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Abstract 

Background The Ki‑67 is a beneficial marker of tumor aggressiveness. It is proliferation index that has been used 
to distinguish luminal B from luminal A breast cancers. By fast progress in quantitative radiology modalities, tumor 
biology and genetics can be assessed in a more accurate, predictive, and cost‑effective method. The aim of this study 
was to assess the role of dynamic contrast‑enhanced magnetic resonance imaging, diffusion‑weighted imaging and 
diffusion tensor imaging in prediction of Ki‑67 status in patients with invasive breast carcinoma estimate cut off values 
between breast cancer with high Ki‑67 status and those with low Ki‑67 status.

Results Cut off ADC (apparent diffusion co‑efficient) value of 0.657  mm2/s had 96.4% sensitivity, 75% specificity and 
93.8% accuracy in differentiating cases with high Ki67 from those with low Ki67. Cut off maximum enhancement 
value of 1715 had 96.4% sensitivity, 75% specificity and 93.8% accuracy in differentiating cases with high Ki67 from 
those with low Ki67. Cut off washout rate of 0.73 I/S had 60.7% sensitivity, 75% specificity and 62.5% accuracy in differ‑
entiating cases with high Ki67 from those with low Ki67. Cut off time to peak value of 304 had 71.4% sensitivity, 75% 
specificity and 71.9% accuracy in differentiating cases with high Ki67 from those with low Ki67.

Conclusions ADC, time to peak and maximum enhancement values had high sensitivity, specificity and accuracy in 
differentiating breast cancer with high Ki‑67 status from those with low Ki‑67 status.
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Background
Breast cancer is the most commonly diagnosed cancer 
and the main cause of death among female patients, the 
incidence of breast cancer is increasing year by year and 
younger female patients have been diagnosed with it [1–
3]. According to gene expression pattern, there are four 
different molecular subtypes of breast cancer: luminal 
A (LA), luminal B [(LB; HER2−), LB (HER2+)], human 

epidermal growth factor receptor 2 (HER2)-enriched, 
and basal-like (triple-negative) [4–10]. The molecu-
lar subtyping of breast cancer turns out a fundamental 
requirement for treatment design and disease prognosis 
[11, 12].

The Ki-67 is a beneficial marker of tumor aggressive-
ness [7, 8, 13]. It is a proliferation index that has been 
used to distinguish LB from LA breast cancers [13]. LA 
breast cancers are those with ER- and/or PR-positive 
and low Ki-67 index, while LB breast cancers are those 
with ER- and/or PR-positive and high Ki-67 index [14]. 
Patients with the LB breast cancer had a higher pro-
liferation rate and a worse prognosis than those with 
the LA breast cancer [15–17]. The Ki-67 expression 
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determination rule is follows: the proportion of positive 
cancer cells in the sample is counted, and the percentage 
more than 14% is defined as high expression; otherwise, 
it is low expression [18].

Dynamic contrast-enhanced breast MRI (DCE-MRI) 
is the most sensitive imaging modality for detection of 
breast cancer. It permits precious localization of suspi-
cious breast masses, permits accurate estimation of pec-
toral muscle and chest wall invasion by breast cancer 
and also permits detection of lymphatic metastasis [19]. 
Recently, diffusion tensor imaging (DTI), an extension 
of diffusion-weighted imaging (DWI), has been utilized 
to distinguish benign from malignant breast lesions and 
shows favorable results in increasing diagnostic speci-
ficity. It can calculate the anisotropy and directionality 
of water diffusion in tissues by encoding the diffusion in 
six or more directions. The DTI parameters include frac-
tional anisotropy (FA), mean diffusivity (MD), and three 
orthogonal diffusion coefficients (λ1, λ2, λ3) [20, 21].

By fast progress in quantitative radiology modalities, 
tumor biology and genetics can be assessed in a more 
accurate, predictive, and cost-effective method [22]. 
Several previous studies investigated the relationship 
between quantitative MRI parameters and molecular 
subtypes of breast cancer [23–42]; however, there is still 
no evident data about cut off values between breast can-
cers with low Ki-67 proliferation index and those with 
high Ki-67 proliferation index.

Aim of the study
The aim of this study was to assess the role of DCE-MRI, 
DWI & DTI in prediction of Ki-67 status in patients with 
invasive breast carcinoma and estimate cut off values 
between breast cancer with high Ki-67 status and those 
with low Ki-67 status.

Methods
Patient’s demographic data
This prospective study was conducted during the period 
from May 2020 to October 2022. Approval from our 
institution’s ethics committee was obtained and informed 
consent was obtained from all female patients before 
inclusion in this research work. This study included 96 
female patients with pathologically proven breast can-
cer of different molecular subtypes. Their mean age 
(years) ± SD was 46.41 ± 9.55 years with age range from 
31 to 69 years.

Inclusion criteria patients suspected to have breast 
cancer on basis of sonomammography (patients with BI-
RADS 5 lesions on sonomammography).

Exclusion criteria patients who were lost and their 
pathological results were not available, patients with 
improper imaging techniques (motion artifact and mag-
netic susceptibility artifact), patients who received NAC 
before performing breast MRI patients with recurrent 
breast carcinoma after performing conservative breast 
surgery and patients who had general contraindications 
to do MRI as patients with cardiac pace maker, patients 
with cochlear implant and ocular foreign body.

MRI technique
MR images were obtained by using a 1.5  T MR imag-
ing unit (Ingenia. Philips, Best, Netherlands). All stud-
ies were performed with the patients in a prone position 
by using a dedicated breast coil. All patients underwent 
the following. Localizing scout view (sagittal plane), axial 
nonfat saturated TIWI was obtained by FSE with the fol-
lowing imaging parameters: TR 450 ms, TE 14 ms, slice 
thickness 3 mm, field of view (FOV) 300–360 mm, axial 
T2WI was obtained using FSE with the following imaging 
parameters TR 2000 ms, TE 80 ms, slice thickness 3 mm, 
FOV 300–360  mm, axial STIR images was obtained 
with the following parameters: TR 7000–9000  ms, TE 
70  ms & inversion time (TI) was 150  ms, slice thick-
ness was 3–4  mm with inter slice gap 1  mm and FOV 
300–360 mm.

DCE-MRI was obtained in the axial plane with fat sup-
pression by applying fat saturated pulse (FLASH 3 D 
GRE-T1W1) with the following parameters: TR 4–8 ms, 
TE 2 ms, flip angle 20–25 degrees, slice thickness 3 mm 
with no inter-slice gap, FOV 300–360  mm and matrix 
was 38 × 384. After the pre-contrast study, a bolus of 
gadopentetate dimeglumine (gadolinium) in a dose of 
0.2  mmol/kg was injected using an automated injec-
tor at a rate of 3–5  ml/s. This was followed by a bolus 
injection of saline (total of 20 ml at 3–5 ml/s). Dynamic 
study consisted of one pre contrast and 3 post contrast 
series, each of them took about 1.15  min., the first two 
contrast-enhanced acquisitions (wash-in rate) repre-
sented early contrast-enhanced phase while the delayed 
images (washout kinetics) represented delayed-phase 
enhancement. Image subtraction was obtained by sub-
tracting each of pre-contrast images from each post-con-
trast series images. Time to signal intensity curves were 
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created for suspicious enhancing lesions by placing ROI 
within the most enhancing portion of the lesion. The hor-
izontal axis of the curve represented the series number 
or time and the vertical axis represented signal intensity 
that was automatically calibrated by the machine accord-
ing to the SI (enhancement) of the lesion.

DWI was done before dynamic images, by acquir-
ing conventional T2-weighted images with addition of 
strong diffusion gradients using single shot spin echo 
EPI sequence with TR/TE/NEX: 5800/139  ms/1 with 
b values = 0, 500, and 1000   mm2/s. The diffusion gradi-
ents were applied sequentially in the three orthogonal 
directions (X, Y & Z directions). Sections of 4 mm thick-
ness, inter-slice gap of 1  mm, a 300–360  mm FOV, and 
a 128 × 256 matrix were used for all images. The total 
acquisition time was 120 s. Orthogonal (DWI) images & 
ADC maps were obtained in all cases.

DTI was performed using an axial two-dimensional 
spin-echo echo planar imaging sequence, b value = 0 
and 800  s/mm2, diffusion gradient directions = 12, 
TR = 4000  ms, TE = 101  ms, diffusion gradient direc-
tions = 12, slice-thickness = 2.5  mm with no inter-slice 
gap, NOE = 4, FOV = 380 × 285  mm2, matrix = 256 × 256, 
acquisition time = 4  min. DTI was performed before 
the contrast-enhanced study. All DTI data were post-
processed using (extended MR 130Workspace 2.6.3.5, 
Philips Medical Systems Netherland). The slice with the 
maximum diameter of the lesion was selected for the 
image analysis.

Image interpretation
Quantitative analysis of MR images was carried out by 
2 radiologists (DM, DE) with 20 and 11  years of breast 
imaging experience. Analysis of enhancement kinet-
ics based on evaluation of the data obtained by the time 
signal intensity curve. The analysis and determination of 
the profile of the signal to time curve was based on a pro-
tocol as follows: Wash in rate: In which the initial signal 
increase from the pre-contrast measurement to the maxi-
mum value increase within the first 3  min after admin-
istration of contrast medium. It was classified into slow 
(> 50%), intermediate (50–90%) or rapid (≥ 90%). Wash 
out rate: It is the post-initial behavior of the signal curve 
from the maximum peak to the end of the examination. 
Three types of curves were defined: Type I “persistent 
curve”, Type II “plateau curve” and Type III “wash out 
curve”.

ADC maps were automatically reconstructed using 
Philips’s extended workspace (EWS) release 2.6 worksta-
tion. Mean ADC values of suspicious lesions were meas-
ured. Firstly, a slice from the axial ADC maps where the 
lesion was adequately apparent was chosen. Then a circu-
lar region of interest (ROI) measuring about 10  mm2 was 
located within the center of the lesion by using an elec-
tronic cursor (corresponding to the enhanced portion 
of the lesion on dynamic MR images excluding areas of 
hemorrhage and necrosis).

DTI parametric colored maps were automatically gen-
erated for FA, FA parametric map were overlaid on DCE-
MRI images, which was used as a reference to define the 
lesion allowing accurate ROI placement. A free-hand ROI 
was drawn to include the largest solid area of the lesion 
in a single slice, excluding the necrotic, hemorrhagic, and 
cystic areas. The DTI parameter was automatically calcu-
lated including FA: FA ranges between 0 (isotropic diffu-
sion) to 1 (free diffusion in one direction).

Final diagnosis
The results of the histopathological examination were 
considered our standard of reference. The interval 
between the MRI examination and trucut biopsies was 
10–15  days. Final pathological data were revised by an 
experienced pathologist (12  years’ experience in breast 
pathology). Regarding the analysis of Ki-67, immunohis-
tochemical, staining was conducted and the proportion 
of the malignant cells staining positive for the nuclear 
antigen Ki-67 was evaluated in a quantitative and visual 
way using light microscopes. The proportion of positive 
cancer cells in the sample is counted, and the proportion 
greater than 14% is defined as high expression; otherwise, 
it is low expression.

Statistical analysis
Data were fed to the computer and analyzed using IBM 
SPSS Corp. Released 2013. IBM SPSS Statistics for Win-
dows, Version 22.0. Armonk, NY: IBM Corp. Qualitative 
data were described using number and percent. Quanti-
tative data were described using median (minimum and 
maximum) for non-parametric data and mean, stand-
ard deviation for parametric data after testing normal-
ity using Kolmogrov-Smirnov test. Significance of the 
obtained results was judged at the (0.05) level. Mann–
Whitney U test was used to compare 2 independent 
groups. Kruskal Wallis test was used to compare more 
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than 2 independent groups with Mann–Whitney U test 
to detect pair-wise comparison. In order to evaluate the 
diagnostic accuracy or the diagnostic performance of a 
test, we performed an analysis of the Receiver Operat-
ing Characteristic (ROC) curve. Sensitivity and speci-
ficity were tested at different cutoff points by the ROC 
curve. Positive predictive value (PPV), negative predic-
tive value (NPV) and accuracy were calculated through 
cross-tabulation.

Results
This prospective study included 96 female patients with 
pathologically proven breast cancer with age range 
from 31 to 69 with mean age 46.41 ± 9.55. Out of the 96 
patients, 90 patients were pathologically proven invasive 
ductal carcinoma, 3 patients pathologically proven inva-
sive lobular carcinoma and the remaining 3 patients were 
pathologically proven mucinous carcinoma. According to 

the tumor grade among the studied cases, the majority of 
the cases were grade II representing about 72% of cases. 
According to the expression of biological markers among 
the studied cases; ER & PR were positive in 78.1% of 
cases, HER2 + 1 was found in 44.7% of the cases and Ki67 
was high in 87.5% of cases. According to the molecular 
subtypes among the studied cases, 9 cases were lumi-
nal A, 81 cases were luminal B (HER2-ve), 6 cases were 
HER2 enriched and remaining 15 cases were triple nega-
tive (Table 1).

When correlating the Ki-67 status with maximum 
enhancement, washout ratio and time to peak values, 
maximum enhancement values were significantly higher 
in cases with high Ki-67 (1873.05 (1023.4–2032)) (Fig. 1) 
compared to cases with low Ki-67 (1547.9 (699–1727)) 
(P value < 0.001) (Fig.  2). Washout ratio was signifi-
cantly higher in cases with high Ki-67 (0.875 (0.71–1.4)) 
compared to cases with low Ki-67 (0.65 (0–10.2)) (P 
value = 0.045). While time to peak was significantly 
lower in cases with high Ki-67 (266 (97–677)) com-
pared to those with low Ki-67 (331.5 (210.7–454.2)) (P 
value = 0.046) (Table 2).

When correlating the Ki-67 status with ADC & FA 
values, we found that ADC value was significantly lower 
in cases with high Ki-67 (0.502 (0.20–0.68)) (Fig.  1) 
comparing to those with low Ki-67 (0.88 (0.3–0.92)) 
(P value = 0.002) (Fig.  2). Regarding FA value there was 
no significant difference in FA values in cases with high 
Ki-67 (0.2 (0.09–0.7)) and cases with low Ki-67 (0.245 
(0.15–0.50)) (P value = 0.689) (Table 2).

According to ROC curve analysis, cut off maximum 
enhancement value of 1715 had 96.4% sensitivity, 75% 
specificity and 93.8% accuracy in differentiating cases 
with high Ki-67 from those with low Ki-67. Cut off wash-
out rate of 0.73 I/S had 60.7% sensitivity, 75% speci-
ficity and 62.5% accuracy in differentiating cases with 
high Ki-67 from those with low Ki-67. Cut off time to 
peak value of 304 had 71.4% sensitivity, 75% specific-
ity and 71.9% accuracy in differentiating cases with high 
Ki-67 from those with low Ki-67. Cut off ADC value of 
0.657   mm2/s had 96.4% sensitivity, 75% specificity and 
93.8% accuracy in differentiating cases with high Ki-67 
from those with low Ki-67 (Table 3).

Discussion
Ki-67 is the most commonly utilized immunohistochem-
ical marker in breast cancer detection, and its expres-
sion level is related closely to tumor type, invasiveness, 
prognosis and effect of treatment. In clinical practice, the 

Table 1 Tumor type, grade, biological markers and molecular 
subtypes among studied cases

Tumor type No %

 Invasive ductal carcinoma 90 93.70

 Invasive lobular carcinoma 3 3.10

 Mucinous carcinoma 3 3.10

Tumor Grade

 Grade I 6 6.20

 Grade II 70 72.90

 Grade III 20 20.80

Biological markers

 ER & PR

  +ve 75 78.10

  −ve 21 21.80

 HER 2

  +1 43 44.70

  +2 32 33.30

  +3 21 21.80

 Ki67

  Low 12 12.50

  High 84 87.50

Molecular subtypes

 Luminal A 9 9.40

 Luminal B

  Her2 –Ve 51 53.10

  Her2 + Ve 15 15.60

 Her2 enriched 6 6.20

 Triple Negative 15 15.60
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expression of Ki-67 in breast cancer is acquired through 
pathological tissue staining and immunohistochemi-
cal analysis [23]. Breast MRI provide data on not only 
about the morphological features of the tumor but also 
about the functional features of the tumor [24–26]. In 
this study, we tried to investigate the role of breast MRI 
(DCE-MRI, DWI & DTI) in differentiating breast cancers 
with low Ki-67 status from those with high Ki-67 status.

In our study tumors with high Ki-67 showed lower time 
to peak compared to those with lower Ki-67 with cut off 
time to peak value of 304 had 71.4% sensitivity, 75% spec-
ificity and 71.9% accuracy in differentiating cases with 
high Ki-67 from those with low Ki-67. This is in agree-
ment with Fernández-Guinea et al. [27] who stated that 
tumors with high Ki-67 had lower time to peak compared 
to those with low Ki67. Also our results are in agreement 
with Shin et al. [28] who stated that the median time to 
maximum enhancement of cancers with high Ki-67 was 
shorter than that of cancers with low Ki-67 (p < 0.001). 
Also our results are in agreement with Onishi et al. [29] 
who stated that aggressive invasive breast cancers as 
those with high Ki-67 tend to have shorter bolus arrival 
time compared to those with low Ki-67.

Regarding maximum enhancement and washout rate we 
found that tumors with high Ki-67 had higher values com-
pared to tumors with low Ki-67, with cut off maximum 
enhancement value of 1715 showed 96.4% sensitivity and 
75% specificity in differentiating cases with high Ki-67 from 
those with low Ki-67. Cut off washout rate of 0.73 I/S had 
60.7% sensitivity and 75% specificity in differentiating cases 
with high Ki-67 from those with low Ki-67. This could be 
explained by the overexpression of the vascular endothelial 
growth factor (VEGF) in tumors with high Ki-67 prolifera-
tion index [8]. This is in agreement with other studies [30, 
31], they stated that there was positive correlation between 
Ki-67 and maximum enhancement values, where tumors 
with high Ki-67 showed higher maximum enhancement 

Fig. 1 Female patient aged 42 years old presented by palpable left 
breast mass. A Axial early subtraction MR image shows irregular 
shaped soft tissue mass with speculated margin and heterogeneous 
enhancement within the lower outer quadrant of the left breast. B, 
C Axial DWI and ADC show high SI in DWI and low SI on ADC map 
(restricted diffusion) with mean ADC value = 0.32 ×  10–3  mm2/s. 
D Axial DTI image shows FA value 0.18. E, F Time intensity curve 
shows Type III curve (wash out curve) with maximum enhancement 
2248.6, Time to peak 137.2swith wash out ratio 1.5 s. G Pathological 
diagnosis was grade III invasive ductal carcinoma luminal B her2 
positive (ER and PR positive with high Ki‑67 index (Ki‑67 = 80%) and 
HER2‑positive)

◂
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values compared to those with low Ki-67. Also our results 
are in agreement with other studies [32, 33], they stated 
that tumors with high Ki-67 usually demonstrate type III 
time signal intensity curve with high wash out rates.

In this study we found that tumors with high Ki-67 had 
lower mean ADC value compared to those with low Ki-67, 
we found that cut off ADC value of 0.657  mm2/s had 96.4% 
sensitivity, 75% specificity and 93.8% accuracy in differenti-
ating cases with high Ki-67 from those with low Ki-67. Our 
results are in agreement with several previous studies [34–
40], all these studies stated that tumors with high Ki-67 had 
significantly lower ADC values compared to those with low 
Ki-67. Shen et  al. [41] estimated that cut off mean ADC 
value of 0.97 ×  10−3 mm2/s had 100% sensitivity in differ-
entiating tumors with high Ki67 proliferation index from 
those with low Ki 67. Also Li et  al. [23] stated that there 
was inverse relationship between mean ADC value and 
Ki-67 status. The mean ADC value was 0.820 ×  10–3 mm2/s 
for tumors with high Ki-67 versus 0.980 ×  10–3  mm2/s, for 
tumors with low Ki-67 proliferation index (P = 0.001). The 
lower ADC value in tumors with high Ki-67 proliferation 
index is attributed to rapid proliferation and high cellular-
ity of these tumors and this restricts the diffusion of water 
molecules in the extracellular and extravascular spaces [42].

There are few limitations in this research work. First, 
inter observer agreement about the patient’s data was not 
performed. Second, not all DTI parameters were examined 
and we assessed only the FA value.

Conclusions
ADC, time to peak and maximum enhancement values 
have high sensitivity, specificity and accuracy in differ-
entiating breast cancer with high Ki-67 status from those 
with low Ki-67 status.

Fig. 2 Female patient aged 35 years old presented by palpable left 
breast mass. A axial early subtraction MRI image shows Irregular 
shape, heterogeneously enhanced soft tissue mass with speculated 
margin within the upper inner quadrant of the left breast, B, C 
axial DWI and ADC show high signal intensity within DWI and low 
signal intensity in ADC map (restricted diffusion) with mean ADC 
value = 0.9 ×  10–3 mm2/s. D axial DTI image shows FA value = 0.5. 
E, F Time Intensity curve shows Type II curve (plateau curve) with 
maximum enhancement about 1636, time to peak 426 s without 
washout. G Pathological diagnosis was grade II invasive ductal 
carcinoma, luminal A (ER and PR positive and low Ki‑67 index 
(ki‑67 = 5%)

◂
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