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Introduction
Breast cancer is the most common female cancer and the sec-
ond most common cause of female cancer death, with an 
increasing incidence worldwide.1 The modern paradigm of 
breast cancer management involves a combination of surgery, 
radiotherapy, chemotherapy, and targeted therapies, depending 
on the tumour phenotype and disease stage at presentation.2 
The evidence for the safety and efficacy of neoadjuvant (pre-
surgery) chemotherapy (NAC) continues to grow, and this 
approach can be very useful, when indicated.3

Neoadjuvant chemotherapy can convey a number of benefits 
to the patient including reducing the size of the tumour and 
potentially the disease stage, allowing less-invasive surgery to be 
performed.4 The use of NAC has allowed the modern breast 
surgeon to opt for a breast-conserving approach, in combina-
tion with sentinel lymph node biopsy, where once a mastectomy 
with axillary dissection would have been indicated in selected 
cases.5 Neoadjuvant chemotherapy has become the standard of 
care for inflammatory and locally advanced breast cancers, and 
its use is increasing in breast cancers overexpressing the human 

epidermal growth factor 2 (HER2), in triple-negative breast 
cancers, where it offers the opportunity to monitor the tumour 
response to systemic therapy in vivo and provides valuable 
information relating to long-term prognosis.

An additional potential benefit of NAC in breast cancer 
may be obviating the need for surgery by achieving a complete 
response/complete tumour regression in the breast through 
systemic therapy alone.6 The absence of residual tumour in the 
surgically resected specimen post-NAC is termed a pathologic 
complete response (pCR). Achieving pCR has been associated 
with favourable outcomes and is generally used as a surrogate 
endpoint in evaluating response to therapy.7,8

Magnetic resonance imaging (MRI) is the modality that 
has shown most promise in predicting pCR in breast cancer. 
The accuracy of MRI exceeds that of mammography and phys-
ical examination in predicting pathologic tumour size in 
patients post-NAC, although preliminary studies investigating 
nuclear medicine imaging have demonstrated a potential role.9-

11 The rates of pCR post-NAC vary widely in the literature 
(between 0.3% and 50.3%), and reports of MRI accuracy in 
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predicting pCR are similarly varied.12 Magnetic resonance 
imaging accuracy has also been shown to vary according to 
molecular subtype, with MRI being least accurate for Luminal 
A and some Luminal B subtype tumours, which also have the 
lowest rates of pCR.13,14

The primary aim of this study was to assess the ability of 
MRI to accurately predict pCR in breast cancer patients post-
NAC, investigating how often a radiologic complete response 
(rCR) corresponds to pCR in a cohort of patients who received 
NAC followed by surgery. The secondary aim is to investigate 
factors influencing the accuracy of MRI in predicting patho-
logic tumour size.

Methods
Clinical database

This monocentric, retrospective observational cohort study was 
undertaken at Galway University Hospital (GUH), a tertiary 
referral specialist breast cancer unit. This study received ethical 
approval from the Research Ethics Committee at GUH. All 
breast cancer patients between January 2007 and January 2015 
who received NAC and had pre-NAC and post-NAC MRI 
scans performed were selected for this study. Selection was 
from a prospectively maintained institutional database includ-
ing patient demographics, tumour pathology, and medical and 
surgical therapeutic information. Discussions and consensus at 
multidisciplinary team meetings including medical oncology, 
surgery, radiology, and radiation oncology were used to make 
clinical decisions relating to therapy in these patients. Patients 
who underwent combined neoadjuvant chemoradiotherapy – 
with no clear mass lesion visible on pre-NAC MRI and with 
multicentric, inflammatory, and/or metastatic disease at pres-
entation – were excluded from this study.

MRI protocol

Contrast-enhanced MRI analyses were performed on a  
short bore 1.5 T magnet (Magnetom Espree 1.5 T, Siemens 
Healthineers, Erlangen, Germany). Eight-channel breast phase 
array breast coil was used for signal reception. The following pro-
tocol was employed: sagittal T2 (repetition time (TR)/echo time 
(TE) = 6570/111, gap = 1 mm, flip angle = 160°, matrix = 340 × 75), 
axial T2 FS fl3d precontrast (TR/TE = 5.15/2.39, gap = 0.6 mm, 
flip angle = 10°, matrix = 320 × 100), and sagittal T1 fl3d (TR/
TE = 5.18/1.64, gap = 0.6 mm, flip angle = 10°, matrix = 320 × 100). 
Dynamic axial T1 FS fl3d imaging was completed 5 times fol-
lowing the administration of contrast, with contrast material 
administered at a maximum dose of 0.1 mmol kg−1 of body weight 
and with peak enhancement within the first 2 minutes. Contrast 
injection was performed using a power injector at a flow rate of 
2 mL seconds−1, with contrast material flushed with a 20-mL 
physiological saline flush. Primary contrast-enhanced imaging 
was acquired at 90 seconds postcontrast administration, with  

subsequent imaging acquired acquisitions within 5 to 7 minutes.1 
The section thickness was 3 mm for all sequences. The contrast 
employed was Gadoterate meglumine (Gd-DOTA).15 Tumour 
size was calculated by measuring (in mm) the longest diameter of 
the target lesion in the axial, coronal, and sagittal planes, with the 
longest of these 3 measurements chosen as the final tumour size. 
Response was reported in the descriptive analysis as rCR, radio-
logic partial response (rPR), radiologic progressive disease (rPD), 
or radiologic stable disease (rSD), per the Response Evaluation 
Criteria in Solid Tumours (RECIST) 1.1 guideline. Radiologic 
complete response was defined as no residual enhancement on 
post-NAC MRI.

Pathological evaluation

All pretreatment biopsies were reviewed by the pathology 
department at GUH. Pathology specimens were evaluated for 
hormone and human epidermal growth factor receptor expres-
sion via immunohistochemical testing, with confirmatory fluo-
rescence in situ hybridisation (FISH) analysis, if indicated. 
This allowed the categorisation of the breast carcinomas into 1 
of 4 biologic subtypes: Luminal A (oestrogen receptor [ER]/
progesterone receptor [PR] positive, HER2 negative, Ki67 
<20%), Luminal B (ER/PR positive, HER2 positive, or HER2 
negative with Ki67 >20%), HER2/neu (ER/PR negative, 
HER2 positive), and triple negative (ER/PR/HER2 negative). 
Response to NAC and residual tumour size was assessed using 
postoperative pathology of the resected breast specimen by a 
consultant histopathologist at GUH. Pathologic complete 
response was defined as the absence of any invasive tumour in 
the examined specimen; however, the absence of in situ disease 
was excluded from this definition (pCR = ypT0/is).16

Statistical analysis

Statistical analyses were performed using SPSS for Mac, ver-
sion 26.0 (SPSS Inc, Armonk, NY, USA). Descriptive analysis 
was performed on included participants, with continuous vari-
ables being expressed as mean value, median, standard devia-
tion (SD), minimum, and maximum; and categorical variables 
being expressed in percentage and 95% confidence interval 
(CI). Discrepancy between the measured tumour size on MRI 
and pathology specimen was evaluated and expressed in size 
(mm) ±SD. A Kolmogorov–Smirnov test was performed to 
evaluate normality of the quantitative discrepancy variables. 
The effect of different variables on MRI/pathology discrep-
ancy was evaluated using the nonparametric Mann–Whitney 
test, for 2 groups, with the Kruskal–Wallis test used to compare 
data from 3 or more groups. Statistical significance level was 
set at 5%. Variables displaying statistical significance at uni-
variate analysis were included as predictors in a binary logistic 
regression multivariate analysis. The efficacy of MRI in pre-
dicting pCR in sensitivity, specificity, positive predictive value 
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(PPV), negative predictive value (NPV), and accuracy was cal-
culated. True-positive cases were defined as resulting in both 
rCR and pCR; false-positive cases had rCR without pCR; 
false-negative cases did not achieve rCR, but had pCR; and 
true-negative cases were negative for both rCR and pCR. 
These variables were calculated for each molecular breast can-
cer subtype (Luminal A, Luminal B, HER2/neu, and triple 
negative), as well as the rate of pCR (%). Chi-square testing 
was used to compare PPV and false-positivity rate between 
molecular subtypes. The Pearson correlation and the Spearman 
rank correlation were used, as appropriate, to compare MRI-
measured and pathological tumour sizes, including subgroup 
analysis by molecular subtype.

Endpoints

Positive and NPVs of MRI in predicting pCR and no pCR, 
respectively, were used as co-primary endpoints of the study. 
Our secondary endpoint was an analysis of factors influencing 
MRI accuracy in predicting final pathological tumour size.

Results
Eighty-seven patients were included in this study. Mean age was 
48.7 (21.0-73.0) years (Table 1). The mean (SD) tumour sizes on 
MRI at baseline and post-NAC were 43.6 mm (16.3 mm) and 
18.8 mm (16.4 mm), respectively, with a final mean (SD) tumour 
size on pathology of 34.1 mm (31.9 mm). The median number 
of days between post-NAC MRI and surgery was 31.0 
(range = 4.0-134.0). The majority tumours were of Luminal A 
molecular subtype (58.6%, 51/87), with Luminal B and triple-
negative subtypes being equally common (16.1%, 14/87) and 
HER2/neu subtype least common (9.2%, 8/82). The overall 
pCR rate was 19.5% (17/87), and the rCR rate was 28.7% 
(25/87). Human epidermal growth factor 2/neu subtype carci-
nomas displayed the highest rate of pCR (62.5%, 5/8), followed 
by triple-negative (28.6%, 4/14), Luminal B (21.4%, 3/14), and 
Luminal A (9.8%, 5/51) subtypes. Human epidermal growth 
factor 2/neu and triple-negative subtypes had equivalent rates of 
rCR (50.0%; HER2/neu 4/8, triple negative 7/14), followed by 
Luminal A (23.5%, 12/51) and Luminal B (14.3%, 2/14).

MRI as a predictor of pCR

The PPV of MRI in predicting pCR was 36.0% (95% CI: 
[23.2%, 51.1%]) overall, whereas the NPV was 87.1% (95% CI: 
[80.1%, 91.9%]). The sensitivity, specificity, and accuracy of 
MRI in predicting pCR were 52.9% (95% CI: [27.8%, 77.0%]), 
77.1% (95% CI: [65.6%, 86.3%]), and 72.4% (95% CI: [61.8%, 
81.5%]), respectively. The diagnostic performance of MRI var-
ied by molecular subtype (Table 2). The PPV was significantly 
lower in the Luminal A subtype (25.0%, 95% CI: [11.7%, 
45.7%]) than in the Luminal B (50.0%, 95% CI: [7.9%, 
92.1%]), HER2/neu (50.0%, 95% CI: [20.8%, 79.2%]), and 
triple-negative (42.9%, 95% CI: [22.5%, 65.9%]) subtypes. 

PPV was significantly higher in nonluminal versus Luminal A 
disease (45.0% vs 25.0%, P < .001), but this difference was not 
significant when Luminal B disease was included alongside 
Luminal A (P = .089). The NPV was the highest in the Luminal 
A subtype (94.9%, 95% CI: [86.2%, 98.2%]), with lower rates 
in both Luminal B (83.3%, 95% CI: [68.7%, 91.9%]) and tri-
ple-negative (85.7%, 95% CI: [50.5%, 97.2%]) subtypes. 
However, the NPV was much lower for the HER2/neu (25.0%, 
95% CI: [5.5%, 65.8%]) subtype. The overall false-positivity 
rate (rCR but no pCR) was 18.4% (16/87). False positivity also 
varied by molecular subtype, with the highest rate amongst the 
triple-negative subtype (28.6%, 4/14), followed by HER2/neu 
(25.0%, 2/8), Luminal A (17.6%, 9/51), and Luminal B (7.1%, 
1/14). The higher rates of false positivity in nonluminal versus 
luminal subtypes reached statistical significance (P = .002).

MRI as a predictor of tumour size post-NAC

Eighty-three post-NAC MRI scans were evaluable for tumour 
size. Four scans were excluded due to the presence of small, 
multifocal lesions not amenable to measurement as a single 
maximum diameter. Among those excluded was 1 outlier who 
waited more than 100 days between preoperative MRI and sur-
gery. The mean (SD) discrepancy between post-NAC MRI and 
final invasive pathological tumour size was 19.3 mm (24.2 mm), 
with a median of 11 mm, a minimum of 0.0 mm, and maximum 
of 115.0 mm. There was a statistically significant positive cor-
relation overall between final tumour size on MRI and pathol-
ogy (the Spearman rho = 0.342, P = .019, Figure 1). This mild/
moderate statistically significant forward correlation was also 
observed in Luminal A (the Spearman rho = 0.407, P = .005, 
Figure 2) subtype, but failed to reach statistical significance in 
Luminal B (the Pearson correlation coefficient = .497, P = .071, 
Figure 2), HER2/neu (the Spearman rho = −0.180, P = .669, 
Figure 2), or triple-negative (the Spearman rho = 0.317, P = .269, 
Figure 2) subtypes. All tumours with a size discrepancy of 
greater than 50 mm between MRI and pathology were excluded 
(n = 5), which increased the overall correlation markedly (the 
Spearman rho = 0.615, P < .001).

Factors influencing MRI accuracy in predicting 
post-NAC tumour size

Tumour grade had a significant impact on mean discrepancy 
between MRI and pathology (P = .001), with higher grades of 
tumour displaying much lower mean discrepancy (Table 3).  
T category was also significantly associated with MRI accuracy, 
with lower mean discrepancy associated with cT1-2 category 
tumours. Infiltrating ductal carcinoma (IDC) had a significantly 
lower mean discrepancy in comparison to infiltrating lobular 
carcinoma (ILC) and luminal lesions displayed a higher mean 
discrepancy (ie, were less accurate) than nonluminal. Age, nodal 
status, and HER2 receptor status had no significant impact on 
mean discrepancy.
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Table 1. Patient and tumour characteristics.

CONTINUOUS vARIABLES MEAN SD MEDIAN RANGE

Age (y) 48.7 10.3 49.0 21.0-73.0

Baseline tumour size on MRI (mm) 43.6 16.3 40.0 10.0-87.0

Post-NAC tumour size on MRI (mm) 18.8 16.4 18.0 0.0-68.0

Tumour size on pathology (mm) 34.1 31.9 28.0 0.0-140.0

Time to surgery after post-NAC MRI (days) 35.6 25.9 31.0 4.0-134.0

CATEGORICAL vARIABLES SUBCATEGORy N % (95% CI)

Surgical procedure Mastectomy 39 44.8 [34.2, 55.9]

BCS 48 55.2 [44.1, 65.9]

Nodal procedure Axillary clearance 60 69.0 [58.1, 78.5]

SLN biopsy 27 31.0 [21.6, 41.9]

Baseline tumour size (cT) cT1 5 5.8 [1.9, 12.9]

cT2 55 63.2 [52.2, 73.3]

cT3 26 29.9 [20.5, 40.7]

cT4 1 1.1 [0.0, 6.2]

Baseline nodal status (cN) cN0 19 21.8 [13.7, 32.0]

cN1 52 59.8 [48.7, 70.2]

cN2 7 8.1 [3.3, 15.9]

cNx 9 10.3 [4.8, 18.7]

Tumour size post-NAC (ypT) ypT0 17 19.5 [11.8, 29.4]

ypT1 19 21.8 [13.7, 32.0]

ypT2 31 35.7 [25.7, 46.6]

ypT3 19 21.8 [13.7, 32.0]

ypT4 1 1.2 [0.0, 6.2]

Nodal status post-NAC (ypN) ypN0 40 46.0 [35.2, 57.0]

ypN1 25 28.7 [19.5, 39.4]

ypN2 14 16.1 [9.1, 25.5]

ypN3 8 9.2 [4.1, 17.3]

Hormone receptor status Positive 65 74.7 [64.3, 83.4]

Negative 22 25.3 [16.6, 35.8]

Molecular subtype Luminal A 51 58.6 [47.6, 69.1]

Luminal B 14 16.1 [9.1, 25.5]

HER2/neu 8 9.2 [4.1, 17.3]

Triple negative 14 16.1 [9.1, 25.5]

Histological subtype Ductal 70 80.5 [70.6, 88.2]

Lobular 13 14.9 [8.2, 24.2]

Othera 4 4.6 [1.3, 11.4]

(Continued)
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Triple-negative subtype had the lowest mean (SD) discrep-
ancy of 7.6 mm (10.3 mm), followed by HER2/neu 9.6 mm 
(12.9 mm), Luminal B 15.6 mm (11.1 mm), and Luminal A 
25.5 mm (29.2 mm). Although the P value for molecular sub-
type appears to be statistically significant (P = .027), when 
adjusted for multiple comparisons by the Bonferroni method, 
no 2 group comparators reached statistical significance. Triple-
negative and Luminal A subtypes displayed the most visually 
notable difference (Figure 3), but this failed to reach adjusted 
statistical significance (P = .057). After multivariate linear 
regression analysis, tumour grade (P = .036), cT (P < .001), and 
histological subtype (P = .04) remained significant independent 
predictors of MRI accuracy of mean discrepancy (Table 4). 
Among the variables which reached statistical significance on 

multivariate analysis, MRI tended to overestimate the tumour 
size in high grade (48.6%), low cT (56.9%), and ductal (55.2%) 
type tumours (Appendix 1).

Discussion
Neoadjuvant chemotherapy has resulted in increased rates of 
breast-conserving surgery (BCS), due to its ability to reduce 
the size and extent of the primary tumour.17 Neoadjuvant 
chemotherapy can also result in a pCR or a complete tumour 
remission. The ability to predict pCR post-NAC accurately 
and consistently is important. Pathologic complete response 
can be used as an endpoint for clinical efficacy and regulatory 
approval of neoadjuvant agents in cancer trials, and accurate 
noninvasive imaging could accelerate this process for the 

CONTINUOUS vARIABLES MEAN SD MEDIAN RANGE

Histological grade G1 3 3.5 [0.7, 9.8]

G2 46 52.9 [41.9, 63.7]

G3 38 43.7 [33.1, 54.7]

NA 2 2.3 [0.3, 8.1]

Radiologic response rCR 25 28.7 [19.5, 39.4]

rPR 46 52.9 [41.9, 63.7]

rPD 0 0.0b [0.0, 4.1]

rSD 16 18.4 [10.9, 28.1]

Pathological response pCR 17 19.5 [11.8, 29.4]

No pCR 70 80.5 [70.6, 88.2]

Adjuvant therapy Radiotherapy 78 94.0c [86.5, 98.0]

Endocrine 64 73.6d [63.0, 82.5]

Trastuzumab 21 24.1e [15.6, 34.5]

Abbreviations: BCS, breast-conserving surgery; CI, confidence interval; HER2, human epidermal growth factor 2; MRI, magnetic resonance imaging; NA, not available; 
NAC, neoadjuvant chemotherapy; pCR, pathologic complete response; rCR, radiologic complete response; rPD, radiologic progressive disease; rPR, radiologic partial 
response; rSD, radiologic stable disease; SD, standard deviation; SLN, sentinel lymph node.
aOther subtypes included 1× spindle cell, 2× mucinous, and 1× metaplastic.
bOne-sided 97.5% CI.
c94.0 valid percent (78/83 included patients, data missing on 4 patients).
d100.0% (95% CI: [94.5%, 100.0%], n = 65/65) of hormone receptor–positive patients received endocrine therapy.
e95.5% (95% CI: [77.2%, 99.9%], n = 21/22) HER2 receptor–positive patients received trastuzumab.

Table 2. MRI diagnostic performance in predicting pathologic complete response for various molecular subtypes, % (95% confidence interval).

OvERALL (N = 87) LUMINAL A (N = 51) LUMINAL B (N = 14) HER2/NEU (N = 8) TRIPLE NEGATIvE (N = 14)

Sensitivity 52.9% [27.8%, 77.0%] 60.0% [14.6%, 94.7%] 33.3% [0.8%, 90.6%] 40.0% [5.2%, 85.3%] 75.0% [19.4%, 99.4%]

Specificity 77.1% [65.6%, 86.3%] 80.5% [66.1%, 90.6%] 90.9% [58.7%, 99.8%] 33.3% [0.8%, 90.6%] 60.0% [26.2%, 88.8%]

PPv 36.0% [23.2%, 51.1%] 25.0% [11.7%, 45.7%] 50.0% [7.9%, 92.1%] 50.0% [20.8%, 79.2%] 42.9% [22.5%, 65.9%]

NPv 87.1% [80.1%, 91.9%] 94.9% [86.2%, 98.2%] 83.3% [68.7%, 91.9%] 25.0% [5.5%, 65.8%] 85.7% [50.5%, 97.2%]

Accuracy 72.4% [61.8%, 81.5%] 78.4% [64.7%, 88.7%] 78.6% [49.2%, 95.3%] 37.5% [8.5%, 75.5%] 64.3% [35.1%, 87.2%]

Abbreviations: HER2, human epidermal growth factor 2; MRI, magnetic resonance imaging; NPv, negative predictive value; PPv, positive predictive value.

Table 1. (Continued)
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benefit of patients.18 Accurate estimation of the residual 
tumour size and location is also vital for surgical planning to 
ensure that the minimum amount of tissue is removed while 
achieving an oncologic resection.

Magnetic resonance imaging has shown superiority to other 
modalities regarding pCR prediction; however, the diagnostic 
accuracy of MRI is highly variable in the literature.9,19-21 This 
study found that MRI could predict pCR with a sensitivity, 
specificity, PPV, and NPV of 52.9%, 77.1%, 36.0%, and 87.1%, 
respectively, with an overall accuracy of 72.4%. This pattern of 
high NPV and specificity, with a lower sensitivity and PPV is 
mirrored in a systematic review by Lobbes et al,21 who report a 
median sensitivity, specificity, PPV, and NPV of 42%, 89%, 64%, 
and 87%, respectively. More recent work by Kaise et al and 
Bouzón et al had similar findings, although they defined MRI 
accuracy regarding ability to detect residual tumour, rather than 
to predict pCR, so the PPV is equivalent to the definition of 
NPV in this study, and sensitivity and specificity are similarly 
swapped.13,22,23 The PPV was significantly higher for nonlumi-
nal versus Luminal A disease, but this significance did not persist 
when Luminal B disease was analysed alongside Luminal A. 
The Luminal B disease cohort were all hormone receptor (HR) 
and HER2 positive in our cohort, which may have influenced 
this outcome. Murphy et al24 found MRI accuracy to be much 
higher in HER2-positive breast cancer. Our small HER2/neu 
sample size (n = 8) limits our ability to comment definitively on 
this subtype. However, the HER2/neu breast cancers were over-
all least accurate in our cohort and Luminal B cancers were most 
accurate, making it difficult to delineate any clear directional 

association between HER2 positivity and MRI accuracy. The 
rate of pCR was the highest in the HER2/neu subtype, likely 
due to the use of HER2-targeted agents used in the neoadjuvant 
setting.23 Although rCR on MRI therefore shows a reasonable 
and consistent ability to predict pCR, the high false-positive rate 
(rCR but no pCR) of 18% in this study makes the prospect of 
avoiding surgery based on MRI findings untenable. There is an 
appetite amongst health care professionals to pursue avenues of 
surgery avoidance in select patients, however.25 Currently, under 
investigation is the selective use of post-NAC biopsies of the 
residual tumour bed, using either ultrasound or MRI guidance, 
in trials such as MICRA,26 RESPONDER,27 NOSTRA,28 
NCT02945579,29 and CRBr,30 among others. Early results 
show promise in the MRI-guided biopsy group,5,29 with mixed 
results for the ultrasound-guided cohort.26,28

The correlation between final tumour size on MRI and on 
pathology in this study was relatively weak (rho = 0.342, 
P = .019). In a review of 17 studies, Lobbes et al21 reported a 
median correlation coefficient of 0.698 (range = 0.21-0.982), 
with only 2 studies failing to achieve statistical significance in 
their correlation analysis. Chen et al31 observed a marked 
increase in correlation coefficient when lesions with size dis-
crepancy greater than 5 cm were excluded from the analysis, 
and this was also observed in our cohort. The small sample 
sizes within all but the Luminal A subtype in this study lim-
ited the utility of delineating correlation coefficients by molec-
ular subtype. The relationship between final MRI and 
pathology tumour sizes was further evaluated through mean 
discrepancy. The lowest mean discrepancy was seen in the 

Figure 1. MRI indicates magnetic resonance imaging; NAC, neoadjuvant chemotherapy.



Browne et al 7

F
ig

u
re

 2
. 

H
E

R
2 

in
di

ca
te

s 
hu

m
an

 e
pi

de
rm

al
 g

ro
w

th
 fa

ct
or

 2
; M

R
I, 

m
ag

ne
tic

 r
es

on
an

ce
 im

ag
in

g;
 N

A
C

, n
eo

ad
ju

va
nt

 c
he

m
ot

he
ra

py
.



8 Breast Cancer: Basic and Clinical Research 

triple-negative subtype. This increased accuracy in triple-neg-
ative breast cancer may be related to its concentric regression 
pattern post-NAC.32 Factors that independently and signifi-
cantly impacted MRI accuracy were tumour grade, size, and 
histological subtype. Tumours of higher grade and lower cT 
showed lower mean discrepancies, which is a consistent find-
ing in the literature.23,33 Tumours of higher grade and lower 
cT have also been shown to have a better response to chemo-
therapy, and MRI is reportedly more accurate in chemo-
responsive breast cancers, which may explain the observed 
lower mean discrepancy in these groups.23 Magnetic resonance 
imaging tended to overestimate the tumour size in high grade, 
low cT, and ductal type tumours. Magnetic resonance imaging 
underestimated tumour size in the vast majority of Lobular 
breast cancers (91.7%). Lobular breast cancers represent a 
more heterogeneous group than ductal carcinomas, some of 
which may be less responsive to NAC, and this might explain 
the inaccuracy observed in this cohort.34

Evaluation of tumour diameter on MRI alone is therefore 
clearly insufficient to accurately predict pCR and final tumour 
size, although this accuracy improves with increasing tumour 
grade, decreasing tumour size, and ductal type tumours. Some 
other strategies which have been employed to increase the 
diagnostic accuracy of MRI images include volumetric35,36 and 
radiomic37 analysis, machine learning algorithms,38 and differ-
ent MRI protocols, including diffusion weighted imaging.39

The strength of this study lies in the robust consideration of 
patient and tumour characteristics contributing to MRI accu-
racy. Nonetheless, there are a number of limitations to this 
study. This is a single-centre retrospective study, and contains 
only a small number of nonluminal subtype breast cancers 
(HER2/neu [n = 8] and triple negative [n = 14]). This likely 
resulted in a high risk of Type 2 error, and there was no signifi-
cant difference between mean discrepancy of triple-negative 
and luminal breast cancer (P = .056), despite strong evidence 
for this in previous publications.22 This study did not evaluate 
the impact of nonmass-like enhancing lesions on MRI accu-
racy, and the MRI machine used had a 1.5-T magnet, as 
opposed to the higher resolution 3 T magnet; both of which 
have been shown to be of significance.40

In conclusion, preoperative, post-NAC MRI does not accu-
rately predict tumour response to NAC across all breast cancer 
subtypes. For pCR prediction, nonluminal disease is superior 
to luminal A of PPV. Tumour size, grade, and histological sub-
type should be taken into consideration when evaluating the 
preoperative MRIs for BCS planning in these patients. Further 
research could focus on adjunctive strategies, such as radiomic 
and machine learning models, to help improve MRI perfor-
mance and utility in predictive response to NAC.

Table 3. Univariate analysis of factors influencing MRI accuracy of 
mean discrepancy between post-NAC MRI and pathologic tumour 
sizes.

vARIABLE N MEAN DISCREPANCy 
(±SD)

P vALUE

Age (y)

 >45 49 20.2 mm (±23.1 mm) .244

 ⩽45 34 17.9 mm (±26.0 mm)  

cN

 0 19 15.4 mm (±24.2 mm) .425

 1+ 64 21.7 mm (±25.4 mm)  

Grade

 1-2 48 26.6 mm (±28.8 mm) .002

 3 35 9.6 mm (±11.2 mm)  

cT

 1-2 59 11.8 mm (±13.8 mm) <.001

 3+ 24 37.8 mm (±33.3 mm)  

Histological subtype*

 Ductal 67 15.4 mm (±19.8 mm) .001

 Lobular 12 41.8 mm (±35.8 mm)  

HR status

 Positive 61 23.2 mm (±26.4 mm) .002

 Negative 22 8.3 mm (±11.0 mm)  

HER2

 Positive 22 13.5 mm (±11.9 mm) .733

 Negative 61 21.4 mm (±27.1 mm)  

Molecular subtype

 Luminal A 47 25.5 mm (±29.2 mm) .027**

 Luminal B 14 15.6 mm (±11.1 mm)  

 HER2/neu  8 9.6 mm (±12.9 mm)  

 Triple negative 14 7.6 mm (±10.3 mm)  

Abbreviations: cN, clinical nodal status; cT, clinical tumour stage; HER2, human 
epidermal growth factor 2; HR, hormone receptor; MRI, magnetic resonance 
imaging; NAC, neoadjuvant chemotherapy; SD, standard deviation.
Numbers in bold denote factors which reached statistical significance.
*1× spindle cell, 2× mucinous, and 1× metaplastic subtypes excluded for this 
analysis.
**P value nonsignificant when adjusted for multiple comparisons by the 
Bonferroni method.
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Figure 3. Discrepancy between post-NAC tumour size as measured on MRI versus pathologic specimen based on molecular subtype (mm): (mean ± SD), 

Luminal A (25.5 ± 29.2), Luminal B (15.6 ± 11.1), HER2/neu (9.6 ± 12.9), and triple negative (7.6 ± 10.3).
CI indicates confidence interval; HER2, human epidermal growth factor 2; MRI, magnetic resonance imaging; NAC, neoadjuvant chemotherapy.

Table 4. Multivariate regression analysis.

ADJUSTED R2 = 0.387

INDEPENDENT 
vARIABLES

B SE P vALUE 95% CI

Grade −10.787 5.041 .036 [−20.837, −0.738]

cT 11.816 2.477 <.001 [6.879, 16.753]

Histological subtype 18.689 6.363 .004 [6.005, 31.373]

HR status 3.855 5.774 .506 [−7.665, 15.365]

Abbreviations: B, unstandardised coefficients; CI, confidence interval; cT, T category; HR, hormone receptor; SE, standard error.
Numbers in bold denote factors which reached statistical significance.

Appendix 1

Tendency of MRI towards overestimation or underestimation of final tumour size versus pathology.

vARIABLE N OvERESTIMATED UNDERESTIMATED DIffERENCE ⩽1 MM

Age (y)

 >45 49 22.4% 63.3% 14.3%

 ⩽45 34 23.5% 58.8% 17.7%

cN

 0 19 42.1% 52.6% 5.3%

 1+ 64 20.0% 61.8% 18.2%

(Continued)
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