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Abstract

:

Simple Summary


Mammary neoplasms are one of the most common oncological diseases diagnosed in female dogs. Their staging also involves the evaluation of the sentinel lymph nodes that drain these tumors. Since non-invasive diagnosis is an important requirement in both human and veterinary medicine, by using simple and available ultrasound techniques, our study proposes a non-invasive assessment of the status of sentinel lymph nodes of the tumoral mammary glands. The algorithm consists of B-mode ultrasound, Doppler technique, contrast-enhanced ultrasound (CEUS), and real-time elastography. Diagnostic performance was established for each technique. The highest accuracy in identifying metastases in sentinel lymph nodes was given by the elasticity score followed by the short/long-axis ratio and resistivity index. CEUS had the same accuracy as the Doppler examination. By assigning a score to each parameter of the mentioned techniques and summing up these scores, we obtained a high accuracy of metastasis detection in sentinel lymph nodes (92.2%). This algorithm for examining the status of sentinel lymph nodes that uses simple and widely available techniques in the current practice can be extremely useful to practitioners for staging mammary malignant tumors in female dogs, leading to the right treatment decision.




Abstract


The status of sentinel lymph nodes (SLNs) is decisive in staging, prognosis, and therapeutic approach. Using an ultrasonographic examination algorithm composed of B-mode, Doppler technique, contrast-enhanced ultrasound (CEUS) and elastography, this study aimed to determine the diagnostic performance of the four techniques compared to histopathological examination. 96 SLNs belonging to 71 female dogs with mammary gland carcinomas were examined. After examinations, mastectomy and lymphadenectomy were performed. Histopathological examination confirmed the presence of metastases in 54 SLNs. The elasticity score had the highest accuracy—89.71%, identifying metastases in SLNs with 88.9.9% sensitivity (SE) and 90.5% specificity (SP), ROC analysis providing excellent results. The S/L (short axis/long axis) ratio showed 83.3% SE and 78.6% SP as a predictor of the presence of metastases in SLN having a good accuracy of 81.2%. On Doppler examination, the resistivity index(RI) showed good accuracy of 80% in characterizing lymph nodes with metastases versus unaffected ones; the same results being obtained by CEUS examination. By assigning to each ultrasonographic parameter a score (0 or 1) and summing up the scores of the four techniques, we obtained the best diagnostic performance in identifying lymph node metastases with 92.2% accuracy. In conclusion, the use of the presented algorithm provides the best identification of metastases in SLNs, helping in mammary carcinoma staging and appropriate therapeutic management.
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1. Introduction


It is well known that the status of sentinel lymph nodes in mammary carcinomas in both women and female dogs is a prognostic factor of the disease and decisively influences the therapeutic approach. The correlations between the two species are justified because the spontaneous mammary tumors in dogs have biological and histopathological common appearances with those of the woman, being valuable experimental models in the study of breast cancers [1,2]. Another worth considering aspect is the similar mechanism of metastasis, through the lymphatic pathways, initially in the regional lymph nodes, for most of the carcinomas. Furthermore, tumor staging is dependent on the presence or absence of tumor invasion in these lymph nodes [3,4]. As a first instance, the lymph node that drains the tumor must be identified and then investigated to determine its status-unaffected or affected/metastatic. In breast cancer in women, there are standard protocols for the identification of SLNs (sentinel lymph nodes) by lymphoscintigraphy after peritumoral or subareolar injection of 99mTc followed by dye injection. [5,6,7]. The deficiency of this protocol is given by the side effects of Tc radioactivity, relatively high costs, and dye-related side effects (possible allergic reactions, local necrosis, and the inability to perform the biopsy technique in real-time). The newly developed technique of localization of sentinel lymph nodes (SLN), near-infrared fluorescence imaging, which used indocyanine green (ICG) as a mapping agent is successfully used in women [8,9] and is being investigated as a possible technique of mapping the SLNs of mammary tumors in bitches [10]. However, the best results in the identification and evaluation of SLNs are obtained by CT lymphography [11,12,13], Positron Emission Tomography–Computed Tomography (PET/CT), [14,15], or MRI [16], both in woman and bitch. Currently, ultrasonography is the first method of evaluation, being noninvasive, widely available, and easy to perform in clinical practice.



Using gray-scale ultrasonography, the criteria for differentiating benign from malignant lymph nodes refer to size, shape, nodal border, echogenicity, hilum appearance, calcification, or necrosis, alongside the appearance of vascularization at Doppler examination. It was stated that the malignant lymph nodes have a rounded shape, the S/L ratio is over 0.5, (short axis/long axis ratio), a hypoechoic pattern, absence of echogenic hilum, sharp borders, and chaotic, peripheral or mixed vascularization [17,18,19,20]. However, these findings are not significant for accurate differentiation of metastatic lymph nodes. Contrast-enhanced ultrasound (CEUS), a recent, novel technique for evaluating tissue perfusion in real time, became widely used in the evaluation of SLN in breast cancer in women [21,22,23,24]. This technique received attention in the evaluation of SLNs draining mammary tumors in bitches [25,26] or healthy draining mammary lymph nodes [10,27]. The accuracy of CEUS in identifying SLNs is limited if the contrast agent is injected intravenously, as there is a risk of evaluating a regional lymph node that does not drain the tumor. Another limitation of the lymph node assessment by CEUS lies in the fact that this method evaluates only the lymph node that has been identified presumed to be sentinel (because it is part of the lymph nodes that are anatomically present in the region of interest and usually drain the basin in which the tumor is located). With this method, the lymphatic drainage that can be followed at a given time is generally only one, meaning that different drainage basins are unlikely to be monitored at the same time. By intradermal or peritumoral injection, this deficiency is removed as much as possible.



Another recent technique that relevantly assesses SLNs is elastography. Considering that tumor infiltration increases the SLNs stiffness, this technique is increasingly applicable in animals lymph node evaluation. [28,29,30]. There are two main types of elastography—real-time elastography (or strain elastography) and share wave elastography (SWE) [31,32]. Real-time elastography qualitatively assess the degree of stiffness of the lymph node in the form of elasticity scores and quantitatively evaluates the strain ratio. SWE provides a quantitative value of tissue stiffness expressed in shear wave speed in meters/second or converted by the software and expressed in kPa requiring special modules incorporated in the ultrasound device.



The presence of metastases in the SLNs can be confirmed only after the true sentinel lymph node is identified and assessed. It may be possible that SLN is not the closest lymph node from the tumor drainage basin. This is due either to obstruction of the lymphatic pathways with tumor thrombi, or cause of an increased peritumoral lymphangiogenesis that changes the lymphatic pathway to another lymph node [33,34,35]. It is well-known that healthy mammary glands drain into two main lymph centers—axillary, through proper and accessory LNs, respectively the inguinofemoral lymph center through superficial inguinal LNs [36,37]. In the case of mammary neoplasia, the lymphatic drainage is altered, as other lymph centers might be involved—for example, the ventral thoracic lymph center through the cranial sternal lymph nodes or even the superficial cervical lymph center through the ventral superficial cervical lymph nodes [33,34].



Thus, it is imperative to identify and evaluate with the highest accuracy the real and corresponding SLN of the tumor drainage basin. Considering the above-mentioned facts and having as investigation methods the simple and available ultrasound methods (namely grayscale US, Doppler technique, CEUS, and elastography), this study aims to provide a non-invasive algorithm for SLNs evaluation. The accuracy of each method in differentiating between benign and metastatic SLN will be established having as reference the histopathological examination.




2. Materials and Methods


The study protocol and design complied with the guidelines of the Romanian national legislations, according to European Union standards regarding animals involved in clinical studies. The Bioethics Committee of the University of Agricultural Sciences and Veterinary Medicine approved the study (approval no. 79/17.11.2017). Informed consent was signed by the owners of animals included in the study.



A prospective cohort study was conducted including 71 female dogs of various pure and mixed breeds, diagnosed with malignant mammary tumors of the cranial thoracic (T1), cranial abdominal (A1), caudal abdominal (A2), and inguinal (I) mammary glands, histopathologically confirmed by biopsy. The subjects were chosen from patients presented for examination at the university hospital due to the presence of one or more mammary tumors. To be eligible for the study, the subjects were supposed to meet the following criteria: no previous therapy for the mammary tumor, no evidence of distant metastasis revealed by three-view thoracic radiographs and abdominal ultrasound, absence of another serious illness (severe heart and respiratory conditions, cachexia or other types of neoplasms, including lymphomas) and absence of pregnancy.



Clinical examination, complete blood count, serum biochemistry, and urine analysis were performed before the examinations. All animals were examined using an algorithm composed of greyscale ultrasound, Doppler technique, contrast-enhanced ultrasound, and real-time elastography. The dogs were examined in dorsal recumbency being closely monitored throughout the examinations. Sedation during examinations was achieved by the IV administration of acepromazine (Sedam, Pasteur Romania) at 0.2–0.3 mg/kg BW.



The procedure started with low doses of acepromazine being augmented during the examination protocol in cases that have required a much longer examination time. This approach was also a consequence of some cited effects of anesthetics on CEUS parameters that have been influencing the perfusion of different organs in dogs and cats [38,39].



2.1. Gray Scale Examination


The included subjects were examined with a Logiq E9 GE (MEDIST Imaging, GE Healthcare, Romania) ultrasound device or a Phillips IU-22 XMatrix Diamond Select (Danson Medicine, Bucuresti, Romania) device. For B–Mode examination a high-frequency linear probe, 6–15 MHz was used. A single experienced sonographer performed the examinations.



The study was conducted according to ARRIVE guidelines [40]. The examiner was unaware of the histopathological result of the SLNs throughout the ultrasonographic evaluation. On greyscale ultrasound, the following parameters were recorded: value (in cm) of the short and long axis (for the short/long ratio calculation), the internal structure (echostructure) classified as homogeneous or inhomogeneous, the echogenicity of the lymph node classified as hypoechoic, isoechoic or hyperechoic, hilum tissue definition recorded as present or absent/invisible and the capsule pattern recorded as well-defined or ill-defined. The measurements were made, having as reference a series of known reports and procedures in humans and animals [41,42,43].




2.2. Doppler US Examination


Doppler US examination used pulse repetition frequency 350 Hz and wall filter 45 Hz. Color Doppler technique (with pulse repetition frequency kept low—to maximize vessel detection—and the angle between the Doppler beam and long axis of the vessel being kept under 60°) studied the presence and distribution of the vascular signal. The region of interest was carefully examined without exerting pressure on the lymph node as compression may obliterate the vascular signal.



Four patterns of vascular signal localization were recorded: hilar pattern, peripheral pattern, mixed vascularisation (with both hilar and peripheral pattern), or absence of vascular signal. We used the same classification as in reports on vascularization found in mammary gland tumors in female dogs [43,44] and lymph nodes draining various tumors [42]. Regarding the type and distribution of vessels, two patterns were defined: ordered or chaotic vascularisation [41]. Pulse wave Doppler analysis was used for vascular indices assessment. After the best color signals were obtained, the spectral gate was placed on the main artery of the node which showed the fastest arterial signal.



Resistive index (RI), pulsatility index (PI), peak systolic velocity (PSV) and end-diastolic velocity (EDV) were measured using integrated software. The RI was calculated as follows: peak systolic velocity–end-diastolic velocity/peak systolic velocity. PI was calculated as follows: peak systolic velocity–end-diastolic velocity/time-averaged maximum velocity [28,45].



Two consecutive measurements were made and the average value for RI and PI was calculated for each lymph node.




2.3. CEUS Examination


CEUS examination used a 3–9 MHz linear transducer (range of gain: 86–90%, compression 38, low mechanical index of 0.07, and dedicated contrast software). In each subject, using a 2 mL syringe with a 26G needle, peritumoral administration of 0.5 mL SonoVue (Bracco Imaging SpA, Milan Italy), was performed in each point, at four symmetrical points around the tumor, in the subcutaneous cellular tissue, followed by gentle massage of the region. The microbubble contrast agent was reconstituted in 2 mL of saline water, containing 1 × 109 microbubbles/mL as previously reported [46].



The lymphatic channels were traced on contrast pulse sequencing until they reached the corresponding lymph node, which has been assumed to be the sentinel lymph node [26]. Three patterns of enhancement were defined: intense homogeneous pattern, inhomogeneous pattern with perfusion defects, and no enhancement [47].



The contrast transit times were recorded as perfusion phases, (wash-in time and wash-out time, in seconds). We defined wash-in time as the period from time zero (after the SonoVue injection) to first cortical enhancement, ending by complete medullary enhancement of lymph node parenchyma. Wash-out time was defined as the time from the visually-assessed first decrease in medullary enhancement followed by a slower cortical enhancement (in the whole or in a part of the lymph node) resulting in hypoenhancement of the lymph node [44,48].




2.4. Real-Time Elastography (RTE)


Real time elastography was performed with a high-resolution 7–18 MHz real-time linear-array transducer and devices elastographic software. Before the RTE, conventional US was performed to obtain the most appropriate information of each SLN. The area where the lymph node was identified by CEUS was also considered. Then, the elastogram image was displayed along the B-mode image in a two-panel appearance. The region of interest (ROI) was established to encompass the entire lymph node and approximately the same part of adjacent tissue (excluding tissues like bone and blood vessels that may affect stiffness assessment). Light pressure along the radiation axis, followed by decompression was made until the same size and color images in sequential frames were obtained [31,49]. The direction of compression was upwards and downwards.



According to the color-graphic representation (in which blue indicated stiff, green and yellow indicated intermediate stiffness and red indicated soft), the lymph nodes were categorized using a five-point elasticity score proposed by Alam and collaborators (Table 1) [49]. Three to five measurements were made for each lymph node. The image that met at least twice the same classification was chosen for assigning the final score.



The female dogs were carefully monitored for 24 h after the ultrasonographic examination.



All examinations were supervised by two experienced practitioners—one with experience in human imaging and the second in veterinary imaging.



Mastectomy and ipsilateral lymphadenectomy were performed in all subjects. Before surgery, lymphatic mapping was performed. In this respect, 0.25 mL Evans blue dye 1% (Sigma-Aldrich, Merck Company) was injected into the same locations as the contrast agent. The gentle massage was done on the injected site for 1–2 min. The dissection was performed on the operating table. Colored lymphatic vessels were identified and tracked to the sentinel lymph node.



The excised lymph nodes and mammary tissues were preserved in 10% formalin and submitted for histopathological analysis. The lymph nodes were examined at multiple levels of the paraffin block to optimize metastasis detection. Hematoxylin and eosin staining was used. Histopathological analysis was performed by a histopathologist with expertise in mammary gland pathology.



The sentinel lymph nodes were classified unaffected (absence of metastatic infiltration) and metastatic/affected (presence of metastasis or micrometastasis). When only inflammatory changes were noted, they were interpreted as benign and lymph nodes were classified as unaffected.




2.5. Statistical Analysis


Statistical analysis was performed using IBM SPSS Statistics, software version 20.0, and Microsoft Office Excel 2016. Standard descriptive statistics were used for analysis, means and standard deviations were defined for numeric results. The normal distribution of continuous variables was assessed using the Kolmogorov-Smirnov test. Qualitative variables were compared with histopathological examination using the Chi-Square test. ROC analysis was performed for the evaluation of sensitivity, specificity, positive predictive value, negative predictive value, and overall accuracy of the four techniques defined parameters to differentiate benign from malignant lymph nodes by calculating the area under the curve (AUC). Cut-off values were determined considering the highest value of the Youden index. Significance was defined at a p-value lower than 0.05.





3. Results


A total of 96 sentinel lymph nodes were evaluated (79 superficial inguinal and 17 axillary lymph nodes belonging to the 71 female dogs enrolled in the study, aged 8–16 years (mean 10.6 ± 1.8).



The encountered histological type of mammary carcinomas (according to Goldschmidt et al., 2011) [50] is presented in Table 2. The affected mammary gland of each subject and their sentinel lymph nodes, alongside the demographic characteristics, are presented in Supplementary file 1.



Of the total of 96 SLNs evaluated at the histopathological examination, 42 (43.75%) SLNs were classified as benign/unaffected and 54 (56.25%) SLNs were classified as metastatic/affected. The rate of metastasis was 56.33% (40 subjects out of 71).



The sonographic quantitative and qualitative characteristics of the SLNs are detailed in Table 3.



3.1. B-Mode Ultrasonography


At greyscale US, the S/L axis ratio value >0.55 was the most significant predictive sign for the presence of metastases in the SLNs (Figure 1), having a sensitivity of 83.3% and a specificity of 78.6%.



The mean S/L ratio was lower in the unaffected SLNs (0.50 ± 0.09), compared to the metastatic ones (0.65 ± 0.13) with p < 0.001. The same characteristic was maintained in terms of the mean value of the short axis—0.67 ± 0.26 in unaffected SLNs, versus 1.17 ± 0.53 in metastatic SLNs, respectively 1.33 ± 0.46 mean value of the long axis in unaffected SLNs versus 1.83 ± 0.79 in metastatic SLNs.



The homogeneity in the unaffected SLNs was obvious (Figure 1a,b), compared to the inhomogeneous metastatic lymph nodes, (p < 0.001) (Figure 1c,d). There was no statistically significant difference between the echogenicity of the two categories of SLNs. The majority of the unaffected SLNs were hypoechoic (66.6%) or isoechoic (23.8%), features which were found in the metastatic SLNs too, rated as hypoechoic (68.51%) or isoechoic (25.92%), p = 0.81. The hyperechoic pattern was found in 9.52% of the unaffected SLNs and 5.55% of the metastatic SLNs.



Hilum was visualized in 71.48% of unaffected SLNs and most of the metastatic SLNs—53.70%. There was no significant difference between the two categories, p = 0.07, related to the visualization of the hilum.



Regarding the delimitation given by the lymph nodes capsule, no statistical difference was noted between the two categories of SLNs, p = 0.057, both unaffected (88.09%) and metastatic lymph nodes (72.22%) having a well-defined capsule.



However, a difference was noted regarding the appearance of the margins in the sense that the metastatic infiltrated SLNs had irregular and blurred margins compared to the smooth, sharp appearance in unaffected SLNs.




3.2. Color Doppler Ultrasonography


The Doppler technique certified the presence of a vascular signal in 40 unaffected SLNs and 53 metastatic SLNs, with different pattern between the groups, p < 0.001.



In 85.71% of non-metastatic SLNs, blood vessels started from the hilum and were orderly distributed toward the capsule (Figure 2a,b), whereas in 88.88% of the metastatic SLNs, the vascularization had a disordered, chaotic appearance, with predominantly peripherally location (55.55%) or mixed (20.37%) (Figure 2c,d). 12 metastatic SLNs had a perfused hilar region.



Regarding the intranodal vascular resistance, the mean values of the resistivity index (RI), were lower in the unaffected nodes: 0.50 ± 0.14 vs. 0.70 ± 0.13 in the metastatic SLNs (p < 0.001).



The same trend was also recorded for the pulsatility index (PI). Its mean value was lower in the unaffected nodes 0.98 ± 0.22 compared to 1.24 ± 0.25 in the metastatic ones.



According to the ROC analysis, the cutoff value obtained for lymph node differentiation, for RI was 0.56 and for PI was 1.02 with 83% SE and 75% SP for RI and 83% SE respectively a 65% SP for PI (Figure 3b).



The accuracy of the two methods was 80% for RI and 75.14% for PI.



Considering above mentioned analyses, S/L ratio and RI were the best discriminators of the two categories of lymph nodes (Figure 3a,b).




3.3. Contrast-Enhanced Ultrasonography


After peritumoral injection of SonoVue, the lymphatic vessels were identified as hyperechoic and well-defined linear structures Initially, the route of the lymphatic vessels was superficial, then became deeper close to the SLNs (Figure 4).



Three types of lymph node enhancement have been established: 1. intense or moderate but homogeneous enhancement without areas with no contrast; 2. inhomogeneous or partially inhomogeneous with the presence of areas without contrast, either peripherally or centrally, and 3. no enhancement.



The enhancement patterns were quantified as intense, centripetal, homogeneous, without enhancement defects in most unaffected SLNs (76.19%), belonging to type 1, (Figure 4a,b) compared to the inhomogeneous pattern (81.48%), with the presence of areas with no contrast in the metastatic ones (p < 0.001), belonging to type 2 (Figure 4c,d).



There was no enhancement in 4 female dogs (4 lymph nodes belonging to the axillary lymph center and 2 lymph nodes belonging to the superficial inguinal lymph center) belonging to type 3.



Considering that type 1 is found in unaffected and type 2 and 3 in metastatic SLNs, we obtained a sensitivity of 88.89%, a specificity of 76.19% with PPV 82.76%, NPV 84.21%, and good accuracy of 83.33%.



Regarding the contrast transit times, the mean values of the wash-in time of 18.12 ± 7.15 (s) in unaffected SLNs was not statistically different from the metastatic ones, 15.34 ± 7.23 (p = 0.07), having 64% SE and low SP of 59%, with PPV 68.15%, NPV 57.07%, and 62.92% accuracy. The established cutoff value was 17.5 s.



The shorter and more marked wash-out time of 104.26 ± 39.67 (s) in the metastatic SLNs, compared to 151.48 ± 34.62, in unaffected SLNs, (p < 0.001), was a better predictor of metastatic infiltration. If a cutoff value of 133 s for wash-out time determined by ROC analysis was considered, the SE and SP were 84% and 74.36%, respectively, with PPV 80.81% and NPV of 78.33% and 79.78% accuracy.



Enhancement patterns and contrast transit times are presented in Table 3.




3.4. Real-Time Elastography


Using the score proposed by Alam et al. [49], which quantified the relative proportion of the areas with low deformability (or high rigidity), a cutoff value between scores 2 and 3 was established.



Among metastatic SLNs, 88.9% were classified in scores 3, 4, or 5 (hard). These scores were recorded in only 9.5% of the unaffected SLNs. Scores 1 and 2 were recorded in 90.5% of unaffected SLNs (Figure 5a,b) and in 11.1% of metastatic SLNs, (p < 0.001) (Figure 5c,d).



The classification of SLNs in a certain score is presented in Table 4. Stiffness was significantly higher in metastatic SLNs compared to the unaffected ones (Figure 5) having a very good SE, SP, PPV, NPV, and accuracy to identify the metastatic lymph nodes, of 88.9%, 90.5%, 89.69%, 86.36%, and 89.71%.



Considering the above mentioned analysis of CEUS, wash-out time was a better discriminator of the two categories of SLNs—Figure 6a. ROC analysis assessing the diagnostic accuracy of significant parameters of B-mode, Doppler technique, CEUS and real-time elastography is presented in Figure 6b.



The diagnostic performance of grayscale US, color Doppler, CEUS, and elastography is summarized in Table 5.



According to our results, the highest diagnostic accuracy for prediction SLNs metastases was given by the elasticity score (89.71%) followed by the S/L ratio (81.25%) and RI (80.0). The statistical significance of the AUC was preestablished according to the following qualification: 0.500–0.600—improper, failure; 0.600–0.700—poor, weak; 0.700–0.800—fair; 0.800–0.900—good; 0.900–1—excellent.



Combining the most significant parameters, namely short/long ratio, resistivity index, wash-out time and elasticity score, we obtained the best diagnostic performance with 92.27% accuracy, 94% SE and 90% SP.



Considering previous reports [48,51] and based on our results obtained by ultrasonographic examination and their correlation with the histopathological examination, we developed a US examination algorithm using the significant parameters of the four techniques—grayscale US, color Doppler, CEUS, and elastography. Each parameter receives a 0 or 1 score depending on its significance. Thus, the classification of SLNs in one of the two categories, unaffected or metastatic, was appreciated. The data is presented in Table 6.




3.5. Lymphatic Mapping


After peritumoral injection of Evans Blue Dye, the identification rate of SLNs was 98.5% (70/71 subjects) average of 1,3 SLN/subject.



Out of 70 subjects, in 46 (65.71%) a single SLN was identified and in 24 subjects (34.28%) mammary tumor drainage was performed by 2 SLNs. In 8 subjects (11.28%) presenting A1, A2, and I tumors, the drainage was made both cranially (by proper axillary lymph node—5 subjects- or accessory axillary lymph node—3 subjects) and caudally (by the superficial inguinal lymph nodes)—in all subjects. In 2 subjects with T1 mammary gland tumor, a lymphatic vessel was identified which branched off, giving off an obvious lymphatic vessel which drained into the proper axillary lymph node and another lymphatic vessel bypassing the proper axillary lymph node to drain into the cranial sternal lymph node. The cranial sternal lymph node was considered also SLN.



The drainage pattern of each subject is presented in Supplementary file 1.





4. Discussion


The clinical applicability of US is fully recognized in the primary assessment of superficial drainage within a well-defined territory. Based on the hypothesis that the sum of available US methods can differentiate between unaffected and metastatic SLNs, our research analyzes and describes the normal and pathological aspects of draining lymph nodes of mammary carcinomas in female dogs.



In current practice, the surgical therapeutic approach by local mastectomy or excision of the whole unilateral mammary chain is accompanied by ipsilateral lymphadenectomy, if SLNs are identified intraoperatively [52,53,54]. As in breast cancer in women, the appearance of metastases in the lymph nodes correctly stages cancer, guides treatment, prognosis, and evolution [2,3,4,53,54,55]. There is debate about the influence of the lymph nodes metastatic burden on the histologic malignancy grade, prognosis, and disease-free survival time of both women and bitches [3,54]. Micrometastases (MICs) and isolated tumor cells (ITCs) detected by immunohistochemistry (IHC) are the subject of recent studies [4,55], but their influence on cancer evolution has not yet been clearly established, but there is a chance that in the absence of IHC these MIC and ITCs will not be detected [55].



Although it has been stated that there are no differences between the evolution of cases with negative lymph nodes and those in which the presence of MIC or ITCs was determined by IHC [3], future studies are needed to evaluate lymph nodes from this point of view. At the same time, the existence of correlations between the presence of MIC and ITCs and the ultrasonographic patterns must be appreciated. Excision of sentinel lymph nodes draining the tumoral mammary glands, without a prior evaluation, is unjustified from two perspectives. The first reason is that an SLN must be certified as a certain drainer of the tumor. Secondly, the excision of a benign SLN deprives a relatively large territory of lymphatic drainage, which also drains other structures, leading to the well-known secondary effects. These effects are encountered in both humans and animals: limb lymphedema, pain, diminished peripheral nerve sensitivity and reducing the local defense capacity [13,55,56]. That is why, through this study, we tried to avoid inguinal or axillary clearance and we created an evaluation algorithm using the simplest and most available ultrasound methods.



4.1. B-Mode Ultrasonography


It has been shown that on the grayscale US the S/L ratio is an important criterion for differentiating the categories of SLNs in both humans and animals [18,28,41,57,58].



The higher observed ratio in the malignant SLNs is due to the tumoral infiltration that causes a change in shape (the lymph node tends to be rounded), effect quantified by calculating this ratio [57,59]. Likewise, the local and regional inflammatory processes cause a clear rounding of the lymph nodes that drains the affected territory [30]. Compared to the metastatic lymph nodes, (whose modification is most often unilateral), depending on the path of the related lymphatic pathway that carries the malignant cells, enlargement of inflammatory lymph nodes, is uniform.



A similar feature regarding the uniformly-rounded shape of malignant lymph nodes is found in lymphomas, frequently diagnosed in dogs [17,18,28,58,60,61]. Most animal studies report statistically significant S/L ratio values, without specifying SE and SP values in discriminating lymph node categories.



In our study, the cutoff value of the S/L ratio obtained on the ROC analysis was 0.55 having 83.3% SE and 78.6% SP, these values being found in other reports too. Cited sources reported a SE of 48.8–87.1, 86.7, 86.8, 93% [28,48,62,63] and 55.6–97.3, 67.2, 72.5, 53% SP. In our study, the S/L ratio presented a good accuracy of 81.25% for the identification of metastatic SLNs.



In a recent study, Silva et al., (2018), [30] showed that the S/L ratio has a moderate discriminative power of around 60% in differentiating the altered lymph nodes. Mean values of this ratio calculated in free, altered, and metastatic lymph nodes, were non-specific and lower in comparison with other studies, namely 0.38, 0.37, and 0.34 for axillary lymph nodes and 0.47, 0.49 and 0.53 for superficial inguinal lymph nodes. The mean values of the S/L ratio in our study, 0.50 for unaffected SLNs and 0.65 for metastatic SLNs, were higher compared with the above-mentioned study.



Considering the clinical anatomy, there are significant differences between the shape of the normal lymph nodes depending on the topography and the lymphatic drainage basin which they serve, e.g., mesenteric lymph nodes in dogs are more elongated than medial iliac lymph nodes; superficial cervical lymph nodes and medial retropharyngeal lymph nodes have a much more fusiform appearance compared to the proper axillary lymph nodes or submandibular lymph nodes; benign parotid lymph nodes are more rounded than superficial cervical lymph nodes; the shape of popliteal lymph nodes is generally rounded [17,41,42,58,59,64,65]. Under these conditions, the S/L ratio must be combined with other techniques for a certain SLN classification.



The size of the lymph nodes established by measuring the two axes is not a relevant criterion for the differentiation of the metastatic lymph nodes. In most studies, the measurements of the two axes are related to the ratio calculation. Standard assessments cannot be made, either on deep lymph nodes or superficial lymph nodes, as long as the size of the lymph nodes is bodyweight, breed, body mass index, age or sagittal and longitudinal thoracic diameters- dependent [59,64,65] and the presence or absence of associated pathology. Certain studies report the average values established for the submandibular, medial retropharyngeal, cervical superficial, proper axillary, and superficial inguinal, normal lymph nodes, ranging from 1.35, 1.9, 1.48, 1.57, 1.79 cm for the longitudinal axis, 1.00, 0.98, 0.85, 0.81, 0.68 cm for the transverse axis and 0.41, 0.55, 0.41, 0.65, 0.31 cm for the sagittal axis [59,64,65].



In pathological cases, these values increase significantly, reaching up to 2.61–5.5 cm for the longitudinal axis and 1.15–2.8 cm for the transverse axis [17,28] being comparable to the average values recorded in our study, respectively 1.33 cm for LA and 0.67 cm for SA in unaffected SLNs and 1.83 cm for LA and 1.17 cm for SA in metastatic SLNs.



The fact that SA had better accuracy (73.96%) compared to LA (68.75%) has an anatomical explanation. First of all, normal afferent or potential vessels that carry the malignant cells, approach the node on the capsular level, causing SA growth in the first phase. Secondly, the arrangement of the superficial lymph nodes is, either in the subcutaneous cellular tissue or in the intermuscular spaces with the long axis oriented towards the lymphatic drainage, which relatively limits the expansion of LA.



Another aspect related to the variability of lymph node size is age-dependent, with an inverse correlation between age and size [66,67,68]. This is due to the immunosenescence and atrophy of the lymph nodes based on the specific degenerative changes responsible for the altered immune response and an increased rate of cancers in old ages.



Under these conditions, the shape and size of the lymph nodes cannot be used as a unique criterion for differentiation. In contrast, their size may provide important data for monitoring treatment response, especially in lymphoma, by significantly decreasing the LA value [69].



In our study, the SLNs margins or capsule was not a significant criterion for differentiating the two categories, similar to other reports [17,30,42] in animals, but different from reports of sentinel lymph nodes margins in humans [48,70]. The majority of both unaffected (88/09%) and metastatic (72.22%) SLNs in our study, were well delimited to surrounding tissue. The sharp appearance of most of the capsules in the metastatic SLNs, is due to capsule and nodal parenchyma infiltration with tumor cells (that causes an increase in acoustic impedance difference between the inside and the surrounding tissue [42,71,72]).



The reports regarding the appearance of the lymph node capsule are very heterogeneous. Some stated that both, benign lymph nodes and malignant ones have irregular contour but well-defined margins [28] but most of the malignant nodes were diagnosed with lymphoma and a small number were represented by metastasis of local tumors. On the other hand, studying cervical lymph nodes in healthy dogs, it has been shown that benign lymph nodes can have both irregular and smooth margins [65].



The internal structural features of the SLNs examined in our study are consistent with studies that evaluated superficial or profound normal or pathological lymph nodes in animals and humans. It has been proved that homogeneity is a specific feature of benign lymph nodes, compared to the inhomogeneous appearance of malignant lymph nodes [18,41,48,73,74]. Focal cortical nodules, intranodal necrosis, calcifications are responsible for the inhomogeneous appearance of the malignant lymph nodes [41]. These structural changes are obvious in superficial SLNs, compared to the deep ones, where these changes may be influenced by certain artifacts or by the difficulty of the examination.



In contrast, other studies have reported that these two characteristics (homogeneity and inhomogeneity) are not always associated with the presence of metastases in lymph nodes. Cited sources state that the categories of sentinel lymph nodes cannot be differentiated considering only this criterion [30] as long as the lymphomatous nodes are homogeneous similar to the benign ones [17,42]. These studies differ from the present one, both in the variety of lymph nodes evaluated (submandibular, superficial cervical, popliteal, medial iliac, mesenteric, hepatic, or even cranial sternal and cranial mediastinal) as well as the variety of disorders that have determined the lymph node structural changes.



The lack of significant difference in the echogenicity of the malignant lymph nodes compared to the unaffected sentinel lymph nodes from our study is similar to other reports regarding this criterion [17,28,65]. Although in humans, the hypoechoic pattern of the lymph nodes is commonly associated with malignancy [41,48,72], in animals, most of the lymph nodes have hypoechoic or isoechoic appearance, while the hyperechoic pattern is found in both malignant and benign lymph nodes.



In our study, the hypoechoic pattern was more prevalent compared to isoechoic or hyperechoic appearance. It should be specified that the echogenicity of a lymph node is not necessarily related to its homogeneity as long as the heterogeneous lymph nodes can be cataloged in some circumstances as hypoechoic [18,19]. Furthermore, the lymph node cortex that contains few sinuses in a connective tissue network is responsible for the hypoechoic pattern of the lymph nodes, because the interfaces are few and the reflection is poor. A hypoechoic cortex (>3 mm in size) is considered to have metastatic infiltration in both animals and humans [54,75]. However, attention must be paid to this criterion because for the measurement it is necessary the presence of a hilum and on the other hand in animals, the size of the lymph nodes is dependent on breed and condition. Therefore, malignant lymph nodes may appear hypoechoic and homogeneous or heterogeneous/inhomogeneous, as cited for some mammary tumors, the heterogeneity being produced by the clusters of malignant cells on conjunctive support [43,44,50,52]. Intranodal necrosis is generally heterogeneous, depending on the stage of necrosis, being seen as coagulation or liquefaction necrosis [41,71].



On the other hand, the echogenicity is debatable, as long as different locations of the lymph nodes induce different appreciations. For example, the medial retropharyngeal lymph node (located caudally to the digastric muscle, ventrally to the long muscle of the neck, covered by the sternocephalic muscle and the mastoid end of the brachiocephalic muscle) may appear hyperechoic in relation to the above-mentioned muscles or isoechoic to the deeper adjacent portion of the salivary gland [65]. The proper axillary lymph nodes examined after pulling the anterior limb extended forward may appear hyperechoic if we refer to the large round muscle insertion, or slightly hypoechoic if we refer to the subscapular and axillary veins [20]. The accessories axillary lymph nodes are hyperechoic if we compare them to the dorsal edge of the ascending pectoral muscle. The most important conclusion from the comparisons of the echogenicity is that this cannot be considered a reliable parameter for differentiation of the metastatic from the benign or unaffected lymph nodes.



The hilum was visualized in the majority of SLNs, both unaffected (71.48%) and metastatic (53.70%), as previously has been reported in animals [17,19,28]. Not the same conclusions were recorded in certain studies related to the SLNs that drain the female breast cancer [70,75,76] or in different neoplasms in animals [18,42,51] that associated the presence of metastases with the lack of hilum echogenicity. The metastatic infiltration of the hilum occurs in the relatively late stages of metastatic dissemination, in which the echogenic structures represented by multiple medullary sinuses, are replaced by the tumor cells, reducing the reflectivity of the interfaces [41,71,77]. The presence of a thin, effaced hilum associated with cortical focal hypoechogenicity raises the suspicion of metastatic infiltration [51]. It is also considered that ischemic degeneration at the level of the hilum may be a consequence of its visualization as a thin, hyperechoic structure [19,78] an aspect also encountered in this study. In these conditions, on the grayscale US, the presence or absence of hilum is not reliable enough in differentiating between metastatic and benign lymph nodes.




4.2. Color Doppler Ultrasonography


The evaluation of lymph node vascularization by the Doppler technique offers a very good appreciation of their status, many authors suggesting the possibility of differentiation the metastatic from the benign or unaffected lymph nodes, both in humans and animals [41,42,51,58,71,79]. It has been stated that with respect to the histopathological examination, Doppler US is capable to detect and evaluate with great accuracy the blood flow in superficial lymph nodes [58].



In the present study, we defined the presence of the Doppler signal in three locations: hilar, peripheral, and mixed. The absence of the vascular signal was recorded in 3 SLNs. The absence of the Doppler signal can be recorded in the benign or unaffected lymph nodes of small size. In these nodes, the small vessels contain a small number of red blood cells at one time, which leads to the decrease of the Doppler signal intensity. A similar situation is noted in the metastatic lymph nodes in which the necrosis areas are lacking Doppler signal [71,80,81]. Most unaffected SLNs in the present study showed hilar vascularization (85%), the anatomical place of entry of the lymphatic vessels, but hilar and mixed vascularization was found in the metastatic lymph nodes too. A similar pattern was found in SLNs that drain the breast cancer in women [70,76,82].



The presence of hilar vascularization in metastatic lymph nodes is found in the early stages of metastasis, where the hilar vessels are not yet destroyed by the tumor invasion. The peripheral identification of the Doppler signal in most of the metastatic sentinel lymph nodes in our study is similar to other reports that concluded that this aspect is associated with the presence of metastases in lymph nodes having high specificity and variable sensitivity [19,58,77,83].



Contrary to these claims, evaluating the vascularization of malignant and benign tumors of the mammary glands in bitches, Soler and collaborators (2016) [43] showed that the peripheral distribution of vessels detected by the Doppler technique is significantly different in benign tumors compared to malignant ones. They concluded that this is because initially benign tumors have wider vessels at the periphery of the tumor while malignant tumors in need of increased vascular support show the mixed type of vascular distribution [43]. Tumor cells that first approach the lymph node in the cortical sinuses and then medullary sinuses, by secretion of angiogenic factors, determine angiogenesis and recruitment of peripheral vessels making peripheral identification possible through the Doppler technique [19,41,71,81].



In our study in 88% of the metastatic SLNs, the distribution of vessels had a disordered, chaotic distribution, this pattern being previously reported [48,84]. This feature is determined by the shape changes caused by the invasion of the tumor cells that displace the ordered pathway of the vessels from the hilum to the lymph node parenchyma and, on the other hand, it is the result of the development of new blood vessels induced by the tumor angiogenic factors which determine anarchic and distorted growth of newly formed arterial vessels [81,83,84,85,86].



The analysis of vascular indices revealed their high values in the metastatic lymph nodes, the predictive cutoff values established on the ROC analysis being 0.56 for RI and 1.02 for PI. The increase of these values in the metastatic lymph nodes is a consequence of the compression given by the tumor cells to the parenchyma and the blood vessels causing an increased vascular resistance but also the induction of desmoplasia (fibrous tissue hyperplasia). These events multiply the structural changes leading to a greater increase in the vascular resistance [71,87]. The cutoff values, for RI and PI for which we obtained the best sensitivity and specificity, are lower compared to other values for dogs, namely 0.67 and 1.02 [87] 0.68 and 1.49 [42] 0.69 and 1.49 [28] or in humans 0.7 and 1.4 [71]. The differences are probably because these studies evaluated different lymph nodes, located both superficially and deeply, being considered SLNs in different neoplasms, compared to the uniform group of this study in which the axillary SLNs and superficial inguinal SLNs were evaluated.



To the best of our knowledge, there is no report regarding the vascular indices of SLNs that drained strictly the neoplastic mammary glands in female dogs. In another research regarding the status of draining lymph nodes of neoplastic mammary glands in bitches [30], in addition to grayscale and ARFI Elastography, Doppler examination evaluated only the presence of the vascular signal and its location without determining the RI and PI. Bellota et al. (2019) [28] besides the superficial cervical, submandibular, and popliteal lymph nodes that drained the locoregional tumors, investigated only 1 axillary lymph node and 12 superficial inguinal lymph nodes that drained mammary carcinomas. In our study, we found a good accuracy of 80% for RI in distinguishing between the two categories of lymph nodes.




4.3. Contrast-Enhanced Ultrasonography


Considering that the high density of peritumoral lymphatic vessels is a reliable criterion for predicting the presence of metastases in SLNs [5,85,88] and taking into account that SLN may be other than locoregional lymph nodes [33,34], we injected the contrast agent (SonoVue), peritumorally. In a preliminary study of our team, we administered the contrast agent both intravenously and peritumorally, focusing on the description of the aspects encountered [26]. The cases were few and no relevant statistics were performed.



The peritumoral administration of SonoVue in the present study was considered optimal for the identification of the true lymph node draining the carcinoma in question. In this way, we tried to avoid examining another regional lymph node that does not drain the carcinoma. In this respect, Goldberg and collaborators (2004; 2005) [89,90] showed that by modifying the injection site of AC with only 1 cm, different lymph nodes could be identified as SLNs than those of the tumor in question. On the other hand, the functional anatomy of the region must be considered. Intradermal or subareolar administration of a dye or radioactive tracer certainly identifies a large number of lymphatic vessels, but for the contrast agent to penetrate the lymphatic vessels, higher interstitial pressure than that of the dermis is required [91,92].



We considered that subcutaneous peritumoral administration of CA is justified due to the increased interstitial pressure given by the tumor itself and the tumor-induced lymphangiogenesis which causes an increase in peritumoral lymphatic density. From the injection site, the lymphatic vessels were identified in all subjects as hyperechoic linear structures that led to corresponding SLN. Similar reports were made after intradermal of SonoVue in pigs and women [93,94,95] or subdermal injection in the dog [10]. The dose of contrast agent that we have used for the peritumoral injection was determined based on previous research of our team [26] and other reports [46,47]. The doses used by reference studies are variable and there is still no protocol regarding this aspect. The learning period of the procedure is relatively short and does not require a large number of cases, and can be successfully performed in the clinic.



In the present study, in six subjects no SLN was enhanced. The explanation could be related to the obstruction of the associated lymphatic vessels by the tumor thrombi or the reduced size of the unaffected non-enhanced SLNs.



In our research we defined 3 types of enhancements: 1. homogeneous, complete, without enhancement defects; 2. inhomogeneous, incomplete, with areas without CA and 3. difficult to quantify/no enhancement as it was previously reported [47,96]. Type 1 was associated with benignity and type 2 and 3 were associated with metastatic infiltration. Other authors [48,95] have defined 4 types of enhancements: 1. uniform, complete; 2. uneven with the presence of areas with high or low enhancement; 3. peripheral complete or incomplete ring enhancement with low or no enhanced areas inside; 4. no enhancement associated with a related lymphatic vessel. Type 1 were considered negative nodes and types 2, 3, and 4 were considered metastatic. In our study, the majority of metastatic SLNs had type 2 enhancement (44 SLNs out of 54 metastatic SLNs), but the inhomogeneous aspect of enhancement was also found in 8 SLNs that were diagnosed as negative on histopathological examination. This may occur due to hyperplasia of the lymphoid follicles, adipose tissue deposits, chronic inflammation, or proliferation of fibrous tissue, leading to the uneven and inhomogeneous distribution of the contrast agent [95,96].



The sensitivity and specificity of 88.89% respectively 76.19%, with PPV of 82.76% and NPV of 84.21% obtained regarding enhancement type, are comparable with another reports [47], in which a SE of 81.8% and SP of 86.2% with PPV 75.0% and NPV of 90.3% was obtained. These results are different from those obtained by Liu and collaborators., (2019), [95] which obtained a high SE of 98.04% and a low SP of 49.23%. According to our results, after the peritumoral injection of the contrast agent and the enhancement type analysis, we obtained a good accuracy of 83.33% in differentiating the categories of SLNs.



Perfusion times analysis returned surprising results in the sense that wash-in time was not different in metastatic vs. unaffected SLNs, (p = 0.07). Studies performed in women after IV administration of CA and quantification of perfusion times are very heterogeneous, reporting different SE, SP, PPV and NPV of 59%, 87%, 63%, and 85%, [97] or 92.6%, 76.0%, 80.6%, and 90.5% [98]. Although it was specified that in metastatic SLNs, wash-in time is shorter (<15.90 s) [99] and clear, we did not observe this aspect. Indeed, overall, the wash-in time was faster and shorter in the metastatic SLNs, but there was no statistical difference between the mean values of the two categories (17.35 s in unaffected SLNs vs. 15.12 s in metastatic SLNs).



In contrast, wash-out time was significantly different between unaffected and metastatic SLNs (149.48 s in unaffected SLNs vs. 104.12 s in metastatic SLNs) but our values were higher than other reports, the cutoff value being <133 s compared to <60 s previously established [100] for metastasis. Regarding these results, it should be taken into account that CA was peritumorally injected, under these conditions the longer duration of the perfusion times is explained because migration through the lymphatic pathways lasts longer than the intravenous route. In metastatic SLNs washout time was shorter than in unaffected SLNs, p < 0.001, having 84% SE, 74.4% SP, PPV 80.81%, NPV 78.33%, and 79.78% accuracy. However, we consider that these results should be taken into consideration with caution, as large-scale studies are needed to validate this method.



The centripetal enhancement revealed in our study in both unaffected and metastatic lymph nodes is because CA has entered lymph nodes on the related afferent lymphatic pathways, approaching the lymph node at the capsule level, following anatomical pathways. Comparatively, after IV administration, a criterion of differentiation is the centrifugal enhancement in unaffected SLNs and centripetal one in the metastatic SLNs [98,101]. The appearance is of a disorganized type, with areas of unequal vascularization, achieved through several vascular pedicles whose presence is explained by subcapsular neoangiogenesis induced by subcapsular cortical metastases [102]. Regarding the enhancement direction, comparative studies are needed to establish if the administration of the contrast agent should be done both IV and peritumoral.




4.4. Real Time Elastography


Another current ultrasonographic technique applied in our research, real-time elastography, had the highest accuracy—89.71% in SLNs differentiation—obtaining 88.9% SE, 90.5% SP, PPV—89.69%—and NPV—86.36%. The high elasticity score of the metastatic SLNs between the values 2 and 3, of the five-point scoring system, was statistically significant to differentiate between the two categories corroborating other reports [29,103]. It is known that the stiffness of metastatic lymph nodes is much higher compared to adjacent tissue or benign lymph nodes in humans and animals [30,49,104,105] and following the compression exerted by the transducer, their displacement is absent. These findings are correlated with palpable clinical evaluation, in which the metastatic lymph nodes are much harder and well anchored in the adjacent tissue [25].



Elasticity scoring systems are based on color-coded elastograms that allow visual appreciation of the proportion of hard tissue in a lymph node, relative to adjacent structures [29,106,107]. On the other hand, due to its components, the cortical area of a lymph node is slightly harder than the medullary, even in benign lymph nodes [108]. However, metastatic lymph nodes are specifically characterized by increased cortical stiffness [109,110]. This is due to multiple factors, including focal cortical stiffness caused by metastatic cell islands, tumor infiltration associated with desmoplasia, and increased angiogenesis and lymphangiogenesis [107,111,112]. Metastatic lymph nodes with areas of necrosis are less hard than those without necrosis. All these structural changes are qualified in different elasticity scores from four, five, or even eight patterns [49,104,109], each of which establishes cutoff value between scores 2 and 3 or between scores 3 and 4 in an eight-point scoring system. Elasticity scores were initially applied in the evaluation of the superficial cervical lymph nodes, but the same score was adapted to SLNs of mammary glands. Although Seiler and Griffith (2017) [29], using both, a four- and five-point scoring system to discriminate cervical lymphadenopathies, stated that the value of the four-point and the five-point score is similar in differentiating the metastatic from the benign SLNs, we applied the five-point scoring system. We applied Alam’s elasticity scoring system because this score also analyses the possibility of the presence of necrotic areas in metastatic SLNs. Compared to the score of Bhatia [104] and compared to other studies [29,106,109], Alam’s scoring system [49] had the highest accuracy of 89% with 83% SE, 100% SP, PPV of 100% and NPV of 78%. Even if the accuracy of the method is high in the above-mentioned study, studies in the field in animals are quite heterogeneous, obtaining various SE values of 53–67% to 83%, 85% and values of 75% and 80–83%, 100% for SP [28,30,103]. Moreover, there is no standardized elasticity scoring system for SLNs that drains the mammary glands with tumors in bitches, the score applied by us being extrapolated from the human evaluation. However, in our study, the elasticity stiffness scoring system provided the best results in differentiating the lymph node categories. These results are consistent with a recent study in which using Acoustic Radiation Force Impulse (ARFI) elastography to identify metastases in axillary and inguinal lymph nodes in dogs with mammary tumors, it was shown that ARFI shear wave velocity (SWV) identified with excellent accuracy (around 90%), the presence of metastases in SLNs [30]. In a recent study, using qualitative assessment (4-point elasticity scores) and semi-quantitatively (mean hue histogram and stiffness area ratio) of mandibular lymph nodes in dogs, the authors found 100% SE and 92% SP for hue histogram and 86% SE and 100% SP for stiffness area ratio in malignancy prediction [103].



Share wave elastography is a novel technique that performs absolute measurement of stiffness in kilo-pascal (kPa) units. Recently two-dimensional Shear Wave Elastography (2D SWE) was used to evaluate liver, pancreas, kidney, thyroid, prostate, and submandibular, retropharyngeal, axillary and inguinal lymph nodes in nine Beagle dogs. All lymph nodes were visualized with a uniform color map and constant contour lines on 2D-SWE while SWS (share wave speed) was not significantly different between lymph nodes [113]. All these procedures are still in their experimental use in veterinary medicine, with few studies and special requirements in terms of used software. A limitation of the qualitative elastography used in the present study is that this method is examiner-dependant. We applied this method in our algorithm because the elastography module is incorporated in most devices used in current practice. The evaluation and assignment of a score can be easily done by practitioners.




4.5. Lymphatic Mapping


SLNs identification after peritumoral injection of the dye provided similar results to other reports that used the dye injections at various locations to identify SLNs in female breast cancer [5,114,115,116]. The most commonly used identification technique is the association of 99mTc (labeled colloids) with a dye (patent blue, isosulfan blue, or indocyanine green) injected after colloid administration, and detection by scintigraphy, SPECT or using a gamma probe [8,72,117,118,119,120].



In recent years, multiple attempts have been made to improve lymphatic migration by developing new small radiocolloids to which is added either the dye or other molecules. These molecules, by binding to macrophage receptors and dendritic cells in lymph nodes, increase the possibility of retaining the identification agents inside of lymph nodes [116,118,121]. In female breast cancer, the use of the fluorescent spectrum emitted by indocyanine green (ICG) detected intraoperatively was most commonly used, with an increased identification rate of over 95% [118,122]. The newer identification technique using superparamagnetic iron oxide (SPIO) and its ability to be identified due to its magnetic properties using a detector, provided slightly higher results of the identification rate of 97.6% compared to the classical identification using radiocolloid and blue dye—96.8% [123,124]. Tracer injection is usually peritumoral or subareolar. Even today, there are debates about the injection site, and whether the same SLNs are identified after administration in different locations.



We administered both the contrast agent and the dye peritumorally because we started from the hypothesis of lymphatic drainage variability in bitch demonstrated by numerous studies [13,33,34]. These studies have shown that mammary glands with tumors drain variably, recognizing as sentinel lymph nodes other lymph nodes that are not known to be characteristic of mammary glands drainage, respectively, cranial sternal lymph nodes, or superficial cervical lymph nodes for cranial mammary glands, and popliteal lymph nodes or medial iliac lymph nodes for the caudal mammary glands. The fact that we encountered in a subject a bypass vessel of the proper axillary lymph node that drained into the cranial sternal lymph node, sustains this statement. On the other hand, different pathways of lymphatic vessels, namely superficial, deep and penetrating lymphatic channels, in both women and bitches are also recognized [33,34,93,114,115,125].



However, at present, it is not possible to specify the route of the lymphatic draining vessels of a mammary gland with a tumor. Basically, a tumor is drained by both the deep and the superficial network. What is known is that peritumoral lymphatic density is increased, either on account of pre-existing vessels or those newly formed by tumor-induced lymphangiogenesis itself [126,127]. Under these conditions, we cannot omit these newly formed vessels that may have a different route than those coming from the lymphatic network of the mammary gland. Lymphatic drainage regardless of a certain territory or organ is uneven and unpredictable [25,35]. We consider that the peritumoral administration of both the dye and the contrast agent is justified to identify the true SLN.



Although this is a relatively large study using four ultrasonographic methods, some limitations can be stated. The first would be related to the small number of evaluated cases; we evaluate the lymph nodes as study units, therefore studies with a higher number of cases are needed. Another limitation could be given by the fact that the images were acquired by the same researcher, but by using two devices in the evaluation we tried to solve this impediment. All procedures were supervised by two experienced practitioners, one in human imaging and one in veterinary imaging. The ultrasonographic methods used in our study were very simple and can be performed by any practitioner who deals with the evaluation and treatment of mammary gland tumors in dogs and does not require a long period of learning. Moreover, the costs associated with performing these techniques are low because current ultrasound devices have incorporated contrast and elastography software. That is why even for the more advanced techniques like CEUS and elastography we used their simplest approaches. Subjectivism can be controlled by combining all the techniques for obtaining a good diagnostic performance. On the other hand, the methods are not fully standardized in terms of evaluation of lymph nodes that drain mammary gland tumors in the females’ dog requiring extensive studies to validate the ultrasonographic algorithm. The differentiation between various pathologies in which sentinel lymph nodes are the first station of metastatic dissemination or independent pathology (lymphoma) should be made. The addition of the quantitative parameters of the CEUS and elastography techniques will lead to a substantial increase in the diagnostic performance of the ultrasonographic evaluation algorithm.





5. Conclusions


The accuracy of a single ultrasound method is not sufficient to diagnose the presence of metastases in the SLNs of mammary glands with tumors. B-mode ultrasonography through S/L ratio and ecostructure guides the diagnosis; the location of the blood vessels, their type, distribution and the resistivity index, examined by the Doppler technique, increase the confidence of the diagnosis; enhancement pattern and wash-out time evaluated by CEUS are high predictors for the presence of metastases and the lymph nodes stiffness evaluated by the elasticity scores, strengthens the diagnostic certainty. All these techniques, available for most of the veterinary practitioners, are easy to perform and the described algorithm helps in staging mammary gland tumors, guiding the appropriate therapeutic approach, thus avoiding the unjustified excision of SLNs.



Results obtained in our study support the use of the four techniques as non-invasive identification and primary assessment of sentinel lymph nodes in help selecting further interventions, determining therapeutic approach and prognosis.
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Figure 1. B-mode ultrasound images of unaffected (a,b) and metastatic, (c,d) sentinel lymph nodes. Oval shape, S/L ratio less than 0.5, homogeneous echostructure and hyperechoic hilum of unaffected superficial inguinal sentinel lymph nodes in (a) and axillary sentinel lymph node in (b). The numbers in the image and the lower left corner of Figure 1a represent the long axis (1 and 2) and short axis (3 and 4) measurements of the examined SLNs. The distance between the two “+”signs in Figure 1b represents the measurement of the long axis, and the distance between the two “×” signs represents the measurement of the short axis of SLN. The values are found in the lower left corner of Figure 1b. (c) Metastatic superficial inguinal sentinel lymph node showing rounded shape, hypoechoic pattern, and inhomogeneous echostructure with coagulation necrosis inside of lymph node (horizontal arrow) as an echogenic structure which leaves no shadows. (d) Cortical thickening of a metastatic superficial inguinal sentinel lymph node (down arrow) located near a tumor—tu. 
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Figure 2. Vessels location and distribution assessed by Color Doppler ultrasound. (a) Central, hilar vessels of unaffected superficial inguinal sentinel lymph node and (b) unaffected axillary sentinel lymph node. (c) Presence of neovascularisation with an abnormal, hilar, and peripheral distribution of vessels in a metastatic superficial inguinal sentinel lymph node. (d) Mixed hilar and peripheral pattern with the parenchymal subcapsular location of vessels in a metastatic axillary sentinel lymph node. 
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Figure 3. ROC analysis assessing the diagnostic accuracy of B-mode parameters—short axis, long axis, and short/long ratio in (a) and Doppler parameters—resistivity index (RI) and pulsatility index (PI) in (b). 
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Figure 4. Contrast-enhanced ultrasound of sentinel lymph nodes after peritumoral administration of contrast agent. (a) Complete, homogeneous enhancement of an unaffected axillary sentinel lymph node with an evident hyperechoic lymphatic vessel—chevron arrow. (b) Intense enhancement of an unaffected superficial inguinal sentinel lymph node. Note the lymphatic vessels that bypass the lymph node leading to the next lymph node station—vertical arrows. (c) Inhomogeneous enhancement of a metastatic superficial inguinal sentinel lymph node. Areas with enhancement defects are present—stars. (d) The focal cortical area with no enhancement—horizontal arrow, of a metastatic superficial inguinal sentinel lymph node located in the vicinity of a tumor (tu) of the inguinal mammary gland. Note the multiple afferent lymphatic channels as hyperechoic linear structures that approach the lymph node and the contrast agent that was injected peritumorally—vertical arrows. 
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Figure 5. Sonoelastographic images of unaffected—(a,b)—and metastatic—(c,d)—sentinel lymph nodes. (a) Unaffected axillary sentinel lymph node showing soft appearance—total green with small blue areas corresponding to score of 1. (b) Moderately soft superficial inguinal sentinel lymph node with small scattered blue areas corresponding to score of 2. (c) Most of the superficial inguinal lymph node is blue with small green areas inside suggesting necrosis, corresponding to score of 4. (d) Hard-blue area occupying entire lymph node, with green rim corresponding to score of 5. 
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Figure 6. (a) ROC analysis assessing the diagnostic accuracy of contrast-enhanced ultrasound (CEUS) parameters, wash-in time and wash-out time; (b) ROC analysis assessing the diagnostic accuracy of significant parameters of the four techniques—B-mode, Doppler, CEUS, and elastography. 
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Table 1. Five-point elasticity scoring system.
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	Elasticity Score
	Description
	Interpretation





	1
	Total green or yellow, absent blue areas or very small blue area/s
	Soft



	2
	Small scattered blue areas or total blue area <45%
	Moderately soft



	3
	Large blue area/s, total blue area ≥45%
	Moderately stiff



	4
	Peripheral large hard area and central small green areas suggesting central necrosis
	Predominantly stiff



	5
	Hard area occupying the entire lymph node, with or without green rim
	Stiff
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Table 2. Histological classification of encountered mammary tumors.
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	Type of Neoplasms
	Number of Neoplasms





	Carcinoma in a mixed tumor
	25



	Carcinoma—simple tubular
	19



	Carcinoma—simple tubulopapillary
	17



	Carcinoma—solid
	5



	Carcinoma—complex type
	3



	Carcinoma—anaplastic
	2



	Total subjects
	71
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Table 3. Qualitative and quantitative variables evaluated by different ultrasonography methods: B-mode, Doppler technique, contrast-enhanced ultrasonography and real-time elastography.
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Ultrasound Parameter

n (%)

	
Unaffected Nodes

(N = 42)

	
Metastatic/Affected Nodes

(N = 54)

	
p Value






	
B-MODE ULTRASONOGRAPHY OF SENTINEL LYMPH NODES




	
SA/LA ratio < 0.55

	
33 (78.57)

	
9(16.66)

	
<0.001




	
Short axis (mean ± SD) cm

	
0.67 ± 0.26

	
1.17 ± 0.53




	
Long axis (mean ± SD) cm

	
1.33 ± 0.46

	
1.83 ± 0.79




	
Internal structure (Echostructure)




	
Homogeneous

	
36(85.71)

	
10(18.51)

	
<0.001




	
Inhomogeneous

	
6(14.28)

	
44(81.48)




	
Echogenicity




	
Hypoechoic

	
28(66.66)

	
37(68.51)

	
=0.81




	
Isoechoic

	
10(23.80)

	
14(25.92)




	
Hyperechoic

	
4(9.52)

	
3(5.55)




	
Hillum tissue definition




	
Present

	
30(71.48)

	
29(53.70)

	
=0.07




	
Absent/invisible

	
12(28.57)

	
25(46.29)




	
Capsule (Borders)




	
Well-defined

	
37(88.09)

	
39(72.22)

	
0.057




	
Ill-defined

	
5 (11.90)

	
15(27.77)




	
COLOR DOPPLER ULTRASONOGRAPHY—VASCULAR PATTERN




	
Localization




	
Absence of vascular signal

	
2(4.76)

	
1(1.85)

	
<0.001




	
Hilar pattern

	
36(85.71)

	
12(22.22)




	
Peripheral pattern

	
1(2.38)

	
30(55.55)




	
Mixed

	
3(7.14)

	
11(20.37)




	
Type and distribution




	
Ordered

	
36(85.71)

	
5(9.25)

	
<0.001




	
Chaotic

	
4(9.52)

	
48(88.88)




	
NA

	
2(4.76)

	
1(1.85)




	
Intranodal vascular resistance (expressed by mean ± SD)




	
RI

	
0.5060 ± 0.147

	
0.7011 ± 0.138

	
<0.001




	
PI

	
0.9828 ± 0.223

	
1.2426 ± 0.259




	
CONTRAST-ENHANCED ULTRASONOGRAPHY (CEUS)




	
Enhancement patterns




	
Intense homogeneouss

	
32(76.19)

	
6(11.11)

	
<0.001




	
Inhomogeneous

	
8(19.04)

	
44(81.48)




	
No enhancement

	
2(4.76)

	
4(7.40)




	
Perfusion times (expressed by mean ± SD)




	
Wash in time/s

	
18.12 ± 7.15

	
15.34 ± 7.23

	
=0.07




	
Wash out time/s

	
151.48 ± 34.62

	
104.26 ± 39.67

	
<0.001




	
REAL-TIME ELASTOGRAPHY—LYMPH NODE STIFFNESS ASSESSED BY ELASTICITY STIFFNESS SCORES




	
Soft (scores 1 and 2)

	
38(90.47)

	
6(11.11)

	
<0.001




	
Hard (scores 3, 4 and 5)

	
6(14.28)

	
48(88.88)








Legend: SA—short axis; LA—long axis; NA—not applicable; RI—resistivity index; PI—pulsatility index; s—seconds.
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Table 4. Lymph node characterization according to the elasticity score.
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Lymph Nodes

	
1

	
2

	
3

	
4

	
5






	
Unaffected (N = 42)

	
25 (59.5)

	
13 (31.0)

	
3 (7.1)

	
-

	
1 (2.4)




	
Metastatic (N = 54)

	
2 (3.7)

	
4 (7.4)

	
14 (25.9)

	
19 (35.2)

	
15 (27.8)




	
p value

	
<0.001








Note—number in parenthesis are percentages.
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Table 5. ROC analysis. Diagnostic performance of significant parameters of gray-sale US, Doppler US, CEUS, and sonoelastography in the detection of metastatic lymph nodes.
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	Criterion
	AUC
	SE

(%)
	SP

(%)
	Statistical Sig.
	Cutoff Value
	CI 95%
	PPV

(%)
	NPV

(%)
	Acc

(%)





	S/L Ratio
	0.812
	83.3
	78.6
	Good
	0.550
	0.724–0.899
	83.33
	78.57
	81.25



	L axis
	0.689
	50.0
	92.9
	Poor
	1.860
	0.583–0.794
	90.00
	59.09
	68.75



	S axis
	0.798
	64.8
	85.7
	Fair
	0.854
	0.711–0.885
	85.37
	65.45
	73.96



	RI
	0.837
	83.0
	75.0
	Good
	0.565
	0.753–0.921
	81.02
	77.45
	80.00



	PI
	0.798
	83.0
	65.0
	Fair
	1.025
	0.705–0.891
	75.31
	74.86
	75.14



	WOT (s)
	0.818
	84.0
	74.4
	Good
	133.0
	0.727–0.910
	80.81
	78.33
	79.78



	ES
	0.928
	88.9
	90.5
	Excellent
	2.5
	0.871–0.986
	89.69
	86.36
	89.71







Legend: AUC—area under the curve; SE—sensitivity; SP—specificity; PPV—positive predictive value; NPV—negative predictive value; Acc—accuracy; RI—resistivity index; PI—pulsatility index; WOT—wash-out time; ES—elasticity score.
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Table 6. Proposed algorithm for differentiating between unaffected and metastatic sentinel lymph nodes using available ultrasound techniques—grayscale US, Doppler, CEUS and elastography.
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US Parameter

	
Pattern

	
Score






	
Gray scale ultrasound




	
1.

	
S/L ratio

	
<0.55

	
0




	

	

	
≥0.55

	
1




	
2.

	
Echostructure

	
Homogeneous

	
0




	

	

	
Inhomogeneous

	
1




	
Doppler ultrasound




	
3.

	
Localization

	
Hilar

	
0




	

	

	
Peripheral

	
1




	
4.

	
Type and distribution

	
Ordered

	
0




	

	

	
Chaotic

	
1




	
5.

	
RI

	
<0.54

	
0




	

	

	
≥0.54

	
1




	
6.

	
PI

	
<0.83

	
0




	

	

	
≥0.83

	
1




	
Score < 3—unaffected lymph node; Score = 3 CEUS and elastography should be performed; Score ≥ 3 metastatic lymph node should be taken into account




	
CEUS




	
1.

	
Enhancement pattern

	
Intense, homogeneous

	
0




	

	

	
Inhomogeneous ± no enhanced areas

	
1




	
2.

	
Wash-out time (s) peritumoral ad.

	
>133

	
0




	

	

	
≤133

	
1




	
Strain elastography




	
3.

	
Stiffness

	
Soft or moderately soft (scores 1 and 2)

	
0




	

	

	
Predominantly/moderately stiff or stiff (scores 3,4,5)

	
1








Considering CEUS and elastography: Score ≤ 1—unaffected lymph node; Score ≥ 2—malignant lymph node. Considering all significant US parameters: score = 3—unaffected lymph node: score ≥ 4—malignant lymph node. Legend: S—short axis; L—long axis; RI—resistivity index; PI—pulsatility index.
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