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Abstract

Background and Objectives—To investigate accuracy of magnetic resonance imaging (MRI)

for measuring residual tumor size in breast cancer patients receiving neoadjuvant chemotherapy

(NAC).

Methods—Ninety-eight patients were studied. Several MRI were performed during NAC for

response monitoring, and the residual tumor size was measured on last MRI after completing

NAC. Covariates, including age, tumor characteristics, biomarkers, NAC regimens, MRI scanners,

and time from last MRI to operation, were analyzed. Univariate and Multivariate linear regression

models were used to determine the predictive value of these covariates for MRI-pathology size

discrepancy as the outcome measure.

Results—The mean (±SD) of the absolute difference between MRI and pathological residual

tumor size was 1.0 ± 2.0 cm (range, 0–14 cm). Univariate regression analysis showed tumor type,

morphology, HR status, HER2 status, and MRI scanner (1.5 T or 3.0 T) were significantly

associated with MRI-pathology size discrepancy (all P < 0.05). Multivariate regression analyses
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demonstrated that only tumor type, tumor morphology, and biomarker status considering both HR

and HER-2 were independent predictors (P = 0.0014, 0.0032, and 0.0286, respectively).

Conclusion—The accuracy of MRI in evaluating residual tumor size depends on tumor type,

morphology, and biomarker status. The information may be considered in surgical planning for

NAC patients.
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INTRODUCTION

Neoadjuvant chemotherapy (NAC) is the standard of care to downstage inoperable cancers,

and it is increasingly being used for operable cancers to facilitate better outcomes in breast-

conserving surgery [1–3]. Because of the heterogeneous nature of breast cancer, each

individual patient may respond differently to NAC and an accurate assessment of residual

disease is important for surgical planning. Many studies have suggested the superior role of

MRI in assessing residual tumor size after NAC when compared with other modalities [4–

9]. Most of these studies, however, focused on the overall accuracy not the factors that may

affect the accuracy. MRI may either overestimate or underestimate the residual disease

[5,10,11]. Knowing which factors may influence the diagnostic accuracy will provide

important information to assist in choosing the optimal subsequent management procedures

for patients undergoing NAC.

It has been shown that many factors, including the morphological response pattern (e.g.,

some tumors shrink concentrically, while others break apart into scattered tumor cells) [12],

chemotherapeutic agents, NAC-induced reactive changes within the tumor [13], and cellular

and molecular characteristics of cancer [14–22] are associated with diagnostic accuracy of

MRI. In general, the accuracy of MRI is better in more aggressive tumors that are sensitive

to chemotherapy, for example, triple negative tumors and HER2-postive tumors that respond

well to trastuzumab-containing chemotherapy. However, the manner in which the MRI

assessment of post-NAC residual disease can be used in clinical practice has not been fully

established yet, and more research is still needed [7,23].

Improved knowledge about the detection accuracy of residual disease after NAC by imaging

is crucial to help planning of an optimal surgery to achieve a tumor free margin. This can

reduce the re-excision rate and minimize local recurrence. Of the 607 patients studied in the

German Preoperative Adriamycin Docetaxel trial, more than 70% were treated by breast

conservation but 21.1% of them required re-excision [24]. The result suggests that tumor

characteristics and the response to NAC should be taken into account in surgical planning

[24].

The clinical value of MRI is further complicated by the use of specific therapeutic agents in

different studies with small subject numbers [14,25,26]. Also, since the 3.0 T scanner is

widely available, there is also a question about its diagnostic performance compared to 1.5

T. A recent study has shown that the higher spatial resolution at 3 T compared to 1.5 T did
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not improve the detection of residual disease presenting as small tumor foci or scattered cell

clusters [27].

We have established a large NAC patient cohort in which MRI monitoring has been

performed. The purpose of this study is to investigate the role of multiple factors, including

tumor characteristics (cellular type, morphology, and biomarker status), NAC regimens,

MRI systems, and time to operation, in affecting the accuracy of MRI in measurement of

residual tumor size following NAC. The diagnostic performance was commonly reported as

the true-positive, true-negative, false-positive, and false-negative rates; however, this

assessment method did not reflect the accuracy in determination of the tumor size or the

extent of disease for surgical planning. In the present study the outcome measure of MRI

diagnostic accuracy was defined as the size discrepancy measured on the last MRI after

NAC and the pathological size measured from the surgical specimen. Univariate and

multivariate linear regression models were applied to test the predictive values of all

analyzed clinical and tumor characteristic parameters for MRI-measured tumor size

accuracy.

MATERIALS AND METHODS

Subjects

This is a retrospective analysis of prospectively conducted studies approved by the

Investigational Review Board of the University of California, Irvine. A total of 98 patients

(28 to 82 y/o, mean 49 y/o) were identified for this study. All patients had histologically-

confirmed invasive breast cancer and elected to receive NAC and serial breast MRI for

response monitoring. Every subject gave written informed consent at the time of enrollment.

In the retrospective review, we identified all patients studied from January 2004 to

November 2010 who had a final follow-up MRI within 90 days of the definitive surgery,

and had both MRI and pathological tumor size available for analysis. The mean (±SD) time

from the final MRI to the operation was 36 ± 18 days (range, 3–90 days).

Biomarker Evaluation

Tumors were classified as estrogen receptor (ER) or progesterone receptor (PR) positive if

immunoperoxidase staining of tumor cell nuclei ≥10%. Tumors with either ER-positive or

PR-positive are hormonal receptor (HR)-positive; and tumors with both ER-negative and

PR-negative are HR-negative. HER-2 was determined by immunohistochemical (IHC)

and/or FISH analysis from biopsied tissue prior to NAC treatment. On IHC analysis, a score

of 3+ was considered positive, and scores of 0 to 1+ negative. Patients with a score of 2+

were further examined using FISH for HER2 gene amplification. By FISH analysis, HER2

was considered positive when the HER-2 to chromosome 17 centromere ratio was above

2.0. In addition to using HR and HER2 status as independent variables, they were also

combined to separate subjects into three groups: HER2-postive, HER2-negative/HR-

negative (i.e., triple negative), and HER2-negative/HR-positive. The definitions used for

determining ER, PR, and HER2 status in our study were based on the criteria used at the

time of patient enrollment (from 2004 to 2010) by analyzing the biopsy specimen taken for

the initial diagnosis, which is slightly different from the current recommendations of
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American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP)

[28,29]. Tumor grade was based on the Nottingham grading system which grades breast

carcinomas by adding up scores for tubule formation, nuclear pleomorphism, and mitotic

count, each of which is given 1 to 3 points. The scores for each of these three criteria are

added together to give an overall final score and corresponding grade. In this study, the

analysis was done to compare between low to medium grade (score of 3–7) and high grade

(score of 8 and 9).

Neoadjuvant Chemotherapy Protocol

Treatment protocols were chosen by oncologists who evaluated all available clinical

information of the patient (renal function, overall health, tumor type, etc.). Before 2007,

patients received anthracycline regimen with doxorubicin and cyclophosphamide (AC)

followed by taxane-based regimens (cremophor or albumin-bound paclitaxel and

carboplatin). After 2007 the taxane-based regimen was used as the first line, with the AC

regimen as optional second line. All patients with HER-2 positive cancers also received

trastuzumab with taxane, and 37 women with HER-2 negative cancer also received

bevacizumab. Since the main difference in the chemotherapy regimen is the use of AC or

not, a two-category variable was created representing regimens containing doxorubicin and

AC + taxane versus those with taxane only without AC.

MRI Acquisition

All MRI’s of a subject were evaluated to assess the tumor response pattern, and the tumor

size was measured on the last MRI performed after completing NAC before surgery. The

studies were done on a 1.5 T (N = 51) or a 3 T (N = 47) MRI scanner. The transition from

1.5 T to 3.0 T was in November of 2006. The 1.5 T scanner is a Philips Eclipse unit (Philips

Medical Systems, Cleveland, OH) with a dedicated four-channel phased-array breast coil.

DCE-MRI of the bilateral breasts was acquired using a 3D spoiled gradient-recalled echo

(SPGR) radio frequency Fourier-acquired steady-state (RF-FAST) pulse sequence. The

imaging parameters were as follows: imaging plane = axial, TR = 8.1 msec, TE = 4.0 msec,

slice thickness = 4 mm, number of slices = 32, flip angle = 20°, matrix size = 256 × 128, and

FOV = 38 cm. The scan time was 42 sec per imaging acquisition. The sequence was

repeated 16 times for the DCE-MRI, with four pre-contrast frames and 12 post-contrast

frames. The protocol of the earlier MRI studies done at 1.5 T was designed to have a high

temporal resolution. When the study was moved from 1.5 T to 3.0 T, the protocol was

changed to improve the spatial resolution by reducing the temporal resolution. The 3 T

scanner is a Philips Achieva unit (Philips Medical Systems, Best, Netherlands) with a

dedicated, SENSE-enabled, bilateral 4-channel breast coil. DCE-MRI of the bilateral breasts

was acquired using a 3D gradient-echo, fat-suppressed sequence in axial section with FOV =

31–36 cm, acquisition slice thickness = 2 mm, reconstructed slice thickness = 1 mm, slice

overlap = 1 mm, image-matrix = 480 × 480, TR/TE = 6.2/1.26 msec, flip-angle = 12°, NSA

= 1, SENSE-factor = 2. Seven dynamic frames, including two pre-enhanced and five post-

enhanced, were acquired. The imaging temporal resolution was 1 min and 38 sec for each

frame.
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MRI Interpretation

Two radiologists (J.C. for 1.5 T and S.B. for 3.0 T), with 7 and 6 years of experience in

interpreting breast MRI, performed the MRI tumor size measurement using the same

measurement standard. The residual tumor size in the final MRI was measured based on

subtracting the pre-contrast images from the post-contrast images, and the maximum

intensity projections (MIPs) generated from the subtraction images. The three dimensional

tumor size was measured for each case on MRI, but only the longest dimension was used to

correlate with pathological size. When there was no discernible enhancement or a faint

enhancement equal to the background normal breast tissue in the previous lesion site, this

case was determined as complete clinical response (CCR) on MRI. When measuring the

residual tumor size in MRI, the two radiologists were blinded to the pathology results.

Pathological Determination of Residual Tumor

The pathological findings were interpreted by an experienced pathologist (P.C.). The

surgical specimens were fixed with 10% neutral-buffered formalin and stained with H&E

for the evaluation of residual tumor. If tumors were clearly visible, usually 2 cm or larger,

only gross measurements were made. Small residual tumors, not clearly visible, were

measured microscopically across slides of known thickness. If no invasive tumor was found

within all examined slides, a diagnosis of pathological complete response (pCR) was made.

The largest dimension provided by the pathologist was used in the comparative study. The

tumor size difference between pathology and MRI was the absolute value between these two

measurements. For a patient diagnosed as CCR, the MRI tumor size was zero. For a pCR

case, the pathologic tumor size was zero.

Statistical Analysis

Descriptive statistics were obtained for continuous measures (age, time in days from the last

MRI to operation, baseline and final MRI tumor size, final pathologic tumor size, difference

between final MRI, and pathologic tumor sizes) and categorical variables including tumor

type (invasive ductal carcinoma [IDC] or invasive lobular carcinoma [ILC] and mixed

invasive ductal and lobular carcinoma), tumor morphology (mass or non-mass-like

enhancement), tumor grade (low-medium grade or high grade), presence of biomarkers (HR,

HER2, and combined HR and HER2), chemotherapy regimen (AC + taxane or taxane only),

and MRI system (1.5 T or 3 T). The diagnostic accuracy based on true-positive (TP), true-

negative (TN), false-positive (FP), and false-negative (FN) in each subtype group was

evaluated, and whether they show a significant difference in FN rate and overall accuracy

(TP + TN/all cases) was tested using the Fisher’s Exact test. For diagnostic accuracy based

on the measurement of residual tumor size, the outcome variable was defined as the absolute

difference between MRI-measured and pathological tumor size. Separate univariate linear

regression models were formed to assess the association between the outcome variable and

demographic and clinical predictors. Multivariate linear regression was applied using the

backward selection method to model the mean difference between MRI and pathological

tumor size as a function of demographic and clinical predictors. The predicted residual sums

of squares (PRESS) statistic was examined with the objective of identifying the model with
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the minimum predicted residual sum of squares. SAS v9.2 was utilized for the statistical

analysis.

RESULTS

Clinical and Tumor Characteristics

Summary statistics for each predictor variable is shown in Tables I and II. Of the 98

patients, 85 had IDC, 10 had ILC, and 3 had mixed IDC and ILC. Since the case number for

ILC and mixed IDC + ILC was small, they were combined into one group in the analysis.

Seventy-four patients presented with a mass type lesion and 24 presented with a non-mass-

like enhancement lesion. Sixty tumors had grade score of 3 to 7 (low to medium grade), 37

had a grade score of 8 and 9 (high-grade), and one unspecified. Regarding molecular

biomarkers, there were 57 HR-positive and 41 HR-negative patients; 40 HER2-positive and

57 HER2-negative patients. Of HER2-negtaive patients, 16 were triple negative, and 41

were HER2-negative/HR-positive. Fifty-one patients received the final MRI on a 1.5 T MRI

scanner and 47 patients on a 3.0 T MRI scanner. Sixty-three patients received AC + taxane,

and 35 had taxane without AC.

Diagnostic Performance of MRI in Predicting Presence of Cancer

Of all 98 patients, 44 achieved pCR. MRI had 39 TN diagnoses (complete response by MRI

and pCR by pathology) and 16 FN diagnoses (complete response by MRI but pathology

showed residual invasive tumor). There were 38 TP diagnoses and 5 FP diagnoses. Overall

the sensitivity, specificity, positive predictive predicating value, negative predicting value,

and accuracy of MRI were 70.4%, 88.6%, 88.4%, 70.9%, and 78.6%, respectively. Table I

summarizes the diagnosis of TP, TN, FP, FN cases in each subgroup. For FN diagnosis in

(which could impact the surgical margin), the rate is 10/85 = 11.8% the IDC group and 6/13

= 46.2% in the ILC + mixed group, which is significantly different with P = 0.007. The FN

rate is 3/51 = 5.9% at 1.5 T and 13/37 = 27.7% at 3 T, significantly different with P = 0.005.

The overall diagnostic accuracy (TP + TN/all cases) is also significantly different between

IDC and ILC + mixed (82.4% vs. 53.8%, P = 0.03), and between 1.5 T and 3 T (88.2% vs.

68.1%, P = 0.03). Tumor morphology, grade or biomarker status was not associated with

diagnostic performance based on this conventional assessment method to predict presence of

cancer.

Accuracy of MRI in Diagnosing Residual Tumor Size

The mean (±SD) baseline MRI tumor size was 3.9 ± 2.1 cm (range, 0.7–9.9 cm). After

completing NAC, the mean residual tumor size by MRI was 0.9 ± 1.5 cm (0–6.3 cm). The

final residual tumor size by pathology was 1.5 ± 2.4 cm (0–14 cm). The scatter plot of the

pathological size against MRI-measured size is shown in Figure 1. The unity line is also

plotted in the figure. In 27 patients MRI underestimated the residual tumor size by >5 mm

(above the unity line), and in 14 patients MRI overestimated the residual tumor size by >5

mm (below the unity line). The mean absolute difference between final MRI and

pathological residual tumor size was 1.0 ± 2.0 cm (0–14 cm). The size difference in each

subtype group is listed in Table II.
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Univariate and Multivariate Regression Analysis of Covariates Affecting MRI Accuracy

The results of univariate linear regression models for each considered variable in predicting

the size difference between MRI and pathology are summarized in Table II, and graphically

illustrated in Figure 2. The strongest predictor was tumor type (P < 0.0001). The mean

absolute difference was 0.69 cm in IDC group, which was significantly smaller than the

mean of 3.07 cm in the ILC + mixed group. Tumor morphology was also significantly

associated with MRI size measurement accuracy, with the mean size difference of 0.69 cm

in mass lesions and a greater difference of 2.06 cm in non-mass lesions (P = 0.0039). Tumor

grade showed marginal significance, with a mean of 1.32 cm in low-med grade group and a

smaller difference of 0.51 cm in high-grade group, with P = 0.0541. The size difference was

significantly associated with HR and HER2 biomarker status, smaller in HR-negative group

(mean of 0.43 cm) than in HR-positive group (mean of 1.42 cm, P = 0.0154); and smaller in

HER2-positive group (mean 0.34 cm) than in HER2-negative group (mean of 1.48 cm, P =

0.0055). Among HER2-negative tumors, the mean difference in triple negative group was

0.75 cm, which was significantly smaller than in HER2-negative/HR-positive group (mean

of 1.76 cm, P = 0.0468). The mean size difference measured at 1.5 T was 0.60 cm, which

was significantly smaller than at 3 T (1.44 cm, P = 0.0383). The mean size difference in the

AC + taxane chemotherapy regimen group (0.83 cm) was smaller than in the taxane-only

group (1.31 cm), but not significantly different with P = 0.2672. The time between the last

MRI to operation (0–30 days vs. >30 days) did not affect the accuracy of MRI (mean size

difference 0.89 cm vs. 1.09 cm, P = 0.6259).

A multivariate regression analysis using the backward selection method was applied to find

independent predictors. The final model selected tumor type, tumor morphology, HER2

status, and MRI scanner (P = 0.0005, 0.0028, 0.0119, and 0.1181, respectively; F-statistic

for the overall model, P < 0.0001), but MRI scanner did not reach the significance level. For

tumor biomarkers, HER2-negative and HR-positive tumor was the dominant biomarker

subtype, and as such, these two parameters showed a high correlation with coefficient r =

−0.34 and P = 0.0006. Because of their high correlation, only HER2 survived as an

independent predictor. In order to precisely evaluate the biomarker effect, the three

categorical subtypes based on combined HER2-HR status (3 categories: HER2-positive,

triple negative, and HER2-negative/HR-positive) were used in the multivariate analyses, and

the final model selected tumor type, tumor morphology, HER2-HR biomarker, and MRI

scanner (P = 0.0014, 0.0032, 0.0286, and 0.1190, respectively; F-statistic for the overall

model, P < 0.0001). Similar to the previous model the MRI scanner did not reach the

significance level either. Four case examples with different HER2-HR biomarker status and

tumor morphology are illustrated, a triple-negative mass lesion in Figure 3; a HER2-

positive/HR-negative non-mass lesion in Figure 4; a HER2-negative/HR-positive mass

lesion in Figure 5; and a HER2-negative/HR-positive non-mass lesion in Figure 6.

DISCUSSION

Currently used NAC regimens and targeted therapies are effective to induce tumor shrinkage

down to minimal residual tumor burden or pCR. A good NAC response would facilitate the

breast conserving surgery (BCS). Although in large prospective randomized clinical trials
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BCS has shown to have disease-free survival and overall survival comparable to that of

mastectomy [30,31], there was a lifelong risk of local recurrence in women treated with

BCS, about 2–20% during the follow-up period of 5–10 years [32,33]. The 5-year local

recurrence rate was 2–7% in patients with tumor-free margins, but the risk increased to as

high as 22% if the resection margin was positive [33]. The risk of surgical margin on the

recurrence was mainly established in patients without receiving NAC. There were only a

few studies investigating the recurrence in patients who underwent BCS after receiving

NAC [34–38]. It was noted that tumor size and pathological stage influenced loco-regional

recurrence in patients with BCS [37]. Another study found that ER status and multifocality

of the residual tumor after NAC were independent predictors of recurrence after BCS, which

was associated with worse overall survival [38]. Therefore, imaging assessment of residual

disease plays an important role in patients undergoing NAC, which may provide critical

information for planning of an optimal surgery to achieve a tumor free margin.

Despite MRI has shown its superiority than other traditional modalities for evaluating the

extent of residual tumor following NAC, it might not detect small foci or scattered cancer

cells/clusters [14,27]. In the present study we had 16 of 98 false negative diagnoses (16%),

with a negative predictive value of 70.9%. In this situation, the surgeon might have

difficulty in determining how much tissue should be removed, or even be misled by the

imaging findings. The diagnostic role of MRI for assessing tumor response after NAC has

been evaluated in many studies [4–11,14–16,23,25–27]. In this study we considered several

possible factors that may potentially affect the diagnostic accuracy of breast MRI following

NAC, including tumor type, morphology, grade, molecular biomarkers, NAC regimen, and

the use of MRI systems. Conventional assessment of imaging diagnostic performance based

on prediction of the presence of cancer (i.e., TP, TN, FP, FN rates) did not provide sufficient

information for evaluating its role for surgical planning, and in this study the diagnostic

accuracy was evaluated based on the difference between MRI-measured tumor size and

pathological size as the outcome measure.

Using a cut-off value of 0.5 cm [10], the residual tumor size was underestimated in 27 of 98

patients (28%) and overestimated in 14 patients (14%) by MRI. Our findings were similar to

one study showing 23% underestimation and 6% overestimation of the residual disease by

MRI [5]. In another study, however, MRI underestimated residual disease in 7% of patients

and overestimated residual disease in 19% [10]. Kwong et al. [11] also reported that MRI

frequently overestimated residual disease in responders to chemotherapy. The discrepancy

might be related to the analyzed tumor types, the criterion used to diagnose residual disease

on MRI, as well as the effort put in to search for the extent of residual tumor cells in the

surgical specimen. When there were enhanced tissues remaining in the tumor bed they were

usually diagnosed as residual disease. However, NAC might also induce reactive changes,

such as fibrosis and inflammation [39], and result in non-specific contrast enhancements

leading to overestimated tumor size by MRI [40]. In this study there were five false positive

diagnoses. Although these five cases were classified as pCR, DCIS was present in three. For

these cases, correct diagnosis of DCIS on MRI might help to achieve tumor-free margin in

surgery.
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Using univariate linear regression analyses, a statistically significant association was found

between the absolute difference between MRI and pathological tumor size and each of four

covariates: tumor type (P < 0.0001), tumor morphology (P = 0.0039), HR status (P =

0.0154), HER2 status (P = 0.0055) and the type of MRI scanner (1.5 T or 3.0 T, P =

0.0383). Tumor grade reached a marginal significance with P = 0.0541. The accuracy was

better in IDC than ILC + mixed type, better in mass than non-mass morphology, better in

HR-negative than HR-positive, better in HER2-positive treated with trastuzumab than

HER2-negtaive; and these findings were consistent with results in several large series

studies published recently [17–22]. There was a weak, yet significant, association with the

type of MRI scanner (1.5 T or 3 T). In a recent study it has been shown that, with a higher

imaging spatial resolution, 3 T MRI did not diagnose small residual tumors more accurately

than did 1.5 T MRI [27]. It was postulated that the limitation is most likely due to the low

contrast enhancement of the small residual tumor. In this case, the detection accuracy of

MRI might not be improved by using a higher spatial resolution in the imaging protocol

[27]. The MRI scanner was not a significant predictor in the multivariate regression model.

Interestingly, we had a significantly lower FN rate at 1.5 T than 3 T (5.9% vs. 27.7%, P =

0.0005). At 1.5 T we had a high number of HER2-positive patients who received AC +

taxane and reached a high pCR rate. When a high pCR rate was achieved, MRI was highly

accurate in giving true negative diagnosis [14].

The mean MRI-pathology size difference was 0.69 cm in IDC group and 3.07 cm in ILC +

mixed group. ILC is the cancer growing in the lobules. It is associated with the loss of E-

cadherine expression, a glycoprotein that mediates adhesion between epithelial cells, and

ILC is usually characterized by a diffuse grown pattern [41]. Several studies investigated the

differences of pCR between lobular and ductal carcinomas, and the pCR rate for ILC was

only 0–3% [42–44]. The unique tumor growth features of linear and scattered pattern in ILC

might account for the underestimation of the tumor size by MRI. The tumor may respond to

NAC, but more likely showing the scattered islands with decreased cellular density without

substantially decreasing the total extent of tumor region. It has been shown that the use of

NAC did not increase the rates of BCS in patients with ILC [45]. According to the German

Preoperative Adriamycin Docetaxel trial the re-excision rate after BCS was significantly

higher in patients with ILC than in patients with IDC or other histological diagnoses (32.4%,

14.6%, and 8.8%, respectively; P <.0001) [24]. Similarly, another study found 43% of ILC

had positive tumor margins versus 16% in IDC after BCS [46]. The survival outcome of ILC

compared to other cancers is still under investigation [47,48]. A recent report showed that

the response of ILC was mainly due to their HR and HER2 biomarkers [17], but in our study

we showed that after controlling for biomarker the cellular type was still the strongest

independent predictor.

The mean MRI-pathology size difference was 0.69 cm in mass lesions and 2.06 cm in non-

mass lesions. Previous studies had shown that non-mass-like enhancement lesions were

more likely to break into scattered residual islands or clusters distributed in a large area after

NAC, resulting in underestimation of tumor size by MRI [14,27,49–52]. It was noted that

MRI was not significantly correlated with histological size when the tumor showed

shrinkage with residual multinodular lesions [14,46,49]. Unlike mass lesions that shrank
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down to nodules [52], in non-mass-like enhancement lesions, although tumor cells were

destroyed, the fibrous stroma remained. The residual cancer cells presenting as small foci or

scattered cells might receive nutrients via diffusion and not from vascular perfusion [49,52].

With the decrease of contrast enhancement, the conspicuity of the residual tumor that can be

used for detection by MRI was lost [50].

The mean MRI-pathology size difference was 0.34 cm in HER2-positive cancer and 1.48 cm

in HER2-negative cancer (0.75 cm for triple negative and 1.76 cm for HER2-negative/HR-

positive). Considering HR status alone, the mean MRI-pathology size difference was 0.43

cm in HR-negative cancer and 1.42 cm in HR-positive cancer. Previous studies [14,15,19–

21] have shown that the diagnostic accuracy of MRI was better in HER-2 positive than in

HER-2 negative cancer. Although it was noted that HER-2 positive cancer might be less

sensitive to taxane therapy than were HER-2 negative tumors [50], the targeted therapy

trastuzumab was very effective and were more likely to achieve pCR in HER-2 positive than

negative tumors [14], also to improve patient outcome [53–56]. HR-negative cancer was

known to be more chemo-sensitive than HR-positive cancer. After NAC and BCS, positive

tumor margin was present in 20% of HR-positive cancer, while only in 10% of HR-negative

cancer (P = 0.014) [46].

In general, MRI diagnosis is more accurate in tumors that have a better response, and many

studies have shown that the accuracy is related to combined HER2-HR, or HER2-luminal,

biomarker status [15,17–21,27,48,57–59].

Based on our results and others published in the literature, one may ask how these MRI

results can be used to choose an optimal surgery that can achieve tumor-free margin in one

operation. At our institution, for patients who have pre-operative diseases covering two

quadrants and have substantial diseases remaining after NAC, particularly for those known

to have cancers not responding well to chemotherapy (lobular cancer, HR-positive cancer,

HER2-negative cancer, extensive non-mass-like enhancement lesions), our surgeons will

recommend mastectomy- but it is up to the patient to decide whether they like to take

chances to conserve the breast. In a previous publication [60] we analyzed 65 NAC patients

to investigate their surgical outcome, also to compare the patient’s choice of surgery with

surgeon’s recommendation (made in a blind review). In that study, 28 of 65 patients

received lumpectomy, and 5 of 28 patients had a positive margin that required re-excision

(including one patient with extensive lobular cancer but decided to receive lumpectomy

first). We found that approximately 30% of patients will choose the surgery against

surgeon’s recommendation, which is a factor that cannot be controlled for studying the

impact of MRI on surgical outcome. Since we know that MRI has intrinsic limitation in

detecting scattered residual diseases with a low cellularity, are there other imaging

modalities (mammography, sonography, breast-specific nuclear medicine imaging) that can

be used for detecting these forms of residual diseases? Although this question remains to be

investigated, based on the different detection mechanisms of these imaging modalities, it

will be very difficult to detect such residual diseases, and there is no evidence in the

literature that any existing clinical breast imaging modality is sensitive enough to detect cell

clusters. Therefore, perhaps a more important question that can be asked is whether

detecting these minimal residual diseases has any clinical significance. One may argue that
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although these cells are present, they may have already lost ability to grow. Furthermore,

even if surgery misses these diseases, the following radiation may wipe them out. More

research in this area is needed to find out the significance of these minimum residual

diseases and the role of imaging for such cases.

In this study we did not find that NAC regimen with AC + taxane or taxane-only was a

significant predictor affecting MRI accuracy. The mean MRI-pathology size difference was

0.83 cm in the AC + taxane group, and 1.31 cm in the taxane-only group. Anthracycline

regimen with AC had a high cardiac toxicity, and in recent years it has been slowly changed

from the standard first-line regimen to an optional regimen. In our NAC protocol after 2007

although patients might be given AC after taxane, none of them was given additional AC

before surgery. For patients who still had substantial disease remaining at surgery, AC was

given in the adjuvant setting after surgery. Due to the multiple available NAC regimens,

previous studies regarding the impact of different NAC regimens on MRI accuracy for

assessing residual tumor size were difficult to compare and remained not clear

[14,52,61,62]. One study reported underestimation of MRI was more likely (P = 0.02)

among patients receiving taxane than among those given anthracycline [61]. With the

continuing evolution of NAC regimens for breast cancer, it would be difficult to compare

results from different studies [51]. In this study, 37 patients with HER-2 negative cancer

also received the anti-angiogenic agent bevacizumab. A previous study has shown that the

accuracy of MRI in patients with and without receiving bevacizumab was comparable, thus

the use of bevacizumab was not considered as a covariate in the analysis [52].

Lastly, we performed multivariate analysis and found tumor type, morphology, and HER2-

HR biomarker status were independent predictors, with P = 0.0014, 0.0032, 0.0286,

respectively. Since the HER2-negative and HR-positive was the dominant subtype (i.e., with

the highest prevalence), in statistical analysis they were considered as highly correlated. If

HER2 and HR were not combined only HER2, not HR, was an independent predictor.

The case number in the present study was relatively small compared to several recently

published studies. However, since this was a single-site study, we could ensure consistent

study procedures (treatment regimen and imaging follow-up) and standardized data analysis

methods in imaging and pathological evaluation were used. Despite of the small subject

number, we could thoroughly investigate the predictive role of all considered variables, and

indeed our results were consistent with reports in the literature.

In conclusion, in this study, by using univariate analysis we have found that as an individual

parameter the tumor type, tumor morphology, HR and HER2 biomarker status, and the MRI

scanner (1.5 T or 3.0 T) were significantly associated with the difference between MRI and

pathological tumor sizes. Cancers with lobular component, non-mass-like enhancement

lesions, HR-positive, and HER2-negative cancers had an increased discrepancy between

MRI versus pathology tumor size compared to their counterpart lesions (invasive ductal

cancers, mass lesions, HR-negative, and HER2-positive cancers, respectively). Multivariate

regression analysis showed that tumor type, tumor morphology, and combined HER2-HR

status were independent predictors. This study has also found that NAC regimens did not

significantly affect the accuracy of MRI residual tumor size measurement. The results from
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this study may provide useful information for breast surgeons to decide the optimal surgical

plan for NAC patients that can achieve tumor free margin in one operation.
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Fig. 1.
The scatter plot between the residual pathological tumor size and the MRI size after completing NAC. There are 39 true

negative cases that are located on the origin. The unity line is also shown. MRI underestimates the residual tumor size by >5 mm

(above unity line) in 27 patients (27/98 = 28%), and overestimates the residual tumor size by >5 mm (below the unity line) in 14

patients (14/98 = 14%).
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Fig. 2.
The plot of MRI-pathology size discrepancy stratified by different clinical parameters. The mean value in each sub-group is

specified in the figure. It can be seen that the discrepancy is larger in ILC + Mixed than IDC, larger in non-mass than mass

lesions, larger in low-med grade than high grade, larger in HR-positive than HR-negative, larger in HER2-negative than HER2-

positive, larger in 3 T than 1.5 T, larger in taxane than AC + taxane NAC regimens. If HR and HER2 status are combined, the

discrepancy is larger in HER2-negative HR-positive than HER2-negtaive HR-negative (i.e., triple negative) than HER2-positive

tumors.
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Fig. 3.
A 64-year-old patient with a well-circumscribed, triple-negative, mass lesion (invasive ductal cancer) in the left breast. The

maximum intensity projection (MIP) images of pre-treatment, F/U-1, and final MRI are shown. The tumor size is 2.5 cm before

treatment and shows concentric shrinkage to 1.8 cm in F/U-1 and further down to 1.1 cm in final MRI after completing

treatment. The residual tumor size determined in post-NAC pathological examination is 1.4 cm, and the MRI discrepancy is 3

mm. This is a true positive case.
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Fig. 4.
A 37-year-old patient with HR-negative and HER2-positive non-mass-like lesion (invasive ductal cancer). The maximum

intensity projection (MIP) images of pretreatment, F/U-1, and final MRI are shown. MRI shows a complete response and the

pathology shows pCR. Although this is a non-mass lesion, the diagnosis of MRI in HR-negative and HER2-positive tumor that

receives trastuzumab is highly accurate. This is a true negative case.
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Fig. 5.
A 48-year-old patient with HR-positive and HER2-negative mass lesion (invasive ductal cancer). The maximum intensity

projection (MIP) images of pretreatment, F/U-1, and final MRI are shown. The tumor size on final MRI is measured as 3.0 cm,

but the pathology shows residual disease in a 7.0 cm region. This is a true positive case with a size discrepancy of 4.0 cm.

Although this case is a mass lesion, the diagnosis of MRI in HR-positive and HER2-negative tumor is the worst compared to

other biomarker types, and may not be accurate.
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Fig. 6.
A 31-year-old patient with HR-positive and HER2-negative non-mass-like enhancement lesion (invasive ductal cancer with

extensive carcinoma in situ components). The contrast-enhanced (subtraction) images selected from the same level in

pretreatment, F/U-1, and final MRI are shown. The area of the enhanced tumor tissues and the degree of enhancement are

decreasing with treatment, indicating a good response to the chemotherapy. The size measured on final MRI is 3.0 cm, but the

post-NAC pathological examination shows scattered cancer cells within a 10 cm region. This is a true positive case with a large

size discrepancy of 7.0 cm. It is typical for a non-mass lesion to show scattered diseases within the original tumor bed, and it is

difficult for MRI to make a correct diagnosis. Furthermore, MRI diagnostic accuracy is the worst in HR-positive and HER2-

negative tumors compared to other biomarker types.
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TABLE I

MRI Diagnostic Results Based on True-Positive (TP), True-Negative (TN), False-Positive (FP), False-

Negative (FN) in Each Category, and the Comparison Between Subtypes using the Fisher’s Exact Tests

TP TN FP FN (%) Accuracy (TP + TN, %) P values for FN P values for accuracy

All cases (N = 98) 38 39 5 16 (16.3%) 77 (78.6%)

Tumor type 0.007 0.03

 IDC (N = 85) 32 38 5 10 (11.8%) 70 (82.4%)

 ILC and mixed (N = 13) 6 1 0 6 (46.2%) 7 (53.8%)

Tumor morphology 0.52 0.26

 Mass lesion (N = 74) 32 28 3 11 (14.9%) 60 (81.1%)

 Non-mass-like (N = 23) 6 10 2 5 (21.7%) 16 (69.6%)

Tumor grade 0.27 0.45

 4–7 (low–med, N = 60) 24 21 3 12 (20.0%) 45 (75%)

 8–9 (high, N = 37) 14 17 2 4 (10.8%) 31 (83.8%)

Hormonal receptor 0.42 1

 Positive (N = 57) 29 16 1 11 (19.3%) 45 (78.9%)

 Negative (N = 41) 9 23 4 5 (12.2%) 32 (78%)

HER-2 receptor 0.26 1

 Positive (N = 40) 9 23 4 4 (10%) 32 (80%)

 Negative (N = 57) 29 16 1 11 (19.3%) 45 (78.9%)

MR scanner 0.005 0.03

 1.5 T (N = 51) 12 33 3 3 (5.9%) 45 (88.2%)

 3.0 T (N = 47) 26 6 2 13 (27.7%) 32 (68.1%)

Chemotherapy regimen 0.16 0.30

 AC + Taxane (N = 63) 18 29 3 13 (20.6%) 47 (74.6%)

 Taxane w/o AC (N = 35) 20 10 2 3 (8.6%) 30 (85.7%)
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TABLE II

Results from Univariate Linear Regression Models for Prediction of MRI Diagnostic Accuracy Based on the

Absolute Difference Between MRI and Pathological Residual Tumor Size

Number of
subject

MRI-pathology tumor
size difference (cm)

Regression model
coefficient of determination

Regression model
slope parameter

Clinical and tumor characteristic N (%) Mean ± Stdev R2 P-value

Tumor type 0.16436 <0.0001

 IDC N = 85 (87%) 0.69 ± 1.20

 ILC and mixed N = 13 (13%) 3.07 ± 4.13

Tumor morphology 0.08448 0.0039

 Mass lesion N = 74 (76%) 0.69 ± 1.00

 Non-mass-like N = 23 (24%) 2.06 ± 3.59

Tumor grade 0.0385 0.0541

 4–7 (low–medium) N = 60 (62%) 1.32 ± 2.44

 8–9 (high) N = 37 (38%) 0.51 ± 0.79

Hormonal receptor 0.05961 0.0154

 Positive N = 57 (58%) 1.42 ± 2.49

 Negative N = 41 (42%) 0.43 ± 0.68

HER-2 receptor 0.07846 0.0055

 Positive N = 40 (41%) 0.34 ± 0.50

 Negative N = 57 (59%) 1.48 ± 2.50

MR scanner 0.04395 0.0383

 1.5 T N = 51 (52%) 0.60 ± 1.48

 3.0 T N = 47 (48%) 1.44 ± 2.39

Chemotherapy regimen 0.01281 0.2672

 AC + Taxane N = 63 (64%) 0.83 ± 2.16

 Taxane without AC N = 35 (36%) 1.31 ± 1.66

Days to operation 0.00249 0.6259

 0–30 days N = 43 (44%) 0.89 ± 2.22

 >30 days N = 55 (56%) 1.09 ± 1.84
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