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Abstract
AIM: To build and evaluate predictive models for contrast-enhanced ultrasound (CEUS) of the breast to distinguish between benign and malignant lesions. 
METHODS: A total of 235 breast imaging reporting and data system (BI-RADS) 4 solid breast lesions were imaged via CEUS before core needle biopsy or surgical resection. CEUS results were analyzed on 10 enhancing patterns to evaluate diagnostic performance of three benign and three malignant CEUS models, with pathological results used as the gold standard. A logistic regression model was developed basing on the CEUS results, and then evaluated with receiver operating curve (ROC). 
RESULTS: Except in cases of enhanced homogeneity, the rest of the 9 enhancement appearances were statistically significant (P < 0.05). These 9 enhancement patterns were selected in the final step of the logistic regression analysis, with diagnostic sensitivity and specificity of 84.4% and 82.7%, respectively, and the area under the ROC curve of 0.911. Diagnostic sensitivity, specificity, and accuracy of the malignant vs benign CEUS models were 84.38%, 87.77%, 86.38% and 86.46%, 81.29% and 83.40%, respectively. 
CONCLUSION: The breast CEUS models can predict risk of malignant breast lesions more accurately, decrease false-positive biopsy, and provide accurate BI-RADS classification.
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Core tip: Many studies published show that there are some enhanced patterns such as rapid, hyper-enhancement or enlarged size after contrast may predict malignant, but none of them reliably differentiates malignant from benign nodules. We try to build 6 predictive models (3 malignant and 3 benign) using a qualitative analysis of enhancement patterns, and get diagnostic sensitivity, specificity, and accuracy of the malignant vs benign contrast-enhanced ultrasound (CEUS) models were 84.38%, 87.77%, 86.38% and 86.46%, 81.29% and 83.40%, respectively. It shows that the breast CEUS models can predict risk of malignant breast lesions more accurately, decrease false-positive biopsy, and provide accurate breast imaging reporting and data system classification.

INTRODUCTION
Contrast-enhanced ultrasound (CEUS) was first utilized for the examination of breast lesions in the early 1990s. Most early studies focused on the enhancement of color doplor flow image using a contrast agent, and demonstrated that it could provide more information for differential diagnosis of breast lesions[1-4]. However, contrast enhanced power Doppler ultrasound diagnosis ability is limited, because of respiratory or cardiac motion artifacts of patient and low speed of Doppler[5], as well as its inability to delineate microvasculature and microcirculation features that would help distinguish between benign and malignant lesions. Over the past 10 years, CEUS with quantitative and qualitative studies have been greatly developed for breast lesions. Enhancement patterns will differ between benign and malignant lesions on quantitative analysis, with malignant lesions demonstrating rapid wash-in and sustained hyper-enhancement compared with benign lesions. Breast CEUS also demonstrates good correlation with magnetic resonance imaging (MRI) results[6-10], however, the enhancement patterns of lesions are influenced by multiple factors, including microvascular density, structure and permeability, as well as intercellular substance structure and baseline enhancement patterns[11-13]. For example, increased microvascular density and vascular permeability are not unique to malignant lesions, with almost all benign neoplasms, and a large number of benign non-neoplastic lesions, demonstrating varying degrees of hyper-enhancement. Conversely, some malignant lesions may be hypo-vascular. These may be the reasons that some studies showed enhanced MRI had a high sensitivity (80%-95%) but less specificity, with high false-positive rate (20%-80%)[14-16]. Since enhancement patterns cannot accurately predict malignant risk, the lack of clear diagnostic criteria of breast CEUS remains unclear and has limited its wider application[17-20]. In our study, we attempt to build breast CEUS predictive models based on the qualitative analysis of enhancement patterns, further explore the most valuable predictive patterns in order to enhance the value of CEUS in the risk assessment of breast lesions and optimize breast imaging reporting and data system (BI-RADS) classification to reduce the false-positive biopsy rate, and over-diagnosis.

MATERIALS AND METHODS
Patients
From January 2013 to July 2014, a total of 230 patients (mean age 44 years, range 11-84 years) with 235 solid breast lesions were included in this study. The maximum diameters of the lesions ranged from 10.3 mm to 50.9 mm, with a mean of 18.1 mm ± 9.3 mm. Ultrasound examinations were performed within one week before surgery or core needle biopsy. The inclusion criterion was the presence of solid breast lesions on conventional ultrasound which were classified in BI-RADS 4. Patients were excluded from the study for any of the following reasons: Pregnancy or breastfeeding, lesions reclassified as BI-RADS 3 after reassessment, and any previous treatment or interventional diagnosis (BI-RADS 6). All of the 230 patients met the above criteria. The study was approved by the institutional ethics committee of Sichuan Provincial People’s Hospital, and written informed consent was obtained from each patient prior to study initiation. 

Ultrasound examination 
All examinations were performed by the same sonographer, who had 10 years of experience with breast ultrasound and 2 years of experience with CEUS. CEUS was performed with the aforementioned unit with a 4.5-7.5 MHz linear transducer (LA522). Breast contrast-enhanced imaging was incorporated in the system and used. The machine parameters were adjusted so that mechanical index was less than 0.1 and gain was 100-120 dB. Parameters were not changed during the examination. 
The contrast agent used in the study was SonoVue (Bracco Imaging S.P.A., Milan, Italy). For contrast-enhanced imaging, 4.8 mL of SonoVue was administrated via a peripheral vein in a bolus fashion, followed by injection of 5-10 mL of normal saline. Continuous imaging was performed immediately after injection of the contrast agent and lasted for 2 min. US images and video clips were stored on a hard disk for subsequent analysis. Dual image mode was applied to locate the lesion accurately during the procedure, especially for small lesions. The selected plane remained unchanged during the examination. The probe was placed gently on the skin to avoid exerting pressure on the lesion, particularly when the lesion was superficial. The patients were instructed to remain still and attempt to maintain eupnea during the examination to minimize motional artifacts. 

Image analysis 
All images were read by two sonographers with a minimum of 10 years of experience with breast ultrasound and 2 years of experience with breast CEUS. Both sonographers were blinded to patients’ clinical data and final pathological results. 
Following shows the qualitative analysis of 10 enhanced patterns: (1) Enhanced time (compare with the surrounding breast tissue, slow, synchronous, rapid); (2) Enhanced intensity (compare with the surrounding breast tissue, hypo, iso, hyper); (3) Enhanced direction (diffuse, centripetal, centrifugal); (4) Internal homogeneity (homogeneous, heterogeneous); (5) Perfusion defect (absent, present); (6) Scope after enhancement [compare the maximal diameter of the lesion seen on CEUS image with the image in two-dimensional (2D) image, cannot distinguish, smaller, equal, larger]; (7) Shape after enhancement (regular, cannot distinguish, irregular); (8) Margin after enhancement (clear, cannot distinguish, unclear); (9) Crab claw-like pattern (absent, present); and (10) Nourishing (or penetrating) vessels (absent, present). Both doctors provided their opinions and consensus was reached through discussion if there was any controversy.
Based on the analysis of 10 patterns described above, review of published research literature and our clinical experience, we built predictive models of CEUS for malignant and benign breast lesions. Figure 1 shows three different malignant predictive models as follows: (1) Hyper-enhancement with enlarged size, with or without irregular shape; (2) Hyper-centripetal enhancement with perfusion defect, with or without enlarged size; (3) Rapid or synchronous wash-in with hyper- or iso-enhancement, present penetrating vessels or crab claw-like pattern, with or without perfusion defect. Figure 2 shows three different benign predictive models as follows: (4) Rapid wash-in with hyper-enhancement, clear margin after enhancement without enlarged size; (5) Synchronous or slow wash-in with iso-enhancement, and cannot distinguish margin and shape after enhancement; and (6) Synchronous or slow wash-in with hypo-enhancement, with equal or smaller size after enhancement.

Pathology analysis 
All patients underwent surgery or core biopsy 1-2 d after the CEUS examination. The pathology findings were used as the final diagnostic standard. 

Statistical analysis 
Mean and standard deviation were calculated for con–tinuous variables. Dichotomous variables were evaluated with the Pearson 2 test. A P value of less than 0.05 was considered indicative of a significant difference. 
To assess the discriminative ability of the different enhancement patterns and parameters with respect to the prognostic factors, binary logistic regression analysis with stepwise forward variable selection was used (P values for entry and removal were 0.05 and 0.10, respectively).
All statistical evaluations were performed with statistical software (SPSS for Windows, version 13.0; SPSS, Chicago, Ill). 

RESULTS
Pathological results 
There were a total of 235 lesions, of which 96 were benign and 139 were malignant. The lesion types are summarized in Table 1. 

Qualitative analysis
In our study, 10 enhancement patterns were analyzed. 2 tests indicated that the differences in the 9 enhancement patterns between malignant and benign lesions were statistically significant (P < 0.05), except internal homogeneity (P = 0.6539). Among them, the enhancement time, enhancement intensity, and margin after enhancement demonstrated good sensitivity, ranging from 68.8% to 81.2%. Scope after enhancement, enhanced direction, perfusion defect, nourishing vessels, crab claw-like pattern and shape after enhancement had specificity values of more than 80% (Table 2). Logistic regression was performed to identify patterns that were important in differentiating breast lesions. Nine independent patterns were identified in the final step of the logistic regression analysis forward model: Enhancement intensity, enhancement time, enhancement direction, internal homogeneity, perfusion defect, crab claw-like pattern, nourishing vessel, margin and scope after enhancement. These 9 variables for the model to predict malignant breast lesions showed sensitivity and specificity of 84.4% and 82.7%, respectively, and an area under the receiver operating curve curve of 0.911 (Figure 3).

Diagnostic value of predictive models fort CEUS of malignant and benign breast lesions
Figure 4 shows the distribution of pathologic results in different malignant predictive models. In all 96 malignant lesions, there were 54 in model A, 4 in model B and 23 in model C, with another 15 lesions didn’t fit any model. The diagnostic sensitivity, specificity and accuracy values were 84.38%, 87.77% and 86.38%, respectively. Otherwise, there were 9 benign lesions showed model A (including 8 inflammation lesions and 1 adenosis), 1 intraductal papilloma with apocrine metaplasia of surrounding tissue fit model B and 7 in model C (including 4 adenomas, 1 intraductal papilloma, 1 benign phyllodes tumor and 1 inflammation lesion). All of the 7 benign lesions in model C were without perfusion defect compared with 23 malignant lesions in model C which there were 7 lesions with perfusion defect [5 invasive ductal carcinomas (IDCs) and 2 ductal carcinoma in suit (DCIS)]. 
Figure 5 shows the distribution of pathologic results in different benign predictive models. In all 139 benign lesions, there were 39 in model D, 27 in model E and 47 in model F, with another 26 lesions didn’t fit any model. The diagnostic sensitivity, specificity and accuracy values were 86.46%, 81.29% and 83.40%, respectively. Otherwise, there were 5 IDCs showed model D, 3 fit model E (2 IDCs and 1 DCIS) and 4 in model F (including 2 DCIS, 1 Mucinous Carcinoma, 1 Diffused Large B-cell Lymphoma). 

DISCUSSION
CEUS has been used in the clinical setting for years. Its liver tumor diagnostic efficiency with enhanced computed tomography (CT) and MRI is similarity[21]. However, the value of CEUS in the diagnosis of breast lesions remains controversial because diagnostic criteria is not clear at present. We analyzed the enhancement patterns of breast lesions, and attempts to develop predictive models for CEUS of malignant and benign breast lesions, in order to further assess the value of CEUS in breast lesion diagnosis.
After analyzing 10 enhancement patterns, we found that none demonstrated sufficient sensitivity and specificity at the same time. This means both benign and malignant breast lesions may have various microcirculation patterns, and a single pattern cannot provide all the information of microvasculature, nor lead to the correct diagnosis. For example, although enhancement intensity reached 81.20% sensitivity and showed that lesions with hyper-enhancement are more likely to be malignant, its specificity was only 56.80%, and 60/139 (43.16%) benign lesions still showed hyper-enhancement. At the same time, there were only 18/96 (18.75%) malignant lesions that showed hypo- or iso-enhancement. Therefore, even most malignant breast lesions show hyper-enhancement, but lesions with hyper-enhancement are not necessarily malignant. On the other hand, if a lesion shows hypo- or iso-enhancement, the risk to malignancy may be relatively low. It Similar results in enhancement time between benign and malignant lesions were observed. One possible explanation for this may be the pathologic constitution of malignant breast tumors, as non-specific invasive intraductal carcinoma with hyper-vascular comprises 60% to 70% of all malignant breast tumors. Enhancement time and intensity mainly rely on microvascular density of the lesion, not pathologic results. Some benign lesions such as intraductal papilloma, inflammatory lesion, adenoma and hyperplasia with active cell proliferation or infantile style are still with hyper-vascular, may lead to enhanced mode of malignant lesions overlap[22,23], with rapid wash-in and hyper-enhancement on CEUS. But, unlike malignant tumors which are nonencapsulated, adenomas or intraductal papillomas often have a true capsule or pseudocapsule, causing these benign lesions to show clear margins upon enhancement. Otherwise, adenosis is a frequently met disease in clinical practice. Although most of the adenosis will have clear diagnosis through patient’s history, physical examination and US or mammography, there is still a considerable number of solid-nodule adenosis that appear similar to breast cancer on 2D ultrasound, often classified in BI-RADS 4 category and recommended for biopsy. Due to a lack of pseudocapsule, adenosis often shows unclear margin with irregular shape, similar to malignant lesions But in contrast with malignant lesions，adenosis are more likely to have slow or synchronous wash-in with hypo- or iso-enchancement, equal or smaller size after enhancement or can’t distinguish, rarely has nourishing vessel or perfusion defect. These features will help us make a differential diagnosis. 
In addition, our study shows enlarged size after enhancement is a strong predictive feature for malignancy, as confirmed in previous studies[20,24]. However, real boundary of lesions compared with pathological specimens are always underestimated in the gray scale ultrasound, and breast contrast ultrasound can evaluate breast lesion boundary more accurately[19,25]. In the enhanced mode, the range of malignant lesions was significantly larger than that of 2D gray-scale ultrasound. This phenomenon may be pathological and malignant lesions related. First of all, 60%-70% breast cancer is invasive ductal carcinoma, lack of capsule, and 85% invasive ductal carcinoma with carcinoma in situ and invasive carcinoma at the same time[20]. New microvasculature formation is an important factor in solid tumor development, invasion, and metastases. Carcinoma in situ is always located in the surrounding part of the lesion. In addition, surrounding malignant lesions are always atypical hyperplasia, adenosis or precarcinoma lesions with hyper-vascular findings. We need to pay attention to the inflammatory lesions, due to infiltration of inflammatory cells, in the enhanced mode, also showed a larger range[20]. In our study, there were 15 benign lesions with enlarged scope after enhancement, 9 of them were inflammation lesions, 3 adenoses with atypical hyperplasia, 2 intraductal papillomas and 1 adenoma. Depending on the analysis of different diagnostic cut-off points in 10 patterns, lesions showed slow or synchronous wash-in with hypo- or iso-enhancement, without perfusion defect, margin is clear or can’t be distinguished is more likely to be benign; lesions showed enlarged scope with centripetal or centrifugal enhanced direction, presents nourishing vessel or crab claw-like pattern, and with irregular shape is more likely to be malignant. Our findings are in-line with previous research conducted by other investigators[20,24,26-28]. Although, nourishing vessel, margin and shape were identified in the final step of the logistic regression analysis to be independent variables for diagnosis, other features such as crab claw-like pattern still has 98.6% specificity. Histological study showed that peripheral microvascular are richer than in lesions[29,30]. This may be the pathophysiological basis of crab claw-like performance. However, some inflammatory lesions may also display this pattern, such as granulomatous mastitis.
Through the above analysis we can see, whether a single pattern or the results of logistic regression analysis, cannot describe the overall enhanced features of benign and malignant lesions very well. In clinical practice, various combinations of different enhancement patterns in different lesions are seen. The key point is how to effectively analyze and use these different combinations for diagnosis. So we proposed the breast CEUS predictive models. From our results, model A has the best predictive value in three malignant predictive models. It coincides the type of pathology and pathological features of the most breast cancers. But cases distribute equally in different benign predictive models. One possible explanation is that adenoma and adenosis are the main pathological types in breast benign lesions, and different stages of adenoma or adenosis may exhibit different microcirculation status result in different enhanced patterns. However, the six predictive models showed good predictive accuracy, and further defined the diagnostic criteria for breast lesions. It also reduced the false-positive biopsy rate and optimized the BI-RADS categorization, especially for BI-RADS 4 lesions with these CEUS predictive models. Our study showed that there would be 113/235 (48.08%) of the BI-RADS 4 lesions where we could avoid unnecessary biopsies, while only 12/235 (5.10%) missing malignant lesions, depending on the CEUS predictive models. 
Good quality of CEUS images is the key point to good results. Based on our experience, the following points are important for breast CEUS: (1) Specialized probes and breast contrast parameters is the basis of good performance, it is different from different US machines and need to be adjusted with engineers; (2) 4.8 mL dose of contrast agent would be enough for good performance; (3) Dual view is helpful to follow the lesions and keep the same scan during the contrast (especially for small nodules), and we should leave enough normal breast tissue around the lesion to be compared; (4) The scan selected for contrast should be hyper-vascular, with penetrating vessels or with irregular shape, avoiding thick calcification with shadow behind and fluid areas; (5) The probe should put on the skin near the lesion slightly without much pressure, bladder with water can be used if lesion is too close to the probe, for deep or large lesions we can choose abdomen probe with low frequency; (6) Sometimes, change from cross-sectional to sagittal or radial section for another more CEUS will bring you more information if you are not satisfied with the first examination; (7) Quantitative analysis can help us avoid subjective bias if it’s not easy to judge the enhanced patterns; and (8) CEUS may not be applicable for breast diffused lesions, and it’s still hard to identify different types of pathology. 
This study had a limitation that should be noted. One limitation is that the number of patients enrolled was small, and further multi-center prospective studies with large sample sizes are needed to confirm our findings. In addition, qualitative analysis of enhancement patterns still have to face the problem of inter-observer agreement, selection of the region of interest and classification of the enhancement patterns were subjective, and contrast patterns in the differential diagnosis of benign and malignant breast lesions have not yet reached a consensus. Finally, in our study, we chose a rich blood supply or irregular sections for CEUS. The single plane may not be representative of the entire lesion, may cause a significant loss of important information. 
In conclusion, CEUS is beneficial for differential diagnosis of breast tumors. The predictive models for CEUS f breast lesions were easy to use and displayed high diagnostic accuracy. It is a promising method for the early diagnosis of breast cancer, which merits further development and evaluation to avoid over-diagnosis and over-treatment. We look forward to optimizing BI-RADS category classification with such models but multicenter research will be needed to improve them. 

COMMENTS
Background
Many studies published show that there are some enhanced patterns such as rapid, hyper-enhancement or enlarged size after contrast may predict malignant, but none of them reliably differentiates malignant from benign nodules. Since enhancement patterns cannot accurately predict malignant risk, the effectiveness of breast contrast-enhanced ultrasound (CEUS) remains unclear and the lack of clear diagnostic criteria has limited its wider application.
Research frontiers
How to use those enhanced patterns to predict malignant accurately, is current hotpots in the research field, which our study try to solve this problem. 
Innovations and breakthroughs
The study has first claimed that CEUS models can predict malignant lesions more accurately and decrease false-positive biopsy. It can offer new information or significant findings that enhance our knowledge of clinical aspects of breast diseases.
Applications
For those readers who want to do breast CEUS, the predict models we described in the authors’ study can be used in clinical practice. And the authors can still do further study to improve these models and make it more accuracy. 
Terminology
Predictive models: This means some models which combined 3-4 enhanced patterns that the authors can use them to predict those breast nodules are benign or malignant.
Peer-review
This is an interesting paper with a fairly large number of patients.
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Figure Legends
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Figure 1  Predictive models for contrast-enhanced ultrasound of malignant breast lesions. A: Hyper-enhancement, enlarged size after enhancement, irregular shape, IDC; B: Hyper-enhancement, centripetal enhancement, enlarged size, present perfusion defect (red arrow), IDC; C: Rapid wash-in with hyper-enhancement, present penetrating vessels (black arrow), IDC; D: Rapid wash-in with hyper-enhancement, present crab claw-like pattern (white arrows); IDC; E: Synchronous wash-in with iso-enhancement, with perfusion defect (red arrow), DCIS. IDC: Invasive ductal carcinoma; DCIS: Ductal carcinoma in suit.
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Figure 2  Predictive models for contrast-enhanced ultrasound of benign breast lesions. A: Hyper-enhancement, equal size after enhancement, regular shape, without penetrating vessels, adenoma; B: Synchronous wash-in with iso-enhancement, can not distinguish margin and shape after enhancement, without perfusion defect or penetrating vessels, adenosis; C: Slow wash-in with hypo-enhancement, equal size after enhancement, without penetrating vessels, adenosis.
[image: D:\组版\WJRv8i6\pmc-6\fig\WJR-8-600-g003.tif]
Figure 3  Receiver operating characteristic curve of logistic regression for contrast-enhanced ultrasound patterns. Nine independent variables were identified in the final step of the logistic regression analysis forward model: Enhancement intensity, enhancement time, enhancement direction, internal homogeneity, perfusion defect, crab claw-like pattern, nourishing vessels, margin and scope after enhancement. Area under the curve was 0.911.
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Figure 4  Distribution of pathologic results in different breast contrast-enhanced ultrasound malignant predictive models.
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Figure 5  Distribution of pathologic results in different breast contrast-enhanced ultrasound benign predictive models.
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Table 1  Final pathologic diagnosis of 235 breast lesions
Histopathologic diagnosis

Total

Benign lesions

139

   Fibroadenoma

  53

   Fibrocystic mastopathy

  35

   Complex sclerosing adenosis

    5

   Hyperplasia

    4

   Chronic mastitis

  21

   Granulomatous mastitis

    4

   Intraductal papilloma

    9

   Benign phyllodes tumor

    3

   Hamartoma

    2

   Radial scar

    2

   Bolus material after operation

    1

Malignant lesions

  96

   IDC

  78

   DCIS

   9

   Mucinous carcinoma

    3

   Infiltrating lobular carcinoma

    2

   Diffused large B-cell lymphoma

    2

   Malignant phyllodes tumor

   1

  Solid neuroendocrine carcinoma

    1

Total

235

IDC: Invasive ductal carcinoma; DCIS: Ductal carcinoma in suit.
































































Table 2  Results of contrast-enhanced ultrasound qualitative analysis of 235 breast lesions

Benign

Malignant

Sensitivity (%)

Specificity (%)

pearson2

P

Cut-off

Enhanced time








   Slow

  49

11

76

   56.1

25.1645

< 0.0001

Synchronous

   Synchronous    

  29

12






   Rapid

  61

73






Enhanced intensity








   Hypo

  49

  9

   81.2

   56.8

34.5297

< 0.0001

Iso

   Iso

  30

  9






   Hyper

  60

78






Scope of lesion








   Can’t distinguish

  33

  5

   66.7

   86.3

73.0619

< 0.0001

Equal

   Smaller

    4

  5






   Equal

  87

27






   Larger

  15

59






Enhanced direction








   Diffuse

114

63

   34.4

82

10.1407

0.0063

Diffuse

   Centripetal

  24

  1






   Centrifugal

  28

  5






Internal homogeneity








   Homogeneous

  76

47

51

   54.7

   1.6242

0.6539


   Heterogeneous

  63

49






Perfusion defect








   Absent

104

52

   68.8

   54.7

15.6391

0.0013

Absent

   Present

  35

44






Crab claw like pattern








   Absent

137

73

24

   98.6

27.9683

< 0.0001

Absent

   Present

  2

23






Nourishing vessels








   Absent

128

55

   42.7

   92.1

37.9019

< 0.0001

Absent

   Present

  11

41






Margin after enhancement








   Clear

  12

  1

   78.1

   64.7

42.9752

< 0.0001

Can’t distinguish

   Almost clear

  48

14






   Can’t distinguish

  30

  6






   Unclear

  49

75






Shape after enhancement








   Regular

  28

  1

   59.4

   82.7

56.0275

< 0.0001

Can’t distinguish

   Almost regular

  56

32






   Can’t distinguish

  31

  6






   Irregular

  24

57
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