCIS (AUC = 0.74 and 0.71). In subjects with residual disease, longest diameter 

by MRI exhibited the strongest association with pathology size for all lesions and single masses (r 
= 0.33 and 0.47). Associations between preoperative measures and pathology results were not 

significantly influenced by tumor subtype or mammographic density.

CONCLUSION.—Our results indicate that measurement of longest diameter by MRI is more 

accurate than by mammography and clinical examination for preoperative assessment of tumor 

residua after NACT and may improve surgical planning.

Keywords

clinical examination; locally advanced breast cancer; mammography; MRI; neoadjuvant 
chemotherapy; pathologic complete response

Neoadjuvant chemotherapy (NACT) in women with locally advanced breast cancer increases 

the number of operable tumors and women eligible for breast conservation therapy without 

decreasing either overall survival or disease-free survival [1, 2]. However, not all tumors 

respond favorably or completely to NACT; therefore, an accurate preoperative measurement 

of residual tumor size after NACT would be helpful in determining the appropriate surgical 

approach to minimize both morbidity and reexcision rates. Furthermore, the ability to 

preoperatively detect pathologic complete response (CR) could provide important prognostic 

information to aid in personalized treatment planning [2–6]. Although NACT alone is not 

currently the standard of care, clinical trials have been proposed or are currently under way 

to evaluate the potential for women with good response to NACT to avoid surgery or 

radiation altogether [7, 8], in which case the ability to accurately identify those women 

preoperatively is critical. Currently, the accuracy of different preoperative measurement 

techniques for reflecting size of residual disease after NACT and detecting pathologic CR is 

not well established.

Common methods for measuring the size of residual tumor include clinical examination, 

ultrasound, MRI, and mammography. Challenges in differentiating residual tumor from 

chemotherapy-induced fibrosis, biopsy-site changes, and tumor necrosis can result in 

inaccurate estimates of tumor size by each of these modalities [9, 10]. Previous studies 

comparing the accuracy of clinical and imaging measurements of residual tumors after 

NACT not only showed that MRI measurements best correlated to pathology size but also 

revealed that overestimation and underestimation of residual disease occurred [11–14]. 

Although the ACR Appropriateness Criteria supports the use of MRI before and after NACT 

for monitoring tumor response [15], data showing its ability to assess the amount of residual 

disease after NACT, including the ability to detect pathologic CR, would help guide 

treatment planning. Thus, further work determining the accuracy of MRI in comparison with 
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other methods for assessing pathologic CR and extent of residual disease after NACT is 

necessary.

Recent studies from the American College of Radiology Imaging Network (ACRIN) 6657 

Trial showed that changes in MRI size measures after initiating NACT are predictive of 

pathologic CR and 3-year survival [16, 17]. Additional studies have shown that the MRI 

lesion type [18], the presence of ductal carcinoma in situ (DCIS) [19, 20], and histologic 

subtype [18, 21, 22] can affect the accuracy of MRI measurements for assessing residual 

disease after NACT. As the third and final primary aim of the ACRIN 6657 Trial, this 

current study builds on the previous studies to evaluate the accuracy of post-NACT lesion 

size measurements by clinical examination, mammography, and MRI for detecting 

pathologic CR and assessing extent of residual disease.

Subjects and Methods

ACRIN 6657 was a multicenter prospective clinical trial that was conducted at nine 

academic and private institutions and was funded by the National Cancer Institute. ACRIN 

6657 was a companion study to 2017 (CALGB) 150007 and was the imaging component of 

a larger 2017 (I-SPY) Trial with the collective goal of identifying both imaging and tissue-

based biomarkers that can predict response to standard NACT. The primary aims of the 

study were to evaluate the ability of MRI and tumor biomarkers to predict treatment 

response and 3-year disease-free survival after NACT [16, 17, 23]. The full study protocol is 

available at www.acrin.org/6657_protocol.aspx.

Patient Eligibility and Enrollment

The inclusion criteria for ACRIN 6657 have been previously described [17]. Patients 

meeting eligibility criteria for the study were enrolled from May 2002 to March 2006 after 

institutional review board approvals from the American College of Radiology and individual 

participating institutions and appropriate patient consent was obtained. The eligibility 

criteria included enrollment in CALGB 150007 with tumors measuring at least 3 cm in 

largest dimension by clinical or imaging examination and receiving NACT. Patients with 

metastatic disease were excluded. Standard NACT included four cycles of anthracycline-

cyclophosphamide and possibly four cycles of taxane. Exclusion criteria included pregnancy 

and presence of a ferromagnetic prosthesis. Consecutive patients initially were screened and 

consent was obtained for CALGB 150007 and then were registered for ACRIN 6657, as 

described previously [16]. Tumor response to chemotherapy was determined according to 

the Response Evaluation Criteria in Solid Tumors criteria. For this analysis, all patients who 

underwent MRI, clinical examination, and mammography after NACT were included. Some 

of the data from these patients have been reported previously in studies investigating the 

ability of MRI to predict pathologic CR and recurrence-free survival [17, 18, 24].

MRI Protocol

The MRI examinations used for measurements in this analysis were those performed after 

completion of NACT (MRI examination 4 in the trial). Imaging procedures have been 

published previously [17]. Briefly, MRI examinations were performed on a 1.5-T magnet 
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with a dedicated breast coil. Patients were imaged in the prone position with an IV catheter 

inserted in the antecubital vein or hand. Gadopentetate dimeglumine was administered with 

the start of data acquisition at a dose of 0.1 mmol/kg of body weight over 15 seconds, 

followed by a 10-mL saline flush over 15 seconds. The use of a power injector for 

gadolinium injection was not specified in the protocol. The MRI protocol included a sagittal 

T2-weighted fat-suppressed sequence followed by sequential high-resolution (≤ 1 mm in-

plane spatial resolution) 3D T1-weighted fat-suppressed unenhanced and two or more 

contrast-enhanced gradient-echo sequences (TR ≤ 20 ms, TE = 4.5 ms, flip angle ≤ 45°, and 

section thickness ≤ 2.5 mm). T1-weighted imaging times were between 4.5 and 5 minutes 

per phase with the contrast-enhanced phases centered at approximately 2 and 7.5 minutes 

after contrast injection.

MRI Size and Volumetric Assessments

All MR images were evaluated by an interpreting radiologist at each participating site who 

measured maximum diameter on MRI and by researchers at a central site who measured 

functional tumor volume on MRI. Either a breast imager (seven sites) or an MRI radiologist 

(two sites) with a minimum of 3 years of experience performed image interpretation at each 

site according to the ACR BI-RADS MRI guidelines [25]. The radiologists’ interpretation of 

each index lesion included size and extent, MRI lesion type (mass vs nonmass enhancement 

[NME]), number of lesions, enhancement kinetics, and T2 appearance. The longest diameter 

by MRI was assessed as the longest dimension of suspicious enhancement including 

intervening nonenhancing tissue on the lateral-medial or cranial-caudal maximum-inten-

sity-projection (MIP) images created from the first contrast-enhanced dataset. The 

orientation of the measurement used on the baseline MRI exam-ination was kept constant on 

all subsequent MRI examinations, including MRI examination 4 used for this analysis, to 

maximize sensitivity and ac-curacy for detecting changes in tumor size. Each longest 

diameter by MRI was measured prospec-tively once by the interpreting radiologist [26].

Quantitative imaging of all lesions was performed at the Breast Imaging Laboratory at the 

University of California San Francisco using previously described methods for tumor 

volume measurement based on contrast kinetics [17]. The early percentage enhancement 

(PE), which was defined as the percentage change in enhancement from the unenhanced 

acquisition to the first contrast-enhanced acquisition, and signal enhancement ratio (SER), 

which compared early to late contrast enhancement levels, were calculated for each voxel. 

Tumor volume on MRI was calculated as the sum of voxels meeting nominal enhancement 

thresholds of PE > 70% with SER > 0.9 (i.e., voxels reflecting plateau and washout 

enhancement characteristics). Site-specific adjustments to the PE threshold were made as 

necessary to adjust for variability in MRI systems and imaging parameters [27]. Tumors 

were excluded if the longest dimension or volume could not be measured (i.e., considered 

nonmeasurable) because the MRI examinations were not performed or not received from the 

study site, the image quality was poor, the contrast enhancement time points were 

incomplete, or image misregistration occurred.
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Mammographic Size Assessment

Mammography was performed before and after NACT. A board-certified radiologist at each 

participating site interpreted each mammography examination according to the ACR BI-

RADS [25] and recorded the lesion’s longest dimension, which we refer to here as the 

longest diameter by mammography. The longest dimensions of the tumor after NACT were 

assessed on both the craniocaudal and mediolateral oblique views, and the longest 

dimension on the two images determined the longest diameter by mammography. The 

measurements included spiculations, calcifications, and distortion (when present). The 

orientation used to determine the longest dimension was assessed independent of the pre-

NACT longest diameter by mammography, longest diameter by MRI, and longest diameter 

by clinical examination and therefore may have differed.

Clinical Size Assessment

The patient’s clinician measured lesion size by palpation and recorded the longest 

dimension, which we refer to here as the longest diameter by clinical examination, before 

surgery. The clinician had access to the medical records and previous imaging reports while 

making the clinical measurement. Ultrasound measurements of tumor size were not 

prospectively collected for the ACRIN 6657 study and therefore are not included in this 

analysis.

Histopathologic Analysis

Each institution performed histopathologic analysis, including assessments of tumor 

receptor status for estrogen and progesterone hormones (hormone receptor [HR]) and human 

epidermal growth receptor 2 (HER2) on all initial biopsies in accordance with the I-SPY 

Trial protocol [28]. For all surgical specimens, final histopathologic analyses—including 

assessment of pathologic CR, size of residual invasive disease, and presence of DCIS—were 

reinterpreted by a centralized group of trained breast pathologists to standardize 

measurements. Pathologic CR was defined as no residual invasive disease in the breast or 

axillary lymph nodes after surgery. Reinterpretation by the centralized group of pathologists 

resulted in a change in residual disease measurements in a subset of cases, as previously 

reported [17]. Centralized pathology assessment after NACT was used as the reference 

standard for final pathology size and pathologic CR for our analysis.

Statistical Methods

Simple and multiple logistic regression models were used to investigate the relationships 

between the preoperative measurements (longest diameter by mammography, MRI, and 

clinical examination and functional tumor volume on MRI) and a binary pathologic response 

outcome of pathologic CR. The odds ratios for the preoperative measurements and their 95% 

CIs were estimated. Furthermore, we conducted ROC curve analysis to examine the 

performance of each preoperative measurement. Specifically, the nonparametric areas under 

the ROC curves (AUCs) were calculated for preoperative measurements, both individually 

and combined, for assessing pathologic CR in all lesion types, single masses, multiple 

masses, and single NMEs [29]. For comparison purposes, ROC analysis was conducted 

using only cases with all four preoperative measurements.
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Spearman rank correlation and linear regression models were used to evaluate the 

associations between each preoperative measurement and final pathology size in patients 

with residual invasive disease. Differences between preoperative longest diameter 

measurements (by mammography, MRI, and clinical examination) and final pathology size 

were calculated to assess overestimation and under-estimation of residual invasive disease. 

For linear regression models, a natural log (ln) transformation was used to make the 

response variable, pathology size, more normally distributed. These statistical analyses were 

performed for all lesion types combined and separately for single masses, single NMEs, 

multiple masses, and lesions without DCIS.

We also investigated whether the relationships between each preoperative measurement and 

pathologic CR or final pathology size were significantly different by histologic subtype 

(HR-negative–HER2-negative, HR-positive-HER2–negative, or HER2-positive) or by 

mammographic breast density (mostly fat, scattered fibroglandular densities, 

heterogeneously dense, extremely dense). Specifically, simple logistic and linear regression 

models were used to predict pathologic CR and final pathology size. In each model, one of 

the four preoperative measurements and tumor subtype (or mammographic density) were 

included as predictors. The interaction between the preoperative measurement and tumor 

subtype (or mammographic breast density) was also included in the model and tested for 

significance by Wald tests.

For this study, p values < 0.05 were considered statistically significant. All statistical data 

analyses were performed with SAS software (version 9.3, SAS Institute).

Results

Patient and Tumor Characteristics

Of the 230 eligible ACRIN 6657 Trial study patients [17], 52 were excluded from this study 

because preoperative functional tumor volume on MRI measurements was not measurable at 

the post-NACT time point and four were excluded because final patho-logic CR data were 

not available, resulting in a final analysis group of 174 patients with imaging and pathologic 

data. Seven participating institutions submitted between three and 61 cases each. All four 

preoperative measurements were available for 138 of 174 (79%) tumors at the post-NACT 

time point (Fig. 1). Table 1 includes a summary of the characteristics of the full ACRIN 

6657 cohort (n = 230) and the subgroup compris-ing this study dataset (n = 174). The full 

ACRIN 6657 cohort and the subgroup in-cluded in this study appeared similar demo-

graphically (i.e., age, race, ethnicity, meno-pausal status, and mammographic breast 

density). The mean age for the analysis set was 47.7 ± 9.1 (SD) years. Predominant self-

reported racial backgrounds included white (133/174, 76.4%), black (30/174, 17.2%), and 

Asian (8/174, 4.6%). Most women had mam-mographic breast density of either scattered 

fibroglandular densities (49/174, 28.2%) or heterogeneously dense (88/174, 50.6%).

Of the 174 lesions, 103 (59.2%) were classified as single lesions (66 masses, 37 NMEs) and 

71 (40.8%) were classified as multiple lesions (63 masses, eight NMEs) on the initial MRI. 

The predominant histologic type was invasive ductal carcinoma in 141 of 174 (81.0%) 

lesions, with DCIS also present in 80 of 174 (46.0%) tumors. Histologic sub-type 
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distribution in the analysis set was 22.4% (39/174) HR-negative–HER2-negative, 43.7% 

(76/174) HR-positive–HER2-negative, and 32.2% (56/174) HER2-positive. Mean final 

pathology size was 22.5 mm (SD, 30.5 mm). A pathologic CR was achieved in 51 of 174 

(29.3%) patients.

Association Between Preoperative Measurements and Pathologc Complete Response

Of the 51 patients with pathologic CR on final pathology, zero residual disease was 

accurately detected using longest diameter by clinical examination in 37 patients, longest 

diameter by mammography in 18, longest di-ameter by MRI in 27, and functional tumor 

volume on MRI in 19. In patients with patho-logic CR on final pathology and nonzero re-

sidual disease detected on preoperative mea-surements, median longest diameter by MRI 

was 20.0 mm (range, 3.0–86.0 mm), medi-an longest diameter by clinical examination was 

21.0 mm (range, 4.0–40.0 mm), median functional tumor volume on MRI was 0.08 cm3 

(range, 0.005–2.13 cm3), and median longest diameter by mammography was 31.0 mm 

(range, 5.0–100.0 mm).

Table 2 shows the results from logistic re-gression and ROC analyses for detecting 

pathologic CR. In simple logistic regression analysis, each of the preoperative measurements 

showed significant association with pathologic CR for all lesions (n = 174, p < 0.05). Figure 

2 shows examples of MRI find-ings in cases with and without pathologic CR.

In ROC analysis of cases with all four pre-operative measures (n = 138), longest diameter by 

MRI showed the highest accuracy for detecting pathologic CR for all lesions (AUC = 0.76) 

(Fig. 3), multiple masses (n = 50; AUC = 0.78), and NME (n = 27; AUC = 0.84). All four 

preoperative measurements showed sim-ilar accuracy for detecting pathologic CR for single 

masses (n = 56; AUC = 0.69–0.72). There were insufficient cases with multiple NMEs for a 

separate subanalysis. We further excluded tumors with DCIS to assess wheth-er the presence 

of DCIS, which is not considered when determining pathologic CR by pathologic 

assessment, reduced the accuracy for predicting pathologic CR by preoperative 

measurements. After excluding tumors with DCIS, longest diameter by MRI maintained the 

highest AUC (n = 76; AUC = 0.74). Combining all preoperative measures could increase 

performance for detecting pathologic CR for all lesions (AUC = 0.79) (Fig. 3), single masses 

(AUC = 0.84), single NMEs (AUC = 0.84), multiple masses (AUC = 0.78), and tumors 

without DCIS (AUC = 0.78).

Testing of the interaction between histologic subtype (HR-negative–HER2-negative, HR-

positive–HER2-negative, and HER2-positive) and each preoperative measurement did not 

show significant differences for detecting pathologic CR by histologic subtype (p = 0.09–

0.78). Similarly, there was no significant difference for detecting pathologic CR by mammo-

graphic breast density (p = 0.12–0.73).

Association Between Preoperative Measurements and Final Pathology Size

Of the 123 patients with residual invasive disease on final pathology (non–pathologic CR), 

no disease was detected on preoperative measurements of longest diameter by clinical 

examination in 45 patients, longest diameter by mammography in 12 patients, longest 

diameter by MRI in 12 patients, and functional tumor volume on MRI in 29 patients. Table 3 
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shows the association between preoperative measurements and final pathology size. The 

longest diameter by MRI, functional tumor volume on MRI, and longest diameter by clin-

ical examination each showed a significant association with final pathology size for all 

lesions (p < 0.05). The longest diameter by MRI showed the strongest association with final 

pathology size for all lesions (r = 0.33) and was the only preoperative measure to show a 

significant association for single masses (r = 0.47). The longest diameter by MRI (r = 0.58), 

functional tumor volume on MRI (r = 0.65), and longest diameter by clinical examination (r 
= 0.53) showed a signif i cant association with final pathology size for multiple mass-es. No 

preoperative measurement showed significant association with final pathology size for a 

single NME alone. Exclusion of tumors with DCIS showed longest diameter by MRI, 

functional tumor volume on MRI, and longest diameter by clinical examination 

measurements to have similar associations with fi-nal pathology size (r = 0.23–0.27), with 

both functional tumor volume on MRI and longest diameter by clinical examination 

significant (p < 0.05) and longest diameter by MRI bor-derline significant (p = 0.054) of 

final pathol-ogy size by logistic regression modeling.

Based on calculated differences of longest diameter measures minus final pathology size, 

longest diameter by MRI size most accurately reflected residual invasive disease across all 

lesion categories, with a mean size difference of 2.4 mm for all lesions, compared with 

mammography (mean difference, 8.2 mm) and clinical examination (mean difference, –11.2 

mm) residual disease (Table 3). Results indicate longest diameter by MRI tended to slightly 

underestimate size of residual disease in single lesions (mean size differences, –3.3 mm for 

masses and –2.9 mm for nonmasses) and to overestimate in cases of multiple lesions (mean 

size difference = 11.0 mm for multiple masses).

Testing of the interaction between histologic subtype (HR-negative–HER2-negative, HR-

positive–HER2-negative, and HER2-positive) and each preoperative measurement did not 

show significant differences in the association with final pathology size by histologic 

subtype (p = 0.14–0.83). Similarly, there was no significant difference in the association 

with final pathology size by mam-mographic breast density (p = 0.11–0.19).

Discussion

In an era moving toward individualizing cancer therapies, accurate posttreatment assessment 

of residual disease is important to select appropriate subsequent therapeutic and surgical 

management strategies. Our analysis showed that, overall, longest diameter by MRI had the 

greatest accuracy for detecting pathologic CR and measuring extent of residual invasive 

disease after NACT. Additionally, we found that associations between preoperative measures 

and final pathology size and pathologic CR were influenced by MRI lesion type (single 

mass, multiple masses, single NME), whereas the presence of DCIS, histologic sub-type, 

and mammographic density had little effect. Although longest diameter by MRI showed the 

highest correlation with pathology in the assessment of extent of residual invasive disease, 

the correlations of preoperative measures (in particular, of longest diameter by 

mammography) with final pathology size were overall low, suggesting that they may have 

limited utility in guiding surgery in patients without pathologic CR after NACT.
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Although several studies have compared associations between different preoperative 

measurements and final pathology size after NACT, there is no consensus about which 

method is more accurate. Studies comparing the accuracy of MRI and mammography for 

detecting pathologic CR have consistently shown MRI to be superior [10, 30–33], which 

was further confirmed in our study. However, the reported correlations of MRI with final 

pathology size have been variable across studies [34]. Some of these differences may reflect 

the heterogeneous nature of breast cancer, variability in pathology size assessments, or 

differences in study design. In our study, the correlation between longest diameter by MRI 

and final pathology size was surprisingly low (r = 0.33 for all lesions), although it was with-

in the wide range of those previously reported (range, 0.21–0.89) [13, 22, 33, 35–39]. 

Despite the low correlation, longest diameter measure-ments of residual disease by MRI 

more close-ly matched final pathology size than did those by mammography, which tended 

to overesti-mate, or by clinical examination, which tend-ed to underestimate disease. 

Further, although all preoperative measures similarly predict the presence of pathologic CR 

in single mass-es, longest diameter by MRI appeared to more accurately reflect size of 

residual disease.

Our findings indicate that some of the variability in correlation with final pathology size 

across studies may result from differenc-es in index lesion types in the study cohorts (mass 

vs NME). Subanalysis showed longest diameter by MRI was more closely correlat-ed with 

pathology size in masses, particular-ly multiple masses (r = 0.58), but did not cor-relate at all 

in NME (r = –0.06), suggesting that preoperative MRI may be useful at guid-ing post-NACT 

treatment of larger areas of disease present before NACT.

In contrast to a previous study by Choi et al. [20], we did not observe an improvement in the 

associations between preoperative MRI measurements and final pathology size by excluding 

lesions with DCIS. Choi et al. evaluated patients with pathologic CR (no residual invasive 

cancer) with DCIS and with-out DCIS after NACT and found a strong correlation between 

lesion size on MRI and histologic assessment in patients with DCIS and a lower rate of 

false-positive MRI findings in patients without DCIS. However, because their study did not 

include patients with residual invasive cancer (non–pathologic CR), they did not assess 

DCIS as an independent risk factor in the correlation between MRI and final pathology size 

for invasive cancers or accuracy for detecting pathologic CR. Given the importance of 

accurate preoperative tumor measurements including DCIS extent for surgical planning and 

determining a patient’s candidacy for breast-conserving therapy, further studies to determine 

the accuracy of MRI and other preoperative measurements for reflecting DCIS extent and 

detecting pathologic CR are warranted.

In an exploratory analysis, our study did not identify any influence of histologic sub-type on 

the associations between preoperative measurements and pathology size or the accuracy for 

detecting pathologic CR. However, the lack of an association may be because of limitations 

of sample size. Alternatively, multiple previous studies have re-ported differences in 

performance for preop-erative assessment of residual disease across histologic subtypes [18, 

20, 21, 24, 36, 40]. In particular, one large retrospective study of 746 women found that the 

performance of MRI for detecting pathologic CR varied by subtype, with highest accuracy 

in detecting HR-positive–HER2-negative cancers [24]. However, study designs and reported 
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results across prior studies have varied widely, with reduced accuracy of MRI observed in 

estrogen receptor–positive [40], HER2-positive [36], HER2-negative [18, 22], and HR-pos-

itive–HER2-negative [21] tumors, depend-ing on the study. It is clear that more inves-

tigation is needed to better understand the influence of histologic subtype on accuracy to 

preoperatively assess residual disease and detect pathologic CR.

There are several strengths to this study. First, we used a prospective study design to directly 

compare preoperative size mea-surements by mammography, MRI, and clinical examination 

for a large number of tumors from multiple institutions. Most pre-vious studies were 

retrospective and evalu-ated a small number of tumors from a single institution [12–14, 22]. 

Additionally, the ACRIN 6657 Trial standardized data collection across time points—before, 

during, and after NACT—and used a central pathology review as the reference standard for 

all pathology sizes. Also, our study examined two separate MRI size measurements (longest 

diameter by MRI and functional tumor volume on MRI). Functional tumor volume on MRI 

was calculated using a potentially more consistent centralized computer assessment and 

incorporated both 3D size and functional microvascular properties of the tumor, which have 

previously been shown to be a sensitive early predictor of therapeutic response [17].

The study also has limitations. One limitation may relate to the approach for determining 

preoperative sizes. The ACRIN 6657 protocol required that the orientation of the longest di-

ameter measurement by MRI be held constant across time points (from that originally 

defined on pre-NACT images) to maximize sensitivity and accuracy for detecting changes in 

tumor size. However, depending on how the tumor recedes with treatment, this strategy 

could result in discordance between the ori-entations of the final pathology size and MRI 

longest dimension measures, which may have lowered the longest diameter by MRI corre-

lations in this study but would not affect as-sessment of pathologic CR or correlations be-

tween other preoperative measures and tumor size. Further, our finding that longest diameter 

by clinical examination showed associations with pathologic outcomes (both final pathol-

ogy size and pathologic CR) comparable to MRI for some index lesion types was surpris-ing 

and may reflect bias from the availability of additional information, including imaging 

measurements, at the time of clinical size assessments (longest diameter by clinical 

examination). The ACRIN 6657 Trial did not limit access to this information to the clinician 

because it may have impacted patient care and treatment. Despite this limitation, longest 

diameter by MRI performed superiorly at detecting pathologic CR compared with longest 

diameter by clinical examination for all lesions, multiple masses, and single NME and 

showed comparable performance for single masses. Further, although this study assessed the 

influence of lesion characteristics on the associations between preoperative measures and 

final pathology size, other institutional-level factors (e.g., interpretive performance, 

academic vs nonacademic) and patient-level factors (e.g., race, background parenchymal 

enhancement) could also affect the associations, warranting further investigation to assess 

the generalizability of our findings. Also, although the MRI protocols and imaging 

technology were standard of care at the time of this study, imaging technology and protocols 

have evolved. It is possible that faster dy-namic contrast-enhanced MRI protocols and new 

MRI sequences (e.g., DWI) could reduce underestimation and overestimation of resid-ual 

disease and increase the performance of MRI at detecting pathologic CR and measur-ing 

residual disease. Finally, although ultra-sound is another imaging modality used to as-sess 
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changes in tumor size, it was not included in the ACRIN 6657 study because it was not used 

consistently across all participating sites.

In summary, we report on the compara-tive performance of measurements by MRI, 

mammography, and clinical examination in assessing pathologic outcomes to treatment 

using data from a prospective multiinstitutional study. Our findings showed MRI 

measurements of longest tumor diameter to be superior to other preoperative measurements 

for detecting pathologic CR and assessing the extent of residual invasive disease after 

NACT, particularly for multiple lesions, and showed that mammography was least accurate. 

Thus, MRI performed preoperatively after NACT may facilitate new alternative personalized 

therapeutic approaches by more accurately detecting pathologic CR.

References

1. Wolmark N, Dunn BK. The role of tamoxifen in breast cancer prevention: issues sparked by the 
NSABP Breast Cancer Prevention Trial (P-1). Ann N Y Acad Sci 2001; 949:99–108 [PubMed: 
11795386] 

2. Fisher B, Bryant J, Wolmark N, et al. Effect of pre-operative chemotherapy on the outcome of 
women with operable breast cancer. J Clin Oncol 1998; 16:2672–2685 [PubMed: 9704717] 

3. Bonadonna G, Valagussa P, Brambilla C, et al. Primary chemotherapy in operable breast cancer: 
eight-year experience at the Milan Cancer Institute. J Clin Oncol 1998; 16:93–100 [PubMed: 
9440728] 

4. Buchholz TA, Hill BS, Tucker SL, et al. Factors predictive of outcome in patients with breast cancer 
refractory to neoadjuvant chemotherapy. Cancer J 2001; 7:413–420 [PubMed: 11693900] 

5. Kuerer HM, Newman LA, Smith TL, et al. Clinical course of breast cancer patients with complete 
pathologic primary tumor and axillary lymph node response to doxorubicin-based neoadjuvant 
chemotherapy. J Clin Oncol 1999; 17:460–469 [PubMed: 10080586] 

6. Symmans WF, Peintinger F, Hatzis C, et al. Measurement of residual breast cancer burden to predict 
survival after neoadjuvant chemotherapy. J Clin Oncol 2007; 25:4414–4422 [PubMed: 17785706] 

7. Basik M Assessing the accuracy of tumor biopsies after chemotherapy to determine if patients can 
avoid breast surgery. Washington, DC: National Cancer Institute, 2017

8. Kuerer H. Accuracy of image guided percutaneous sampling compared with surgery to evaluate 
eradication of breast cancer after preoperative chemotherapy. In: names of editors, eds. Health NIo. 
City, State/Country of Publisher: Name of publisher, 2015

9. Berg WA, Gutierrez L. Diagnostic accuracy of mammography, clinical examination, US, and MR 
imaging in preoperative assessment of breast cancer. Radiology 2004; 233:830–849 [PubMed: 
15486214] 

10. Weatherall PT, Evans GF, Metzger GJ, Saborrian MH, Leitch AM. MRI vs. histologic 
measurement of breast cancer following chemotherapy: comparison with x-ray mammography and 
palpation. J Magn Reson Imaging 2001; 13:868–875 [PubMed: 11382946] 

11. Marinovich ML, Macaskill P, Irwig L, et al. Agreement between MRI and pathologic breast tumor 
size after neoadjuvant chemotherapy, and comparison with alternative tests: individual patient data 
meta-analysis. BMC Cancer 2015; 15:662 [PubMed: 26449630] 

12. Partridge SC, Gibbs JE, Lu Y, Esserman LJ, Sudilovsky D, Hylton NM. Accuracy of MR imaging 
for revealing residual breast cancer in patients who have undergone neoadjuvant chemotherapy. 
AJR 2002; 179:1193–1199 [PubMed: 12388497] 

13. Rosen EL, Blackwell KL, Baker JA, et al. Accuracy of MRI in the detection of residual breast 
cancer after neoadjuvant chemotherapy. AJR 2003; 181:1275–1282 [PubMed: 14573420] 

14. Yeh E, Slanetz P, Kopans DB, et al. Prospective comparison of mammography, sonography, and 
MRI in patients undergoing neoadjuvant chemotherapy for palpable breast cancer. AJR 2005; 
184:868–877 [PubMed: 15728611] 

Scheel et al. Page 11

AJR Am J Roentgenol. Author manuscript; available in PMC 2019 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. America College of Radiology website. ACR Appropriateness Criteria: monitoring response to 
neoadjuvant systemic therapy for breast cancer. acsearch.acr.org/docs/3099208/Narrative/. 
Published 2017. Accessed June 16, 2017

16. Esserman LJ, Berry DA, Cheang MC, et al.; I-SPY 1 Trial Investigators. Chemotherapy response 
and recurrence-free survival in neoadjuvant breast cancer depends on biomarker profiles: results 
from the I-SPY 1 Trial (CALGB 150007/150012; ACRIN 6657). Breast Cancer Res Treat 2012; 
132:1049–1062 [PubMed: 22198468] 

17. Hylton NM, Blume JD, Bernreuter WK, et al. Locally advanced breast cancer: MR imaging for 
prediction of response to neoadjuvant chemotherapy: results from ACRIN 6657/I-SPY TRIAL. 
Radiology 2012; 263:663–672 [PubMed: 22623692] 

18. Mukhtar RA, Yau C, Rosen M, et al. Clinically meaningful tumor reduction rates vary by preche-
motherapy MRI phenotype and tumor subtype in the I-SPY 1 Trial (CALGB 150007/150012; 
ACRIN 6657). Ann Surg Oncol 2013; 20:3823–3830 [PubMed: 23780381] 

19. Kim HJ, Im YH, Han BK, et al. Accuracy of MRI for estimating residual tumor size after 
neoadjuvant chemotherapy in locally advanced breast cancer: relation to response patterns on 
MRI. Acta Oncol 2007; 46:996–1003 [PubMed: 17851879] 

20. Choi HK, Cho N, Moon WK, Im SA, Han W, Noh DY. Magnetic resonance imaging evaluation of 
residual ductal carcinoma in situ following preoperative chemotherapy in breast cancer patients. 
Eur J Radiol 2012; 81:737–743 [PubMed: 21300498] 

21. McGuire KP, Toro-Burguete J, Dang H, et al. MRI staging after neoadjuvant chemotherapy for 
breast cancer: does tumor biology affect accuracy? Ann Surg Oncol 2011; 18:3149–3154 
[PubMed: 21947592] 

22. Chen JH, Bahri S, Mehta RS, et al. Breast cancer: evaluation of response to neoadjuvant 
chemotherapy with 3.0-T MR imaging. Radiology 2011; 261:735–743 [PubMed: 21878615] 

23. Esserman LJ, Berry DA, DeMichele A, et al. Pathologic complete response predicts recurrence-
free survival more effectively by cancer subset: results from the I-SPY 1 Trial–CALGB 
150007/150012, ACRIN 6657. J Clin Oncol 2012; 30:3242–3249 [PubMed: 22649152] 

24. De Los Santos JF, Cantor A, Amos KD, et al. Magnetic resonance imaging as a predictor of 
pathologic response in patients treated with neoadjuvant systemic treatment for operable breast 
cancer: Translational Breast Cancer Research Consortium Trial 017. Cancer 2013; 119:1776–1783 
[PubMed: 23436342] 

25. D’Orsi CJ, Mendelson EB, Ikeda DM, et al. Breast Imaging Reporting and Data System: ACR BI-
RADS—breast imaging atlas. Reston, VA: American College of Radiology, 2003

26. Harms SE. Technical report of the International Working Group on Breast MRI. J Magn Reson 
Imaging 1999; 10:979 [PubMed: 10581513] 

27. Newitt DC, Aliu SO, Witcomb N, et al. Real-time measurement of functional tumor volume by 
MRI to assess treatment response in breast cancer neoadjuvant clinical trials: validation of the 
Aegis SER Software Platform. Transl Oncol 2014; 7:94–100 [PubMed: 24772212] 

28. Barker AD, Sigman CC, Kelloff GJ, Hylton NM, Berry DA, Esserman LJ. I-SPY 2: an adaptive 
breast cancer trial design in the setting of neoadjuvant chemotherapy. Clin Pharmacol Ther 2009; 
86:97–100 [PubMed: 19440188] 

29. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more correlated 
receiver operating characteristic curves: a nonpara-metric approach. Biometrics 1988; 44:837–845 
[PubMed: 3203132] 

30. Bollet MA, Thibault F, Bouillon K, et al. Role of dynamic magnetic resonance imaging in the 
evaluation of tumor response to preoperative concurrent radiochemotherapy for large breast 
cancers: a prospective phase II study. Int J Radiat Oncol Biol Phys 2007; 69:13–18 [PubMed: 
17449193] 

31. Londero V, Bazzocchi M, Del Frate C, et al. Locally advanced breast cancer: comparison of 
mammography, sonography and MR imaging in evaluation of residual disease in women receiving 
neoadjuvant chemotherapy. Eur Radiol 2004; 14:1371–1379 [PubMed: 14986052] 

32. Prati R, Minami CA, Gornbein JA, Debruhl N Chung D, Chang HR. Accuracy of clinical 
evaluation of locally advanced breast cancer in patients receiving neoadjuvant chemotherapy. 
Cancer 2009; 115:1194–1202 [PubMed: 19156919] 

Scheel et al. Page 12

AJR Am J Roentgenol. Author manuscript; available in PMC 2019 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



33. Wright FC, Zubovits J, Gardner S, et al. Optimal assessment of residual disease after neo-adjuvant 
therapy for locally advanced and inflammatory breast cancer: clinical examination, mammography, 
or magnetic resonance imaging? J Surg Oncol 2010; 101:604–610 [PubMed: 20461768] 

34. Marinovich ML, Macaskill P, Irwig L, et al. Meta-analysis of agreement between MRI and 
pathologic breast tumour size after neoadjuvant chemotherapy. Br J Cancer 2013; 109:1528–1536 
[PubMed: 23963140] 

35. Bhattacharyya M, Ryan D, Carpenter R, Vinnicombe S, Gallagher CJ. Using MRI to plan breast-
conserving surgery following neoadjuvant chemotherapy for early breast cancer. Br J Cancer 2008; 
98:289–293 [PubMed: 18219287] 

36. Moon HG, Han W, Lee JW, et al. Age and HER2 expression status affect MRI accuracy in 
predicting residual tumor extent after neo-adjuvant systemic treatment. Ann Oncol 2009; 20:636–
641 [PubMed: 19179551] 

37. Nakahara H, Yasuda Y, Machida E, et al. MR and US imaging for breast cancer patients who 
under-went conservation surgery after neoadjuvant chemotherapy: comparison of triple negative 
breast cancer and other intrinsic subtypes. Breast Cancer 2011; 18:152–160 [PubMed: 21086082] 

38. Segara D, Krop IE, Garber JE, et al. Does MRI predict pathologic tumor response in women with 
breast cancer undergoing preoperative chemotherapy? J Surg Oncol 2007; 96:474–480 [PubMed: 
17640031] 

39. Guarneri V, Pecchi A, Piacentini F, et al. Magnetic resonance imaging and ultrasonography in 
predicting infiltrating residual disease after preoperative chemotherapy in stage II-III breast cancer. 
Ann Surg Oncol 2011; 18:2150–2157 [PubMed: 21301969] 

40. Ko ES, Han BK, Kim RB, et al. Analysis of factors that influence the accuracy of magnetic 
resonance imaging for predicting response after neoadjuvant chemotherapy in locally advanced 
breast cancer. Ann Surg Oncol 2013; 20:2562–2568 [PubMed: 23463090] 

Scheel et al. Page 13

AJR Am J Roentgenol. Author manuscript; available in PMC 2019 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1—. 
Study flowchart shows preoperative measurements used in analysis set. Of 230 eligible 

American College of Radiology Imaging Network 6657 study patients, 174 had MRI 

volume measurements and pathology data available and were included in final analysis. All 

four preoperative measurements were available for 138 of these 174 patients. CR = complete 

response, NME = nonmass enhancement, DCIS = ductal carcinoma in situ.
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Fig. 2—. 
Examples of preoperative MRI performed after neoadjuvant chemotherapy (NACT) in two 

patients with pathologic complete response (CR) and two patients without pathologic CR. 

Shown are maximum-intensity-projection dynamic contrast-enhanced MR subtraction 

images; boxes indicate tumor regions identified on baseline pretreatment MRI.

A, 37-year-old woman with invasive ductal carcinoma (with ductal carcinoma in situ 

[DCIS]) who had 16 mm of residual disease after neoadjuvant chemotherapy (NACT). 

Lesion was classified as multiple nonmass enhancements on baseline MRI, and residual 
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enhancement was identified on preoperative MRI (longest diameter by MRI = 52 mm, 

functional tumor volume on MRI = 0.47 cm3).

B, 46-year-old woman with invasive lobular carcinoma (without DCIS) who had 2 mm of 

residual disease after NACT. Lesion was classified as single mass on baseline MRI, and 

residual enhancement was not identified on preoperative MRI (longest diameter by MRI = 0 

mm, functional tumor volume on MRI = 0 cm3).

C, 36-year-old woman with invasive ductal carcinoma (without DCIS) who had pathologic 

CR after NACT. Lesion was classified as multiple masses on baseline MRI, and residual 

enhancement was identified on preoperative MRI (longest diameter by MRI = 19 mm, 

functional tumor volume on MRI = 0 cm3).

D, 50-year-old woman with invasive ductal carcinoma (without DCIS) who had pathologic 

CR after NACT. Lesion was classified as single mass on baseline MRI, and residual 

enhancement was not identified on preoperative MRI (longest diameter by MRI = 0 mm, 

functional tumor volume on MRI = 0 cm3).
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Fig. 3—. 
ROC curves and area under ROC curve (AUC) values for detecting pathologic complete 

response (CR) in all lesions by longest diameter on mammography, MRI, and clinical 

examination; functional tumor volume on MRI; and multivariate analysis combining all 

preoperative measurements (AUC = 0.79). Values in parentheses are 95% CIs.
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